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RESEARCH SCIENTIST

REX-CO,: Re-using EXisting wells for CO,
storage operations

Nils Opedal has been working at SINTEF for ten years on various
drilling and wells projects. The main interest has been on cement,
cementing and cement bonding to wellbore materials. He holds a
MSc ir.1 Chemical Engineering and a PhD in Surface & Colloid The Research
Chemistry from NTNU. Council of Norway




REX-CO2
RE-USING EXISTING WELLS FOR
CO2 STORAGE OPERATIONS

Nils Opedal @ CLIMIT Summit 2023
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Acceleraﬁng The project REX-CO, is funded through the ACT programme (Accelerating CCS Technologies, Horizon2020
GCS Project No. 299681). Financial contributions made from ADEME (FR); RVO (NL); Gassnova and RCN (NO);

Tethl'longies UEFISCDI (RO); BEIS, NERC, and EPSRC (UK); and US-DOE (USA) are gratefully acknowledged. re-usinq existin{} wells




Motivation

Mature hydrocarbon fields approach the end of planned life
Infrastructure to be decommissioned with tremendous efforts & costs

Existing wells could present an opportunity
Large scale implementation of Carbon Capture Storage and Utilization

High cost of drilling new wells

Identifying wells suitable for continued use for CCUS
Substantial savings could be realized by re-using these wells
Well (barriers & materials) must be assessed

No (automated/standardized) qualification process exist
Effective well re-use workflows could increase re-use potential

Acceleraling
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Objective

REX-CO2 Tool

re-using existing wells

Development of a well-screening software tool to assess the re-
use potential

Definition of the suitability of wellbore materials and near-
wellbore environment

Investigation of materials and remediation/self healing methods
Application of the tool to national case-studies

Development of best practice recommendations for well re-use

Ensure efficient implementation of CCUS

nEx éécselerating | 5
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Project outcome

Assesment tool developed and functional

Out of zone Structural = Well integrity = Well integnty Matenal
inpection integnty pnmary bamer secundary bamer compatibelity

Tool used in several national case studies wer 1 [N [ i
Wel #2 il i e

Experimental and numerical investigations on well barrier :"::jE_l-ﬁ
materials:

cement/rock/casing
Self healing and remediation methods

Development of best practice recommendations:

Enabling regulators and responsible authorities to benchmark
proposals for well re-use

Operators can use effective well re-use workflows

Current discussion on continuation with JIP

Acceleraling
REX o |6
nologies
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Elin
Skurtveit

STRUCTURAL GEOLOGY

Learnings from a naturally occurring CO,
laboratory in Utah, US

Elin Skurtveit holds a PhD in structural geology, employed at NGl
(Norwegian Geotechnical Institute) and an Associate Professor Il at
University of Oslo, Dept. of Geosciences. Elin follows up several
projects related to CO, storage and has a passion for integrated
research combining geology, geomechanics and rock physics
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3 UiO ¢ University of Oslo

A naturally occurrmg CO, laboratory in Utah

non-reservoir layer
with fractures

Little Grand Wash
Fault, Utah

Research question: What are the thresholds for detecting CO, seeps in the subsurface?




COLORADO UNIVERSITY

WAL WESTERN Siate

calcite vein
with striae

fault gouge

1 gt \
o | CT scan

12-14 ft
3.7-43m
Field-data collection by COTEC members from Petrie et al. 2022 Sample analysis
etrie et al, Faleide, 2022, Skurtveit 2022

Western Colorado State University
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Field-data collection by COTEC members from University of Boise, Idaho



What did we learn?

* Behaviour of CO,-charged fluid in
rocks in relation to rock type and
fracture patterns

* Rock strength, and thereby
behaviour, is affected by the history
of fluid flow in pores and fractures

* Chemical reactivity between CO,
and rock is the variant

* Seismic detection and detection
levels are affected by fluids and the
resultant rock strength. Prediction
level increased

For more info: https://www.mn.uio.no/geo/english/research/projects/cotec/index.html|  Contact: ivar.midtkandal@geo.uio.no



https://www.mn.uio.no/geo/english/research/projects/cotec/index.html

CO2 containment and monitoring techniques (COTEC)

Project lead: Ivar Midtkandal, UiO

UiQO ¢ University of Oslo

NRC funded; CLIMIT

Timeframe: 2019-2022 (extended due to COVID: 2023) Norwegian Geotechnical Institute

14 000 000 NOK

Host: University of Oslo .'.'_e_‘:‘.\ ".Rsnn

National collaborative partners: v o .

NGI, UNIS, NORSAR U N I S The University Centre in Svalbard
AM WESTERN STate

International partners: ¥ COLORADO UNIVERSITY

Uta.uh St?te University, Western C9Iorado State University, Boise State N\ COLORADO MINES,

University, Colorado School of Mines S’ EARTH ¢ ENERGY & ENVIRONMENT

B BOISE STATE UNIVERSITY
A
/\
a"' 'hl UtahState
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Anouar
Romdhane

RESEARCH SCIENTIST

Accelerating CSEM technology for efficient
and quantitative CO, monitoring (EM4CO2)

Anouar Romdhane (EM4CO, project manager): Research Scientist (Dr. Ing.
in geophysics) has 10+ years of experience as a researcher and project
manager in geophysics at SINTEF. His research covers CO, storage,
geophysical modelling and inversion, time lapse monitoring, rock physics
inversion, and machine learning.




NORWEGIAN CCS RESEARCH CENTRE

Accelerating CSEM technology for efficient and

quantitative CO, monitoring
CLIMIT SUMMIT— February 2023

' — Anouar Romdhane (SINTEF), Joonsang Park (NGI) Julien Porté (SINTEF)
L Bastien Dupuy (SINTEF) & Kjetlf Eide (Allton)




EMA4CO2: project facts
* EM4CO2: Accelerating CSEM technology for SINTEF

efficient and quantitative CO, monitoring T
W) UiO:University of Oslo

* Goal: develop and apply a cost-efficient CO,

monitoring concept using time-lapse CSEM N C' I
and demonstrate its readiness for the future
Norwegian large-scale CO, storage project
allton
e CLIMIT KPN

UNIVERSITY OF

Southampton
NC-DS CLIMIT am
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= WPO: Project
management/dissemination

& WP1: Optimal survey layout and TL
inversion techniques

WP3: Integration of CSEM with other
“ geophysical data
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INVERSION STRATEGIES FOR CSEM DATA WITH
INFRASTRUCTURE INTERFERENCE

16™ GREENHOUSE GAS CONTROL
TECHNOLOGIES CONFERENCE

23 -27 OCTOBER 2022
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Toonsang Parke", Anouar Romdhane,
Julien Parté?,

“Norwegian Geotechnical Tnstinuie (WG, Oslo, Norwiy
“Sintqf Ingusry, Trondhaim, Norway

* Comespanding author (+47 932 12 453, IP@NGING)

How can we maximize the information extracted from marine CSEM data, even when seabed pipelines
are located just above CO, plume?

