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Carbon Capture and Storage (CCS): The Way Forward



The Norwegian CCS demonstration project
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23 years experience with CCS and CO, Storage offshore Norway

"...realise a cost-effective solution for full-scale CCS in Norway, provided
that this incite technology development in an international perspective".

<15 Operation -
Start FEED - Investment decision o
summer2018 2020/2021 2023/2024

QA - prepare Development
investment decision — 2020/2021~>
2019/2020




Scope of US-Norway CCUS Collaboration

Characterization - new methods for cost-effective site selection decisions

Monitoring Verification and Accounting - making it smarted and more cost-effective

Wellbore construction, materials, integrity - smart wells, re-use of old wells, P&A
technologies

* Focus on reduction of uncertainties and pressure management

Real storage domains have complex geologies and pressure barriers

Where to find the best sands?

There are some faults in the area, can they cause any migration challenges?
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Much Progress on Carbon Storage, But Uncertainties Remain

Then Future
CCS Program Initiated Progress to Date CCS Broad Commercial
(1997) Deployment

Storage R&D * Little known * Knowledge gained and * “Commercial toolbox”
tools being developed developed
and tested
Infrastructure/Field Tests < Little known; Sleipner * Increased visibility; * Potential realized;
project initiated Knowledge gained and Frameworks in place for
lessons learned market deployment

> If cost issues lie with capture, risk issues lie with storage

* Questions about scale up, liability, performance

‘R&D focused on: Cost (Capture) and Confidence (Storage),

‘Demonstrations: Integration and Learning




— Manine @ Quest Appraisal well

——SNlakml |, o sedonFlgure 23

EX—inE o Quest CCS Project

— s o
— rttimen [ 30 Seismic Goveage
S——

e | | | #910073ton.~ 4, 2015.11~ 254 [k #n

aasann

Imp. D3rling v
Mo | %

A
o

S

Gas
Saturation 17
0.10

COa PR IalL—aviER




Aﬁﬁ@ Gorgon Project

Geouclence Australia
I

306,000 340,000
t Pressure

: : CO2 injection

CO, DEVELOPMENT PLAN : management wells %’9340 Aton/ £ wells

3x5 MTPA LNG PLUS DOMGAS ‘ 2 /ﬁ\
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Pressure management required to reduce
impact of rising pressure on CO2 injection
performance:

* Maintain injection rates

* Avoid reaching bottom hole pressure limit
* Optimise storage capacity
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Surveillance Wells
Water Inject/Prod Wells
Pressure Mgt Drill Pads
Injection Wells

COz Injectors Drill Pads

GORGON COz DATA WELL I Monitoring

= WellPaths

é%ﬁf‘%m » Wellhead pressure and flow rate

= * Continuous down-hole pressure gauges

344,000




N=|mmevas  High Level Carbon Storage Program
TLji%ewor'  Goals (Current Goals)

> KA -8R FK - R L2 (permanently, economically and safely)

> E’ 13032 [\ _E (Improve Reservoir Storage Efficiency)

> BT =& (predict storage capacity within +=30%)

N=MEeY  Carbon Storage R&D Challenges

TL TECHNOLOGY
LABORATORY  Storage Infrastructure

BEIZ-K AR - E AXI%hE (Safe, Permanent and Cost-effective)
[ & 518 BT B (Onshore and Offshore)

EAXNDRIZBNT-ITE - E=42) > FE il (Cost-effective Integrated Tech)

