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Geologic Carbon Dioxide Storage: The Way Forward



Carbon Dioxide Flooding

Oil to
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CO, and water

recycled
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40-70% of CO, injected stays in reservoir

Associated CO2 Storage in CO2-EOR




Geologic CO2 Storage in Deep
Saline Aquifer
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Permanently Storing CO2 in
the Subsurface

Mobile phase trapped by seal
Dissolution in water

Precipitation as a mineral

Immobile phase as residual, nonwetting
saturation

COz2 Trapping Mechanisms; long term security
(how long Is enough long?)



Injection
Trap filling
Physical trapping

(IPCC, 2005)

Dissolution

Residual COg trapping

Mineralization
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Trap Mechanism & Long-term Behavior of
Injected CO: in Deep Saline Aquifer
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Overview of Nagaoka Project

Improve 'F:J'frjderstandinéf‘fbfrccz -
Storage in Complex Geology!
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15 years post-injection monitoring




Overview of the Nagaoka Site

Well Configuration

at the Reservoir Depth - _ ~
OB-4 Injec. Well * Injec. Period; Jul. 2003~Jan. 2005

« Total amount; 10,400 ton CO,,
\- Rate; 20~40 ton/day

CO, Tank
Compressor
4 Pump Lorry
Be@elleldiad

» Reservoir; Haizume Formation
(Pleistocene Sand)

* Injec. Layer; Zone 2, 12m-thick

» Porosity; 23%

* Permeability; ave. 7mD (Pump-test)

* Conditions; 48°C, 11MPa




Injection Profile and CO: Distribution

@Nagaoka
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Tracking CO: Injected in Subsurface
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Saturation Index (SI) of Calcite (CaCO,)
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Time-lapse Changes at (1116.0m @OB-2)
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Scaling up to commercial
(1Mt-CO2ly)

N a5 Y Available for
DY AR e Deployment
Implementing core tech for
o) " devel
R, core tech R&D evelopment
s{-
'\Qst- Including Overseas Deployment
,D<§’ (Asia CCUS Network )
é
storage potential assessment
| International Collaborations
2000 fundamental research (USA, Australia, Norway)
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Research, Development and Deployment of CO2 Storage
(Up-Scaling Injection and Down-Sizing Costs)
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Carbon Sequestration leadership Forum O &

www.cslforum.org

CARBON SEQUESTRATION LEADERSHIP FORUM (CSLF)
TECHNICAL GROUP

TASK FORCE ON
AT EEsha

IMPROVED PORE SPACE UTILISATION

Storage Efficiency ﬁfﬁﬁ

Improved Pore Space Utilisation: (economics)
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 tha%ﬁe resource is wasted,
and the opportunity to reduce the cost per tonne of CO, stored is significantly hindered. Conversely, a
resource that is effectively utilised is likely to significantly improve the economics of CCS projects.
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» Recommended Technologies for Improved Pore Space Utilisation:

Technology

. . e . Technolo
P | Technology Type Prior R&D and application Readiness . gy
Prospectively
_________________ Level (TRL
|| 1 [Microbubble CO: Injection Laboratory and Modelled, TRL 4
prototype
2 | Swing Injection Laboratory and Modelled TRL 3
3 |Increased Injection Pressure Laboratory and Modelled TRL 3

Active Pressure Relief (increase Enhanced Cll Recovery (EOR),

4 sweep & reduce lateral spread) PI.-:mn-ed for (_Eorgon 02 TRL®
injection project

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

6 | Passive Pressure Relief Modelled TRL 4 Limited effectiveness

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

8 Surfact.:ants (reduce re5|dual EOR TRL 7 Reasonably well
saturation of formation water) understood

9 CO: saturated water injection & Laboratory and Modelled TRL 3 Site specific & lower
geothermal energy volume

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

Carbon Sequestration leadership Forum

www.cslforum.org



. e Whatsl\/llcrobubble’?
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Burst at the surface

ﬁ Disappear _>:é
Goes up .
= = Continue

Shrinking ® . I[:lr> .
r

Collaboration with Tokyo Gas Co. Since 2007
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Microbubble COz2 Injection for Improving
Storage Efficiency & Enhanced Dissolution

CO, distribution
(left: grooved disc; right: special filter)

5mm S5mm

— 70 mm 35mm

—

co, ] CO, & Brine

0.045 PV

Visualization of MB CO2 injection using X-CT

0.68 PV

8.18 PV

(Patent: PCT/JP2009/064249)