4D EM data (Park et al, 2013)

Three inversion strategies

7 5trategy 1: mute the contaminated data by the interference with infrastructure
effects.

“Strategy 2: subtract the infrastructure interference from the total field by using a
background synthetic medel with infrastructure.

< Strategy 3: invert data as is while accounting for the infrastructure during inversion.

Strategy 1: 2008 Sleipner data

Bpe etal, 2017

Reservoir (200 m, 1/5 §fm]

3D geological model for testing

Three tow/receiver lines T ! e

Seabed pipefine with angle 6

daen (1 km, 1 5/m)
523 (300m, 3.2 $/m); )
Underburden(inf, 1710 5/m]

“. €O plume (2 km x 4 m. 1450 Sfm)

Strategy 2: convergence
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Key points:

I Strategy 1 (muting data) may well recover subsurface resistivity image, but with
throwing away some of (expensive) data.

I Strategy 2 (subtracting interference) may work successfully, when a good (~true)
background resistivity model is available. Otherwise, inverted resistivities of CO,
plumes [or small geological features) may be wrong.

<1 Strategy 3 (inverting "as is”) recovers successfully the true resistivities of all the
domains for the considered angles. However, ir ing the appr

(realistic inversion grid, horizon topography, etc.) and on assessing the effect of noise
on the performance of the different proposed strategies.

Acknowledgement:
The s2udy iz performed with support fram the Research Council of Norway (CLIMIT-EPN 285212) and the NS Centre
(NFR project number 257579/E20).

References:
* Bge LT Bark |_Vge M. Sauvin, G.(2017) Fitering out seabed pipefine influsnce to improve the resistivity image

of an offshore CO2storage site, EAGE/SEG Research Worishop 2017, Geophysical Manitaring of CO2Inje ction —CCS

expression of seabed pipeline (Park et al, 2021) into any forward modelling tool (e.g.,
based on finite differences) is not always straightforward. .
< Further work will focus on intreducing more complexities into the 3D geological model

, 28 31 August 2017, Trancheim, Narway

« Park, 1. Inge Viken, Tore Ingvald Bjernard, Per Atie Olsen, Frank Antonsen, Karen Nergaard Madsen (2013). Effect of

seabed on CSEM data, 2nd ional CSEM confes 14-15 May 2013, Ozlo, Norway.
i .. Bigrnard, B.1. Romdhane, &. [2021) Appronimation of infrastructure effects on marine CSEM data, B2nd

Pa:
EAGE Annual Canference and Exhibition, 17-20, Octaber 2021, Amsterdam, the Netherlands.
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Impact

EMA4CO2 project addresses key challenges for industrial deployment of CCS:

* Risk reduction: Reduce

— A remote monitoring alternative for carbon storage. costs

— Timely detection and verification of volumes.
CCS
deploym

— Low-impact operation in complex and sensitive areas.

— Increase subsurface characterisation reliability and reduce risk of misinterpretation.

ent

e Cost reduction:

— Optimized acquisition strategies ties directly to acquisition product development. : Upscale

e Upscaling

— Flexible/target-oriented monitoring for containment and conformance risk assessment

+ Growth opportunity for service providers working with the technology

NC-OS CLIiMIT
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Maximilian
Leinenbach

DIRECTOR TECHNOLOGY O&G /
GEOTHERMAL

SafeGuard: New technology for long-

term monitoring and risk mitigation of
CO, storage sites

Maximilian Leinenbach is the Director of Technology at Fishbones AS,
where he leads the Engineering department. He has over 10 years of
experience in product development for the O&G and automotive
industries. His current work focuses on research and innovation to
drive existing and new Fishbones technologies into a commercial
phase.
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SafeGuard - New well monitoring technology for CCS sites

Introduction

Fishbones technology

* Smalldiameter laterals jet or drillout from the wellbore,penetrating the reservoir exactly where needed,to enhance

hydrocarbon recovery.
Project scope

 Investigate ifthe technology provided by Fishbones AS can be combined with instrumentation and adapted to serve as
permanent and easilyaccessed well-based monitoring and early warning system foranyorallwells penetrating or surrounding

a chosen CO2sequestration site.
Objectives
* The project work was split into three work packages:
* WP-1:Measure pore pressure in shales and sandstones
* WP-2:In-situ stress measurement
* WP-3:DASmeasurement ofacoustic noise in shale fracture flow

-

Measurements of WP1-3 need to be inline with analytic expectations and within certain tolerance window

% fishbones

24



Sensor are attached at the Fishbones Needles

* The monitoring strings placed in new or existing wells

with a relevant position close to CCS sites
* The measured change of form ation properties can be
used fordirect leakage detection and as additionaldata

input fornumerical models



SafeGuard - New well monitoring technology for CCS sites

Results & Timeline

2019 —2022
CLIMIT - Safeguard
Successful feasibility for
WP-land WP-2

2026
Field trial

2024

Design equipment for data capturing,

storage and retrieval from wellsite.

2023

Design small-scale prototypes and establish

2025
Functionaltesting of full-
collaboration to design electronics.

scale prototype
Customerand governmentalfunding

required.