CO2-EOR & F7 %4 2 |£ 71 il il H: i (Reservoir Pressure Management)

vV YV VY V V

$hE % PA/PO (Effective Public Outreach)
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Research, Development and Deployment of CO2 Storage
(Up-Scaling Injection and Down-Sizing Costs)
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MMV plan throughout the project life @QUEST
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( Baseline 2 ( [Injection ( Closure P!
Atmosphere  — = == Li¥htSeures (Her CO2 Monitoring S—=-
Eddy Covariance Flux Monitoring 2
Biosphere CO2 Natural Tracer Monitoring
CO2 Flux and Soil Gas
<—— Remote Sensing (Brine & NDVI)
. Shell Groundwater Wells: Continuous EC, pH
Hydrosphere Discrete Chemical and Isotopic Analysis on water and gas
Private Landowner Groundwater Wells (discrete chemistry and Isotopes on water and gas)
GeOSPhere 2 Time-Lapse Walkaway VSP Surveys
Time-Lapse 3D Surface Seismic
INSAR
Deep
Monitorin g Downhole Pressure & Temperature (DHPT) above Storage Complex (CKLK Fm)
Wells Downhole Microseismic Monitoring
Injection Rate Metering, RST Logging, Temperature logging
Iniection DHPT, Well Head PT, Distributed Temperature and Acoustic Sensing,
l I Annulus Pressure Monitoring, Wellhead CO2 Sensor, Mechanical Well Integrity Testing,
Wells Operational Integrity Assurance
CBL, USIT
2010 2015 2020 2025 2030 2035 2040 2045 20

Time (years)

MMV: Measurement, Monitoring and Verification

(based on I1SO standard)

* Firsto fakind -
conservative approach

* Comprehensive: from
atmosphere to geosphere

e Risk-based A

* Site-specific./

—_— o -

* Independently reviewed

* Combination of new and
traditional technologies

* Baseline data collected
before start-up
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» Advanced Monitoring by US/DOE

-Monitoring at a carbon storage site is necessary to track the movement of
CO2 and assure permanence for geologic storage.

-Advanced monitoring technologies are needed to decrease the cost and
uncertainty in measurements and satisfy regulations.

- Giving site operators the ability to: (1) measure critical subsurface
parameters associated with the injected CO2, (2) provide measurements
of down-hole and reservoir conditions for real-time decision making and
process optimization, and (3) provide long-term post-injection monitoring
of the fate of injected COa.

- Transformational sensor to support demonstration and deployment of
advanced coal power with CCS beginning in 2025.

Fiber Optic Sensing: temperature, pressure, strain, acoustic, fluid chemistry
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Uplift at In Salah CO: Injection Site
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A Field Test of Fiber Optic Sensing

at a shallow well (depth: 300m)
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Geo-mechanical Response during CO: Injection
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Daily Change of Temperature (0-50m)
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Temperature sensing enables us to monitor ground water level changes! 17




Temperature Sensing Results (short term)
o when injecting CO2in the shallow well

(Xue et al, in preparation)

43%B=_ Packer position

=

- Derziaeerd ' Perforated zone

B TN
-2.2 1
0. 64 [*C] —0. 29 [*C]

Response due to residual water (cold water in tubing)
» Above the thin mud layer T-fiber (behind casing) also showed temp
reduction, but No change appeared during COz2 injection.

» Under the thin mud layer and perforated zone temp changes observed
simultaneously when cold water and warm COz2 reached.
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250

0 5 10 15
Time (hour)

—0.5 0) 0.5
T (OC) (Xue et al, in preparation)

Temperature change estimated from Rayleigh frequency shift observed

by T-fiber (FIMT: Fiber in Metal Tube) in short-term during COz2 injection. 19



Temperature Sensing Results (long term) )
when injecting CO2in the shallow well

L&

-- Packer position

CO2 injection start
CO2 injection stop

_J A thin mud layer

| Perforated zone

(Xue et al, in preparation)

,y 295 A
- e | i 1128 n1/ma

» Temperature change disappeared gradually in post- COz2 injection period

» Due to sand trouble under the thin mud layer and perforated zone connected
well. The COz injection rate/volume was unable to fill the whole zone. 20



Application for well integrity monitoring, combined with

AZMI (Above-Zone Monitoring Interval) pressure monitoring

Fiber cables
behind casing

\

Casing
cemented
to isolate

Hovorka et al, 2018

surface

Pressure

{ AMZI

V4

Chemistry

AZMI

Confining zone

Injection zone (12)

L Time
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DAS/VSP, Natural Earthquake Monitoring
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Kobayashi et al., 2018; 2019
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DAS/VSP, Earthquake Monitoring
at the Deep Well