COz2 Saturation: NB vs MB Injection
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mean CO, saturation(%)
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Comparison of MB CO: and Conventional CO: Injections
in High Permeability Sandstone

Berea: 100mD MB COz injection NB COz2 inyection
0.02 PV

P1 2
P3

Jiang et al., 2019
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Berea300_201701
MB_drainage 16 2. 816PV
Flowrate 0.5ml/min_ 47:51:55 later

A big difference
in low permeability layer

Berea300_201704
NB_drainage 16 2.819PV
Flowrate 0.5ml/min_ 47:54:01 later

"1 stage2

Flow
stage3 Foot
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CO2 Saturation in heterogenous porous zones
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| Grawty Override of the Injected COz
~In high permeability reservoir

MB_EOR_drainage NB_EOR_drainage

Elapsed time: 40 min; Left: MB-EOR; Right: NB-EOR

(Xue et al., 2014)
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Microbubble CO» Injection Pilot Test
at the JAPEX field site
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CcoO, Steam Heater
OOF—mm— €0: | co,

<:| Flow Meter m— <:I tank
(BN

Z —~

CO:z pump (7~11MPa)

CO:+Brine : Co-injection
(8MPa, 5001 )
(CO2: Brine=9:1)

R b

E i e e
"

T e s g LA O WL 7
Lo et TR P By B - 1 R

LHAIED, 2020; Xue et al., 2021)




Table 1 Results of the injection and production tests

," \\ /”—_~ N
Injection Production '/ CO, “‘ ," Injection
tonne KL tonne KL KL i stored \|/  index \
Microbubble CO, brine CcO, brine oil : 20% H 0.39 |
injection 20 4 3.9 1.2 06 |1 °""° |htonne/D/MPa |
Conventional CcO, brine CO, brine oil AL 0.09 !
C e \63% 1|y !
injection 5.8 1.2 2.1 0.35 0 \ Y, tQnne/D/MPA
\\~,, \‘~__¢’,
Sarukawa SK-77  MB-CO2_field test Injection
Down hole pressure history matching y :
*  Pre-COz injection, Reservoir permeability: 0.06mD Oil Production

No COz injection: 60 Liter

MB COz2 injection: 600 Liter

Brine injection rate




Visualization of Normal bubble COz2 Injection in
low permeability (0.01mD) sandstone with X-CT

injection COZ drainage—Z

CO, drainage _2 > 3

CT scan time 11:35:28
(1:00:03 Later)

injection i
rain -
—_— C02 dra age-3 XHEEORHRZE 0:29:42

\

J

_ CO, drainage _3 >4
CT scan time 12:05:10

(1:29:45 Later)

injection CO, drainage-4

—

X & @ FFfE 2= 0:30:15

Xue et al., in preparation

CT scan time 12:35:25
(2:00:00 Later)
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Visualization of Microbubble COz2 Injection In >

low permeability (0.01mD) sandstone with X-CT

injection CO, drainage-2

|

Xue et al., in preparation

CO, drainage _2 > 3

CT scan time 14:00:09
(1:00:07 Later)

injection CO, drainage-3 X & & D FrfE 2 0:30:15

J

CO, drainage _3 >4

CT scan time 14:30:24
(1:30:22 Later)

L €O, drainage- (X 148 o K5 fdl 2 0:29:56
" Injecting MB COz: Penetrate and
CT scan time 15:00:20 Flood low permeability zones,

00015 Later) Improve Sweep Efficiency !



» Recommended Technologies for Improved Pore Space Utilisation:

Technology
Readiness

Level (TRL)

Technology

P | Technology Type Prospectively

Prior R&D and application

Laboratory and Modelled,

prototype

TRL 4

2 | Swing Injection

Laboratory and Modelled

TRL 3

Microbubble CO2 Injection Technology

3 |Increased Inje

Active Pressur

a TRL4 === TRL7

sweep & redu

Foams (block |
pathways)

rasonably well
understood

High potential == Highly Recommend

Modelled

6 | Passive Pressure Relief Limited effectiveness

‘ TRL 4
I | I

Microbubble CO: Injection > Improving Storage Efficiency

Storage Efficiency: 63% up to 80% =>=>=> More Economical

‘ LAROOIALULY dllu Iiviouginecu

=4 I”RL 2>
| ‘ geothermal energy | |

volume |

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

Carbon Sequestration leadership Forum

www.cslforum.org



The Norwegian CCS demonstration project

7 i @fortum

‘ . Waste-to-
\ energy
G 400 000
.,* tonnes CO,
- per annum
equinor ToraL : N~
Ship transport from : NORCEM
:aptl{re ItO st'ora;_ge . i Ty s HEIDELBERGCEMENT Group
erminal — pipeline to : LA TET S —
offshore storage E - —r Emigion
complex '\ '
i 400 000
P A - & | |
- o/ . " tonnes CO,
I / : per annum
'J b ;“'_-:;-:L.'.'___,.-"“. /
NEE ey g
w Olje- og energidepartementet I_l ‘ - V

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".