%'ﬁshborﬂes



THANK YOU

www.fishbones.as
Maximilian.Lemnenbach@fishbones.as
+47 909 13 376
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Guttorm
Alendal

PROFESSOR

ACTOM, Act on offshore monitoring

Guttorm Alendal is a professor in applied and computational
mathematics at the University of Bergen. His main research focus is on
ocean processes, with special focus on transport of tracers and their
potential impact on the marine environment, and dynamical systems
and epidemiological modelling.
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ACTOM

ACT on Offshore Monitoring

Presented by
Professor Guttorm Alendal,
Department of Mathematics,
University of Bergen

on behalf of the ACTOM team (in random order)
Marius Dewar (PML), Anna Oleynik (UiB), Stefan Carpentier (TNO), Abdirahman Omar (NORCE),
Jerry Blackford (PML), Sufyan El Droubi (University of Dundee), Dorothy Dankel (UiB, now Sintef),
Sigrid Eskeland Schitz (UiB), Darren Snee (PML), Parisa Torabi (UiB), Sarah Gasda (NORCE),
Ketil Fagerli Iversen (UiB, now FFl), Rajesh Pawar (LANL), Bjarte Fageras (OCTIO), Katherine Romanak (BEG).
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Societal values

Legal requirements Technical capabilities

Acceleraiing
Gcs
Technologies



ACT on Offshore Moniforing
https://actom.w.uib.no

AAAAAAAAAAAAAAAA

\
i ey
s ebn lea 20} NORWEGIAN PETROLEUM DIRECTORATE
eeeeeee :

=! BUREAU OF
_=5 Economic
£ GEOLOGY

* Advisory board.

* Philip Ringrose, Equinor

* Marcella Dean, Shell
* Eva Halland, NPD
Sy | « Tim Dixon, IEAGHG

* Jun Kita, MERI
R TNO Ioistor * Gloria Thurschmid, EBN
Laoratory * Charles Jenkins, CSIRO
* Sallie Greenberg, ISGS

PML

This project, ACTOM, is funded through the ACT programme (Accelerating CCS Technologies, Horizon2020 Project No 294766). Financial contributions
made from; The Research Council of Norway, (RCN), Norwcby, Ministry of Economic Affairs and Climate Policy, the Netherlands, Department [or Business,
Energy & Industrial Strategy (BEI}SJ together with extra funding from NERC and EPSRC research councils, United Kingdom, US-Department of Energy (US-
DOE), USA. In-kind contributions from the University of Bergen are gratefully acknowledged. Anna Oleynik is funded through the Academia agreement
between Equinor and the University of Bergen. "

Department for
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@' p) The Research Council
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of Norway
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Where are we and where to go?

 Utilize the toolbox for site studies
* On-going Gulf of Mexico and the North Sea.

Upscaling
 Larger areas, several projects.
* Include other activities offshore, Marine Spatial Planning.

Extend the toolbox with other features

* Acoustic signals,
.. Belief/Reality | True
* Combining platforms.
False positive
m False negative

Uncertainty quantifications.
 Signal analysis
 Anomaly detections.
 Classification,
* Decision tool.

@

Acceleraiing

A final webinar February 28; 15-16:30 CET. Gcs

Technologies



Julian
Leander LOw

CHIEF OPERATIONS OFFICER

Real-Time Monitoring for Safe
Geological CO, Storage

MSc in Applied Geoscience from RWTH Aachen University,
Germany, BSc in Geoscience from University of Potsdam, Germany
Works with Geomec since 2019, first as technical advisor, since Jan
2022 as COO. Responsible for technical work duties, running
operations, as well as sales and marketing.
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GEOMEC ENGINEERING

AN ENERGY OPTIMISATION COMPANY

DISCOVER YOUR SUBSURFACE POTENTIAL



Project 309844

Real-Time Monitoring
for Safe Geological CO, Storage

Research Council of Norway
CLIMIT SUMMIT 2023
February 8th

GEOMEC ENGINEERING

AN ENERGY OPTIMISATION COMPANY



From Consultancy to SaaS, with Governmental Soft-Funding

Research & Development Establishment & Growth

We have developed a technical-engineering Saa$ for injection wells, There are hundreds injection wells on the Norwegian Continental
embedding decades of accumulated experience and know-how. Shelf (NCS); however, there are hundreds of thousands worldwide.

Innovasjon
Norge

Soft-funded by Innovation Norway (IFU, 2013-14), and in use by Technology Strategy Board
ConocoPhillips on NCS.

Disposal Wells (CRI)
Ensuring improved storage capacity, by optimised injection safety. |nnovate U I(

Pressure-Support Wells (IOR)
Ensuring improved recovery rate, by optimised injection efficiency. v
Soft-funded by RCN (Demo 2000, 2017-20), and in use by Neptune, A
Sval and Wintershall DEA on NCS.

The Research Council
of Norway

Rogaland Fylkeskommune
CO, Storage Wells (CCS)
Ensuring permanent subsurface storage, by enhanced injection
efficiency and safety. Soft-funded by RCN (CLIMIT, 2020-23), and with
SINTEF as FOU partner.

GEOMEC ENGINEERING :

AN ENERGY OPTIMISATION COMPANY e )




Best Available Practise, for Safe Geological CO, Storage

The Industrial Challenge (Subsurface Leakages)

CO, will be stored in geological formations, to reduce greenhouse gas
emission; however, is the CCS industry fully prepared?

ﬁ.; ||||1I I|||"| '|

L

r—_/

GEOMEC ENGINEERING

AN ENERGY OPTIMISATION COMPANY

The Industrial Solution (Detection & Prevention)

We are providing a technical-engineering toolbox for injection wells,
a data-driven market-approach for safe subsurface storage of CO,.

Tailored Saa$

For real-time monitoring & analysis, inclusive adapted operational
procedures for start-ups and shut-ins, and automated early-warning
alarms for zero-leakage tolerance.

Hands-on Support-Team

For regular reporting, operational advising and ad-hoc problem solving
(by continuous cycle analysis of and progressive calibration against
real-time data).

Digitalised Modelling

For distinguishing between primary and secondary technical-
engineering effects (i.e. Joule-Thompson, wellbore storage, and phase
transition effects).

wWww.geomec.com



“In union there is strength” — Aesop

CCS Speed Dating

Geomec SaaS References

GEQMEC ENG 3 * ConocoPhillips
AN ENERGY 0PT|M|SA¥!§E(§)$JIP¥N9 \%“Q‘EOVER YOUR e N eptu neE nergy
ASK US HOW WE > »  OKEA
CAN HELP YOU * Sval

Wintershall DEA

é § 4
/ -
of all injection wells e ;
show improvement “‘
% sy
v X - -

NEPTUNE

.
N
S L

L _ wintershall dea
* CO, injection-data access and/or experience

* Petroleum Engineering products & services
» |T/Al (digitalisation) products & services

* Hardware metering and measurement devices COnOCOPhi"ipS

Other relevant CCS market-approaches

GEOMEC ENGINEERING >

AN ENERGY OPTIMISATION COMPANY e )




Intellectual Property Notice
This material is protected by copyright. You may not in any respect, form or forum, exploit or use

this material in any other way than what is explicitly agreed on in writing. Any unauthorized use
or reproduction of this material is prohibited, and may lead to liability for compensation.