N2 8

(Xue et al, in preparation)

| _ stop injection

TCSG

Bottom hole pressure (MPa)

tubing

\
(A) 637m (above the packer)

~ (B) 691m (above injection zone)

(C) 717m (injection zone)

(D) 748m (below injection zone)

fiber cable

Strain (microstrain)
)
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S
I
|

injection zone

Time (hour)

Well depth: 880m Strains estimated at different depths in Nz injection
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DAS/VSP result comparison at the deep well
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139°30"  140°00'

Natural Earthquakes around the test site (March 11-26, 2019)
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Optic Fiber Sensing in CO2 Storage

(a) Pre-injection brine-extraction stage with second dual-mode well used for monitoring

Deep Shallow Brine
monitoring monitoring extraction
well well

== |

» Caprock and Well Integrity Monitoring

(b) CO; injection stage with brine extraction from second dual-mode well

Brine Shallow [=s P}
extraction monitoring injection
well 1 well

» Pressure and Plume Fronts Monitoring

Reservoir

—

(c) CO,; injection stage at time of CO,; breakthrough at second dual-mode well

Brine Shallow CO,
extraction monitoring injection
well 1, . well g well

» DAS/VSP CO:2 Monitoring
e

(d) CO,; injection shifted to second dual-mode well and brine extraction shifted to third dual-mode well

Brine co, Shallow Deep
extraction injection monitoring monitoring

II1 well well well well
» Microseismic /Earthquake Monitoring

= g

Reservoir >
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International Collaboration on Fiber Optic Sensing

Satellite measurements+ GPS
and geodesy for onshore sites

Demonstration of concept and
methods: onshore surface heave (e.g.
In Salah)

. Qnshore: North Dakota Univ. /US

NoJiil+)-4 NGI /Norway

Application to offshore: Seabed monitoring with
seafloor geodesy, ROV/AUV, tiltmeter, water
pressure, etc.

Simulating deformation of reservoir & overburden, inversion history matching
- overburden management & containment assurance - success of
injection/production
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Tackling Challengesin CO2 Geological Storage

* Gravity Override of the Injected CO2
( Density difference between the injected CO, and
residual fluids in the reservoir)

* Viscous Fingering Caused by the Injected CO2
(typically 0.05-0.1 cp, much lower than oil and brine)

* Reservoir Geology and Heterogeneity
(high permeable streaks and fractures, reservoirs with
low permeability on the order of several milidarcy)

32
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Carbon Sequerstration leadership Forum ?» %’@
(] di‘

www.cslforum.org

CARBON SEQUESTRATION LEADERSHIP FORUM (CSLF)
TECHNICAL GROUP
TASK FORCE ON
IMPROVED PORE SPACE UTILISATION

Improved Pore Space Utilisation:
Current Status of Techniques

The pore space of a CO; storage system is the ‘resource’ to a CO; storage site operator. Presently, the
efficiency of the storage resource is quite low, with only 1 to 4% of the bulk volume being utilised to store
CO: in saline formations. A poor utilisation of this pore space resource means that the resource is wasted,
and the opportunity to reduce the cost per tonne of CO; stored is si,c_gnificantly hindered. Conversely, a
resource that is effectively utilised is likely to significantly improve the economics of CCS projects.

33



» Recommended Technologies for Improved Pore Space Utilisation:

Technalogy Technolo
P | Technology Type Prior R&D and application Readiness Pros ectivge‘:
Level (TRL) P Y
I 1 | Microbubble CO: Injection Laboratory and Modelled, TRL 4
I. prototype

2 | Swing Injection Laboratory and Modelled TRL 3

3 |Increased Injection Pressure Laboratory and Modelled TRL 3
Active Pressure Relief (increase Enhaneed Oll Recovery [EOR)