Presentation Disclaimer

This presentation and the information it contains is intended for the right addressee only. It may
contain legally privileged and confidential information. If you have received this presentation in
error, please notify the sender immediately by telephone or e-mail and delete it from your
system, and please be aware that you are bound by confidentiality. Any unauthorized use or
dissemination of information or copying of this presentation is prohibited.

GEOMEC ENGINEERING

6
AN ENERGY OPTIMISATION COMPANY

www.geomec.com
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Sirevaag

PARTNER AND PROJECT MANAGER

Automating the evaluation of

the well barrier

s

Tore Sirevaag took his Ph.D. in applied ultrasound at NTNU Norway.
The doctoral thesis was part of a larger project where we
performed and analyzed ultrasonic measurements to evaluate the
sealing behind the casings (steel pipes) in oil and gas wells,
however, the research is just as necessary in storage of CO,.

The Research 3%

Council of Norway GASSNOVA *
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Surface

Surface

Automating the evaluation of the well barrier (VRI 310010)
By Tore Sirevaag (Ph.D)

Casing (steel pipe)
Casing (steel pipe)

Shale
(cap-rock

Reservoir

In order to store CO2 from a deep well:

1) Reservoir and cap rock

2) Casing — prevent formation fluid ~
o o o
Step 2 3) Cement annuh.ls. (space between casing and formation) oy
T 4) Perforate and inject 8
Surface Surface
To evaluate the cementing of the annulus, ultrasound is applied. >
Q
- . : : . ; S
2 5 The challenge however is to verify, through signal processing, that the R
O O . . o
cement is actually present and is truly sealing of the well
Q &) 0
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Apply the strength of modern computers

(1)

Petrophysical log - 3D data displayed 2D

Traditional processing:
Evaluating physical parameters

Utilizing modern computers:
Clustering, distance measure, correlation

Apply novel physics:

Shape evaluation, signal decomposition,
Fourier transform

Automating the interpretation:
Optimization algorithms, barrier estimation

© Equanostic Copyright Equanostic

Depth in well

\

y

Traditional log

-
= __mas

= o cmmew e

Circumference of_well

Cement

Grey zone

Fluid

Clustering of data

=

100 um

Bonding

Micro annulus

Free pipe

Machine interpretation

Bonding

Free pipe



Product - software

-~
@

Automatically generated reports containing

* Petrophysical logs

* Segmentation of well

e Summary of results

* (Conclusion of annulus integrity
* Web application and software as a service

Technique 1 Combined Technique 2
S t Al cl ToB ML comB ToB MA FS ToB CBL
eg I I le n I n g Acoustic Clustering  Thickness  Combined  Thickness  Distinguish  Thickness Bonding
Impedance of data of Bonding Interpretation of bonding  Fluid-selid  of Bonding index
Fluid to Soild  Clustering with with Physical Physical and CBL

Technique 1
Bonding Quality
0 1 2
Azimuthal direction (Deg)

a0 180 270 360

Including micro-annulus

Bonding Quality

a 1 2
Azimuthal direction (Deg)

o 90

270

360

Micro AnnulusMicro-Annulus Parameters Parameters

Fluid  Bonding Fluid to solid Fuid  Bonding Flid  Bonding

01234567 1234 0 1o 1 2 30 1 000204060810 © 10 1

Azimuthal direction  Azimuthal direction  Azimuthal direction  Azmuthal direction  Azimuthal direction  Azmuthal directian  Azimuthal direstion =
b S0 180 200 3600 %0 180 270 W00 90 180 270 30D 90 180 270 0 S0 180 270 300 90 180 270 3600 90 180 270 00 10 30 W 4 5

Zone divided by

Annulus information

machine

Start End Bonding Length of bonding (m)

(MD) (MD) Quality Technique 1 | Technique 2
1495,2 1601 Poor 0 0
1601 1632,7 Moderate 3.8 5.2
1632,8 1669,7 Good 4.6 5.6
1669,8 1682,2 Moderate 0 0
1682,3 1736,6 Good 37.9 49.8
1736,7 1749,9 Moderate 1.8 0
1750 1779 Poor 0 0
1780 2080 Good 107.8 174.5
Total 160.2 210.4

© Equanostic Copyright Equanostic
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SPECIAL ADVISOR

ACT2 DIGIMON

Arvid Ngttveit is a strategic advisor for energy at the Norwegian
Research Centre (NORCE) based in Bergen and was CEO of its
predecessor Christian Michelsen Research for 14 years. He has
extensive experience from research in the oil and gas industry, and
from managing practical work in drilling, exploration, field
development and operations on the Norwegian continental shelf and

The Research
around the world. Council of Norway
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DigiMon

- ACT2 project

CLIMIT Summit 2023
Arvid Ngttveit,
Kirsti Midttgmme
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DigiMon — ther +
project 4§
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CO2 plume

Monitoringthe
plume
movement in
the reservoir
mainly using
remote passive
geophysical
measurements
of changesin
saturation and
pressure
(Conformance
monitoring).

WP4 Project management (NORCE)

WP1

Critical technology

elements
(Silixa)

[}

Well integrity

Monitoring well
integrity,
mainly with
downhole
sensing
(Containment
and
Contingency
monitoring).

WP2

Integrating the
components
(Octio EM)

Overburden

Monitoringthe
overburden,
including
monitoring of
above-zone
CO2 migration
and early
detection of
CO2 leakage
anomalies
(Containment
and
Contingency
monitoring).

WP3

Designing a human
centered monitoring
system (TNO)

Interdiciplinary package (IP) 1: Data collection (UoB)

Interdiciplinary package (IP) 2: Dissemination and exploitation (TNO)

=

processing

Ethernet
connection

Fibre-

optic array

/+

Overburden

\/ £7,

P4
aj \
monitoring ,

Acoustlc
signals

<
z 4
d' ‘
/7 Well
J - -
integri
2 ¢ 4 g. ty
i monitoring
¢ ¢ 4 N
/ / l Injection
p / , well
/ / / .
Reservoir
conformance
monitoring




System components

e Develop DAS data processing techniques and workflow
e Microseismic dataset (Antarctica, FRS and FORGE)

e Dataset for ambient noise interferometry (FRS) -_— =
. - Define
e Determine DAS transfer function fawDaa ) Metaddamnd Y Noisehnass ) (o e
e Laboratory and field datasets e

o Field campaigns
e FRS, Alberta, Canada dataset - University of Oxford, TNO, Silixa &
University of Bristol (2021)

e Passive & active data, CCS research site (active CO2 injection)
e Surface and borehole data, straight & helical fibre, reference geophones

e Svelvik, Norway dataset - Geotomographie, NORCE & Silixa (2021)

e Field test new SV source
e Passive & active data, CCS research site (active CO2 injection)
e Surface and borehole DAS data - straight & helical fibre, hydro- & geophones

Key output
DAS Processing algorithms and workflows
Algorithms to aquire and process gravity and deformation data

“DigiMon toolbox” python library
Feasibility of using distributed chemical sensing for CO, leakage
monitoring




Class
Selsmic reflection
surveys

Note
Mature technology

Integrating the components

Microgravity

Seafloor
defarmation

e Technology Readiness Assessment

¢ Comprehensive analysis of critical technology — = o
components in DigiMon monitoring concept e 1 SRR )
Chemical sensing gt‘::r;venrlnna\ sensors | © Mature technology 3 100 km

e Forward and inversion framework set up for selected
case Smeaheia, including conventional seismic, DAS, |

Ee. T2

4D gravity, and seafloor deformation data =

e Investigating the preliminary results on estimation of i
plume movements using FWI o

e Aim to also invert for the pressure plume including
seafloor deformation data

e Optimizing the monitoring solution

Fluid flow

simulation
{ECUIPSE)

Geological realizations

e Accounting for technical, economic and societal : |
requirements R TS e |
S S e
Key output et i - = =

TRA assessment oo N T "

Forward modelling framework Optimal CO2 storase monitoring system

Inversion framework and methodology e , ,

Optimization of monitoring solution Long-term Monitoring of Socia License to Q
conformance short-term Cost acceptance e

monitoring phenomena




Societal relevance and

Environment

C O I I I I I I u n I C a t I O n Stakeholder Involvement Milestones and assessment questions

Per dimension and per SEL level

Policy and Regulations The SEL Framework

e Development of SEL methodology for CCS/ CO2 monitoring
purpose
e Calibration with TRL scale Merket and Resources
e National and local assessments in 4 countries

Basic Technology | Experimental | Technological | Technology

e Germa ny Principles | Concept proof of validatedina | validatedin

e Qreece observed | formulated | concepk lab refevant in relevant
environment | envi

e Norway

e Netherlands
. TRL1 |TRL2 TRL 3 TRL 4 TRLS
e Survey among general public related to local developments; | TR -

in-depth interviews with CCS experts T ' I

. . . SEL1 SEL2 SEL3
® Alignment between SEL and TRL in most countries, except Germany Exgioation . Teaiastalon
e Misalighnment increases the risk in deployment of new projects Anidea s studied from | Further development of the idea by taking into | Innovation is demonstrated with the ,
various perspectives, ie. | account the societal condtions of relevant support of relevant stakeholders, policy
technological, stakeholders, policy and requlations, financial | and regulations and financial in soc
Key OUtPUt environmental, , resources, required knowledge onimpacton | commitment. Societal bottlenecks that
Insi ghts in pubhc perspective on CCS stakeholder, market, sociely, efc. Actions taken to create financial, | arise in this phase are coped with. An
. . . . . . legal, political stakeholders, policy and regulatory - support. | improved societal innovation is the
Insight in public perspective on CCS monitoring e
CCS experts’ perspectives on societal requirements
for CCS and CCS monitoring > link SEL dimensions
. . . Greece the Netherlands Germany Norway
Overarching narrative: comparison between
. . TRL (estimated 2 5 6 7
countries: overall perspective on CCS and CCS i,
. a SEL (outcome assessment) 1 2 4 3
monitoring.




Next steps Ni iR CE

e CETP proposal: Risk-based framework for assessing CO2 storage monitoring (RamonCO)
e NORCE led consortium - collaboration: Germany, Greece, Netherlands, Norway, Romania, US

Multi-physics, field scale inversion for constraining
uncertainties related to monitoring of storage complexes

Societal and environmental concerns in risk assessment and

governance strategies

Value of Information (Vol) analysis of CO2 storage conformance
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Thank you for your attention!

The Digimon, project no 299622 is supported by the ACT international
initiative http://www.act-ccs.eu/about-us and funded by GASSNOVA
(NO), RCN (NO), BEIS (UK), Forschungszentrum Julich (DE), GSRT (GR),

RVO (NL), UEFISCDI (RO), DoE (US), Repsol Norge (NO) and. Equinor
(NO)
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Tor Harald
Sandve

SENIOR RESEARCHER

HPC-simulation software for the
gigatonne storage challenge. OPM-Flow

Tor Harald Sandve is a senior researcher in NORCE (Norwegian
Research Centre). He holds a PhD in applied mathematics and is
one of the key developers of the OPM Flow reservoir simulator
where he recently contributed a dedicated CO, storage module.

The Research
Council of Norway

#CLIMITSUMMIT2023
7-9 February

GASSNOVA




OPM Flow: HPC-simulation

software for the gigatonne
storage challenge.

CLIMIT summit 2023

Tor Harald Sandve (Norce), Sarah Gasda (Norce),
Atgeirr Rasmussen (Sintef), Kai Bao (Sintef), Alf-Birger

Rustad (Equinor) , Eduardo Barros (TNO), Goncalves
Machado, C. (TNO)



OPM Flow: HPC-simulation software for Ni %R CE
the gigatonne storage challenge.