4 planned for Gorgon CO: TRL 6
sweep & reduce lateral spread) S )

injection project

5 Foams (block high permeability EOR TRL 6 Reasonably well
pathways) understood

6 | Passive Pressure Relief Modelled TRL 4 Limited effectiveness

7 P.olym‘ers (increase formation water EOR TRL 7 Reasonably well
viscosity) understood

8 Surfacténts (reduce re5|dual EOR TRL 7 Reasonably well
saturation of formation water) understood

9 CO: saturated water injection & i mhoratory.and Modelied TRL 3 Site specific & lower
geothermal energy volume

* minor modelling and laboratory investigations may be required prior to commercial scale application

Carbon Sequestration leadership Forum

www.cslforum.org
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Microbubble COz2 Injection for Improving
Storage Efficiency

CO, distribution ®HH R () /RITEO X EHE

(left: grooved disc; right: special filter)

— 70 mm s 35mm

co, IR T CO, & Brine

0.045 PV

0.68 PV

8.18 PV

(Patent: PCT/J P2009/064249)35




COz2 Saturation: NB vs MB Injection
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Microbubble CO: Injection P‘ilc;i'Tés
at the Japex field site




Liquid CO2 Tank




Bubbling test at lab
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Downhole Tool for
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CcoO,
tank

Steam Heater
OO

Flow Meter
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¢S

=
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Summary of MB CO: Injection Test in May 2019

(co, Injection

[EAE:22.2ton(12,100Sm3) . FEHFE AL —k:2.2ton/D(1,200Sm?3/D)
Brine

EAE:4.0kL, F5FAL—F:0.4kL/D
EAE#(CO+75MV@FEABEE)
\_ Injection Index >=>-> MB:0.39t/D/MPa Y,

Injected CO2:22.2 ton; Produced CO2:5.26 ton
2>=> 16.94 ton CO2 Stored !

(co, Production
= :5.26ton (2,880Sm?3)
Brine
EEHE:1.2kL  Pre-CO2 injection: 140 L/D; 140L/D x 10D = 1.4 KL
Qil

\Etﬂ%;o_skl_ Pre-CO2 injection: 10 L/D; 10L/D x 10D = 0.1 KL )
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Preliminary Result from Normal COz2 injection
(without microbubble filter)
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v Normal Bubble CO2/ A SREREE

‘r—ZNo.
co2 K co2 K pi| = b:

(t) (m3) (L) (t) (m3) (L) (L) (t) (m3) (%)

8 220 12,000 4,000 9.0 4,900 510 20 13.0 7,100 59.1
=g 5.8 3,211 1,150 2.1 1,203 351 0 3.7 2,008 62.5

NBEEZE

v Microbubble CO2JE A SRERE#E
7—2ZNo.
Cco2 7K Cco2 7K 7H = R

(t) (m3) (L) (1) (m3) (L) (L) (1) (m3) (%)
MBREE =#f 201 11,033 4,000 3.9 2,189 1,200 600  16.3 8,844  80.2

SREXRITE ERE 980 70
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oTechnical Gap (3 flTHYEREE)
v Up-scaling (KF#EIL) B it D#EIL (REEHER >>> J|FRIEAN)
v Integration&Down-scaling (B fiif D& XY IAH ) XK HEREH i
DL (RN /TR ZEID)
vV RHEBRH-RIEZEFMELE AT LIBESF (BHESNDXE)

©Non Technical Gap (FfiT LSt DEREE)
vV HEZRMEDER — PO/PAFENEE
v CCSERMDMTHEAEY — EERRDRE. BUERHIE
vV #SHFEMEORLIAMBER — EERIEDOURIBHE. R
HA &T O—/\LEREE - %t i
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CORRE. BiIHRFAREATFIRILY— EXEMNLSEFEHEE (NEDO)

DEAXBOHBRF[ON-LDTY . CHAVEEW-RARXAEH ().
(¥) BRIV Y ILEVE, oa—a Y IILAVRR) RRAR (R .
Za—TLORA R IBLE#MBLEITETS,

This talk is based on results obtained from a project commissioned by
the New Energy and Industrial Technology Development Organization

(NEDO) and the Ministry of Economy, Trade and Industry (METI) of Japan.
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