OPM Flow — an open-source reservoir simulator

* Easy-to-use, fast and scalable

 Open source, free to download and use ’
 Tested on several field scale models ' P M
e Compatible with standard industry I/O formats A‘ OPEN POROUS MEDIA

e Dedicated CO2STORE module
e Upscaled convective mixing (DRSDTCON)

s
equinor @ SINTEF NijRCE TNOQeter ¥ (GlIIVIE

GASSNOVA




Examples NZFRCE

Smeaheia
. . orqe .
Sleipner 9 million active cells
e https://CO2datashare.org/dataset/sleipner * Model provide by Equinor for
-2019-benchmark-model testing purpose
.» DRSDTCON
géigesuks: 6770000 30000 — Flowl6
0.6000 —— Flow32
l 25000 —— Flow64
0.5250 6750000 I E:ﬁﬁﬁ
— 0.4500 20000{ —— Flow512
L1 0.3750 v
6730000 2 '5°°°
— 0.3000 @]
|_
= 0.2250 10000
0.1500 6710000
0.0750 X
00000 6690000 ’ 2000 2030 2060 2090 2120 2150 2180
% Simulation Year

5 ol : : : . .

: Simulation results in 2100 Simula eX3 HPC infrastructure
* Sandve, T. H., Gasda, S. E., Rasmussen, A., & Rustad, A. B. (2021). Sandve, T. H., Rustad, A. B., Thune, A., Nazarian, B., Gasda, S., & Rasmussen, A. F. (2022, April).
Convective Dissolution in Field Scale Co2 Storage Simulations Using the Simulators for the Gigaton Storage Challenge. A Benchmark Study on the Regional Smeaheia
OPM Flow Simulator. In TCCS-11. CO2 Capture, Transport and Storage. Model. In EAGE GeoTech 2022 Sixth EAGE Workshop on COZ2 Geological Storage (Vol. 2022, No.
Trondheim 22nd-23rd June 2021 Short Papers from the 11th International 1, pp. 1-5). European Association of Geoscientists & Engineers.

Trondheim CCS Conference. SINTEF Academic Press.


https://co2datashare.org/dataset/sleipner-2019-benchmark-model
https://co2datashare.org/dataset/sleipner-2019-benchmark-model

OPM Flow: HPC-simulation software for Ni %R CE
the gigatonne storage challenge.

Goals towards 2024

 Faster and improved scalability on
larger clusters

* CO, storage in depleted hydrocarbon "
fields .‘

 Validation and improved robustness Ml OPEN POROUS MEDIA

of field scale simulations with https://opm-project.org/

dissolution and dynamic
temperature change

s
equinor (D SINTEF N{}RCE TNO@Qpator * (OLIIVIE

GASSNOVA




Lars
Grande

SENIOR ENGINEER

AddStorage-Analogue-site data-driven
study for characterization and
monitoring of deep CO, storage sites

25 Year experience from geomechanical assessments for oil and
gas production and for CO, storage in Norway and Internationally.
Main work area is geomechanichal characterization of petroleum
and CO, sites by integration of geology data, petrophysical logs and
geomechanical laboratory data and ground stresses.

A = W Ew = — #CLIMITSUMMIT2023
bl-l I I 7-9 February

GASSNOVA *

The Research
Council of Norway
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Analogue-site data-driven study for
characterization and monitoring of deep CO,
storage sites (AddStorage)

CLIMIT SUMMIT 8th February 2023
NGI, UiO, SINTEF

Contact info:


mailto:Lars.Grande@ngi.no

AddStorage - A CLIMIT-Demo project sketch
Title: Analogue-site data-driven study for characterization
and monitoring of deep CO, storage sites (AddStorage)

CLIMIT Idea study 2022 (Project-621305)

e Deliverable-CLIMIT DEMO full proposal

* Aquistore CCS pilot (Canada) evaluated in 1dea study
e Status: Need Sponsoring partner support

Objective full proposal- 2 year 2023-2025

 Test and calibrate a predictive THM-D tool (Thermo
Hydro Mechanical- Dynamic) for analysing rock strains,
flow and 4D seismic response of thermally influenced
zone in deep storage candidates, for safely-managed large-
scale CO, 1njection operations.

* Testing and calibration based on datasets acquired at the
Analogue CO, injection sites, including active CO2
storage pilots and producing fields with water injection).

N¢I

Complex THM-D system

Background ....3urface geophones, broad band seismometers | _____

w
c
o
N

o

|
o
o

o

Active seismic
survey

Monitoring strategy, Northern Lights

VA
1
Injection-jl} DA.S’ PTS. MS-critical fracture in cap or fault
I=(Noise-filteringfrom I
well injection, detection tresholds, Cap rock shale Fault
: A - f— - R e

Sl g, i'll‘r'7’
Eaﬁigii . ﬂii ] 0: {

....... L
RN

S
e Qii = e w w  w w  w  w qﬂ%ﬁ

Land facility: CO, sensor, tank level monitoring, pump monitoring, flowmeter

Pipeline and Subsea : leak detection system; pressure test, CO, sensor

In-well monitoring: continous pressure and temperature
Repeat
seismic
S Trigger
based
surve

Last
————
repeat

Passive seismic Continuous passive seismic
Environmental survey [IREEEEEEEEEE e e e e Trigger based survey =1
i i
2 7 i Post-
Pre-injection Injection period g
injection

Furre et al., 2020 (First Break)



AddStorage - CLIMIT Idea study data review
. . . . . 4D seismic- 5 repeated 3D datasets
9 Aqwstore, 7 Years extensive monltorlng experience (White 2019)

oo [ == S OKT
SHALLOW DOWNHOLE INSTRUMENTATION £ i OBS
SUBSURFACE 2 T Water —
Tiltmeters Piezometers Fibre-optic distributed femperature Cross-well seismic fomography ™" [= — . .- o )
systems (DTS) iE 4‘5—"‘ e —— | _—
& o i _ --- ettt
InSAR Satellite Groundwater Fibre-optic distributed acoustic Broadband seismography o .
Interferometry chemisfry monitoring system (DAS)
Electromagnetics Soil-gas moniforing Fluid recovery system Permanent 630 geophone areal -

GPS Multi-species Pressure gauges Time-lapse 3D seismic imagin = f—f e
atmospheric surveys - ————- _] __________
Gravimeters Temperature gauges Confinuous passive microseismic
—-— - ﬂ]owmk — 1 / i RIS

Pulsed neutfron decay and cross

Vertical seismic profiling (VSP) I
dipole sonic logging

— = = = = == |njection pressure, temperature and rate-

Accurately controlled, routinely

operated signal system (across)  INdication of thermally induced fractures (TIF)

Borehole gravity

Injection Data 10001 A1S
15000 - 115

+  Isothermal
@  Non-Isothermal 110

Bubble tube system

Surface deformation  Groundwater and soil Geophysical Iogging fro measure plume location i %W‘%ﬁ w s
gas changes changes from injection ] o K ety oy S 100
E A, S S 95 % E 600 o
Near-surface Cross-well electrical and seismic Induced seismic activity : S2af w? s .
atmospheric changes tomography £ s ®3 g a0l *
é 0T & § 'g 80
Rock-fluid properties Geological changes £ e 2 T 7
e 5 0 . & . 70
Reservoir fluid chemistry . . ) il o B> e &
e 100 200 300 400 500 600 700 800 34000 36000 30000 40000 42000

Injection Rate, tonnes/day Bottomhole Pressure, kPa

NG| (Movahedzadeh et al., 2021) ) ®)

Bottomhole Temperat



AddStorage - A CLIMIT-Demo project sketch  WP1. Rock physics (NG, UiO)
WP2. Site characterization (NGI, UiO, SINTEF)

Complex THM model WP3. THM-D static and dynamic model in COMSOL (NGl)
* Anisotropy (intrinsic-geological variations) WP4. Calibration through monitoring (NGI, UiO, SINTEF)
* Flow (Q); Pressure/Rate/Temperature (P/R/T) and saturation (S)

e Stress dependent modulus and velocity anisotropy, E/Vp/Vs

e Thermally Induced Fractures (TIF)

e Static-Dynamic modulus transformation 4D seismic

Vp, Vs, Attenuation
— (seismic-low frequency)

Well

DSS, strain

-T— compaction

+P — expansion
Cement/Formation T I
interaction

DAS receiver

BH P-T gauges
Inj. interval == Flow (Q)-PR, T

Calcite

frequency)

c Anisotropy
NG| - .
Small scale variations, shaly and carbonate rich layers
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#onsafeground

Further information, contact
NORWEGIAN GEOTECHNICAL INSTITUTE La rS 'G ra n d e @ ngi = n O

NGI.NO
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Bahman CLIMIT #CLIMITS;iI;/III:/IeIJrZuC;Zr_:,I
Bohloli

SENIOR SPECIALIST IN
GEOMECHANICS

Value of ground deformation for
monitoring CO, storage sites

Bahman Bohloli is a Geomechanics Specialist with 20 years of

experience on energy and CCS projects from both academia and

industry. He is currently working for Norwegian Geotechnical P
Institute in Oslo with focus on underground storage of CO, and The Research :

Council of Norway GASSNOVA *
hydrogen.
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Value of ground deformation for monitoring
CO, storage sites (SENSE project)

Bahman Bohloli (Norwegian Geotechnical Institute -NGl)

With contribution from: Joonsang Park, Tore I. Bjgrnara, Per M. Sparrevik, Malte Voge, Regula Frauenfelder, Jean-Remi
Dujardin, Henrik Meland, Nazmul H. Mondol, Ola Eiken, Christian Berndt, Jens Karstens, Sarah Bouquet, Audrey Estublier,
Andre Fourno, Jeremy Frey, Yeon-Kyeong Lee, Yong-Chan Park, Ceri Vincent, Joshua White, Zigiu Xue
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https://sense-act.eu/

SENSE project narrative

* Objective: use ground uplift as a parameter « Methodology and Achievenments
to monitor performance and integrity of

storage complex.

» Introduced a new analytical solution for ground deformation < ooy,

» Modelling uplift with/without faults, considering morphology
» Developed & tested DSS fiber optics & pressure sensors

> Developed InSAR data processing wokflow.

Injection well

u U, ; u,;

pratprt it tatass

—_ v/
Ugi = 2j=192ijPj

Layers with different properties

Surface uplift

Considering reservoir
morphology

* CO, injection b, p;

P P

Different pressure compartments

(f res. deform. to(urface?

Considering fault
permeability

Uplift in depth Generalized Geertsma solution

g .c*,.,ogé.ii%ntsﬂ* o s

Transfer

N

Geertsma Generalized Solution (Park et al. 2021) for
first-order, fast calculation of ground uplift

Numerical simulations




SENSE project narrative (Cont’d)

 Methodology and Achievenments InSAR
In Salah
> Developed & tested DSS fiber optics & pressure sensors
> Developed InSAR data processing wokflow.
g Overburden iforni Reservoir excess pressure Seabed deformation INSAR
- Gulf'Of'MeXiqo" = ::::s:one | Observation well
g model 8 M shale2 | Exdsting wells Hatfield
— B Underburden ST Moors, UK
=) ] | ’
3 | ] WHH “!III |
&
=
=
©
[
>
2
B Uplift at surface
Machine
learning

Offshore tests

Large scale lab tests Field scale
Testing DSS fiber optics

Reservoir pressure
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Conclusions SENSE

» We suggest first-order estimation of ground uplift using the Generalized Geertsma
solution (accounts for reservoir geometry, thickness, anisotropy). If considerable uplift
- perform numerical simulations.

» Geomechanical modelling of real-life and synthetic cases shows the shape of
deformation reveals sealing & draining behaviour of faults in reservoir/caprock.

» Experiments shows Distributed Strain Sensing (DSS) fiber optic cables:

- Provide good coupling with soil when embedded about 40 cm underground-no anchors
- Can detect deformations of ca. 1u strain across cables

- Can work well for monitoring deformation hotspots.
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SENSE (Assuring integrity of CO, storage sites through ground surface monitoring) project No. 299664, has been subsidized
through ACT (EC Project no. 691712) by Gassnova, Norway, United Kingdom Department for Business, Energy and Industrial
Strategy, Forschungszentrum Jiilich GMBH, Projekttrager Jilich, Germany, The French Agency for the Environment and Energy
Management, The United States Department of Energy, and State Research Agency, Spain. Additional support from Equinor
and Quad Geometrics and permission to use data from the Krechba Field by In Salah Gas JV are appreciated.
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Michael CLIMIT reLMITSUMMITZ023
Jordan

SENIOR RESEARCHER

Accurate CO, monitoring using
guantitative joint inversion for large-
scale on-land and off-shore storage
applications

Michael is a senior research scientist at SINTEF, Norway, mostly

working with monitoring of CO, storage. He has over 20 years of

experience in development and application of methods for imaging R
and monitoring of the subsurface and combining different data types, The Research %,
e.g., through joint inversion. Council of Norway GASSNOVA *




SINTEF

— 70 years —

1850-2020

ACCURATE CO2 MONITORING USING QUANTITATIVE
JOINT INVERSION FOR LARGE-SCALE ON-LAND AND OFF-
SHORE STORAGE APPLICATIONS




Background

* Regulatory requirements for
CO, storage operations:

* Containment

* Conformance

e Operational requirements:

» Safe and efficient storage

* Requires quantitative
monitoring of reservoir
parameters

74 e pressure, saturation, or strain in the
overburden

: Time-lapse imaging
| Geophysical data Ir

FWI, ERT, CSEM,

Concept

Acoustic FWl on Sleipner data  §_|
(Romdhane and Querendez,
2014, Energy Procedia)

Gravity, MMR

Saturation and  §
porosity maps
(Bachrach, 20086,
and Dupuy et al

2015)

Rock physics inversion

pressure and strain

Geophysical images I

‘I Rock physics properties |

porosity, bulk- and shear
moduli, stress, pressure,

saturation
Partial saturation theories
2100 © . J\II|IHI‘IHI‘IIII‘II\I‘IIH|IIH|\III|HII|HIL HTITTTTITT T T T TT T TTLT [T T T A TTETTTTTTT T
Voigt upper bound E 4 F E
= Reuss lower bound - = E .
2000 == Brie e=2 B 3 35F E
s B 1 =3 — — -
- Brieess 30 F 30F 3
1900H '+ Brie e=7 - E 5
----- Brie e=10 - il E .
o --- Pgtec:y a=5cm S 25 F 25 o 3
€ 1800 S20F 20F E
'§ 5 F s = 3
g 1700f s15F 1 15F =
[ E & E i
3 E - m %
2 1600 0F 1 °F E
: 5 g b T
15001 , :HlI|I\II\I\I|\II'II\II'\I"\'II'T.IT{'I“\TﬁHIIHIII|HIF R il i e b b oo d
____________ 02 04 06 08 1 0.1 0.3 0.5 0.7 0.9
1400 T L . .
Brine saturation Brine saturation
CO, saturation 0 Misfit 0.01 0 Misfit 0.01




Metrics:
Project completed (2017-2022)
Total budget: 28,1 MNOK
Gassnova Funding : 14,7 MNOK

T h e p rOJ e Ct Fielq Bg\;\earch Station (FRS), Canada

€O, injector
Observation well
| n

Surface monitoring
technologies
n

e Aim: Quantitative monitoring of reservoir
parameters

* Create a method (software) to reliably
integrate relevant CO, monitoring data:

e Advanced hybrid structural-petrophysical joint inversion /
structural JI ___
* Methods relevant for CO, storage :
* Large-scale and high resolution _/’% _ W i
* On-shore (FWI, ERT, gravity, uplift)
» Off-shore (FWI, CSEM, gravity, uplift)

* (Quantitative
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results

Velocity models (FWI)
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Resistivity models (ERT)
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Implementead ana teste
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e Tested various data type combinations and geometries at -
CaMI.FRS and Ketzin sites (surface, downhole, X-well, VSP)  *;* -
* Stable results and improved images compared to independent inversions
* Both methods benefit from joint inversion 800 1000 1200 800 1000 1200
s e — 550
* Hybrid JI combines benefits from structural and petrophysical JI petro. . I~ - 600
. cpe L . n Gi‘f N - 650
e Resulting models can be used for quantification of reservoir i | ;gg
' 1 d |
parameters 800 1000 1200
* Implemented methods: seismic (FWI,X-well, VSP), ERT, i —
. hybrid ]
CSEM,MMR, gravity T | M E=<=20
Sl e

* Modular design; external 3 party codes can be linked
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SENIOR SCIENTIST

SNOWPACCS — Challenges with post-
mortem investigation of well integrity at
Mont Terri

Pierre Cerasi is a Senior Scientist at the Formation Physics group at
SINTEF. He holds a PhD in Physics from the University of Paris and has
20 years of experience in petroleum-related rock mechanics. Over the

last decade, he has focused his interests on geomechanics of carbon
The Research
storage. Council of Norway GASSNOVA
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© The hidden value of insufficiently preserved
| shale material
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SNOWPACCS - Swiss Norwegian Post-
el Mortem Analysis of Mont Terri CCS well

* Gassnova-sponsored project at SINTEF, with swisstopo as partner in
Switzerland

* Original objectives:

— Help evaluate performance of remediation fluids by overcoring a Mont Terri
well and test well pieces for mechanical strength

— Test SINTEF logging tool in blind test of remediated fractures

* New goals, due to failure of intact overcoring:

— Test hypothesis that non-preserved cores (allowed to dry and crack) can still be
useful for rock characterisation

— Reference testing on preserved core plugs available at SINTEF

* Research question:

— Can the in-situ properties of shale material be recovered by studying the effect
of saturation-desaturation cycles on measured properties?

* Plan: perform as much as possible same small sample mechanical tests
on preserved and unpreserved shale, for same levels of saturation

Fig. 1 OPA and cement both have gone at 8.65 m depth (in target section and well below grout
le

packer, naked 120 mm steel casing of completion is visibl
on the photo is irrelevant, as it was not calibrated (Photo S.

hand side. Depth indication



Results from measurement campaign
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* Both intact/preserved shale cores and
dry/damaged shale cores taken up
and down saturation levels and tested
mechanically (UCS, scratch, small
sample testing)

Unconfined compressive strength (MPa)
Pad
=

 Strength values align remarkably well, 0 27 50 81 100
given usual sample-to-sample Saturation (%)
variability



sl Conclusions

* QOriginal project plans needed to be modified due to
overcoring abandonment

* An alternative experimental programme was proposed,
based on the received core fragments

— lllustrates possible workflow for commercial CCS operations with less
costly core taking and laboratory testing procedures

— Suggests fundamental steps to "rehabilitate” old or non-preserved
caprock samples with aim to develop correlations to be used when no
reference plugs are available
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STRUCTURAL GEOLOGY

In-situ stress and failure prediction for
CO, storage sites

Elin Skurtveit holds a PhD in structural geology, employed at NGl
(Norwegian Geotechnical Institute) and an Associate Professor Il at
University of Oslo, Dept. of Geosciences. Elin follows up several
projects related to CO, storage and has a passion for integrated
research combining geology, geomechanics and rock physics
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SHARP Storage

In-s1tu stress and failure prediction
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