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

QA - prepare Development
investment decision — 2020/2021-> 33
2019/2020




MMV plan throughout the project life @QUEST

— — == == = ==

(based on 1SO standard)

- \ - -~ - -~ N
( Baseline ’ ( Injection ( Closure 4
Atmosphere -— LightSeuree =fser CO2 Monitoring Se—=-
Eddy Covariance Flux Monitoring 7
Biosphere CO2 Natural Tracer Monitoring
C0O2 Flux and Soil Gas
<—— Remote Sensing (Brine & NDVI)
' Shell Groundwater Wells; Continuous EC, pH
Hyclrosphere _ 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
Moniforing 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,
I I Annulus Pressure Monitoring, Wellnead 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

* Firsto fa kind -
conservative approach

* Comprehensive: from
c:’rmc_:»_sEhere to geosphere

e Risk-based ™,

* Site-specific./

* 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

35



Uplift at In Salah CO: Injection Site

E218°

7 Pressure;bwfdup dep@ndlng,

T

= - » On - 'ﬂ-' = -
_“1‘-‘ "':_"" \.‘ “1‘-‘ ‘-.'-. \.‘ “1‘-‘ "'_'_"'
ieservmr pergsrty & permgablll,ty
W, "‘J..P"t J..r'

J..P"'-t

v; coz |njeet|oﬁ rate & volur’ne

Uplift at ground surface

; How to ‘ interpret?

Pressure buildup at subsurface

E210°

EX15°

Need continual strain data along depth?
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~ Field:Ex __%rimehfs on Well Integrity Monitoring~

~ with Distributed Fiber-Optic Strain (DFOS)
_ —-= - “Measurement i

Optic Fiber Well Observation Well Optic Fiber Well #2
#1 #1 (Depth: 240m)
Jepth:/ 300m) (Depth: 230m)
2.0m 2= L -_—

(Amer et al, in preparation)

Water Injection Well

How optic fiber responses to deformation in alternate layers

of sand and mud during water injection? 4



Strain observed at a monitoring well (6 m away from injector)
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Injection Profile and CO: Distribution

@Nagaoka
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0
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Dissolved CO, (HCO;)  strain profile (Distributed Fiber Opti

CO: injection profile

c Strain Sensing )
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Alternation of Sand and Mud == Heterogeneity & Anisotropy of Sand

CATEGORY:
Silt — Very Fine Sand Fine Sand Medium Sand

IO

0.3m(1ft)

Schematic representation of
the Sleipner storage system
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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

NoJi7ilei-§ NGI /Norway

A fully-coupled Surface-Sub
surface Distributed Geomechanical

Monitoring has been scheduled at
North Dakota, USA.



US-Japan CCUS Collaboration at North Dakota
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DAS/VSP for CO2 Monitoring and Distributed Strain
Sensing for Geomechanical Monitoring at North Dakota

® wel

(=) 10.000-foot bufter

Landowners
Access

Red Trail Energy

I o Access
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A New Collaboration on Fault Integrity Monitoring
between Australia and Japan at In-Situ Lab

The South West Hub In-Situ Laboratory — A Facility for CO»
Injection Testing and Monitoring in a Fault Zone
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CO:2 plume front vs pressure front
(Geomechanical Modeling)
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\ l T mordsiand Gevap : :T:L:Wuw:hluimw- = mﬂ

Y I Bt e

\ ! LB R S Tess
N /
\\ // Schematic of the subsurface going from south to north through the 31/5-7 (Eos) CO, confirmation well,
\\ ,/ The CO, plume extent after 37.5 Mt injection is illustrated in magenta.
“--.._I
meters
https://www.equinor.com/en/news/20201019-sharing-data-northern-lights.html
150 300

J.A. White, W. Foxall / International Journal of Greenhouse Gas Control 49 (2016) 413-424 45
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Stages of Carbon Capture and Storage Development
—I;E~A R@IN@'WD@]NG I}_ Source: ADB, 2013

Some projects in East Asian countries (China, Japan, South Korea),
Australia and Middle East, but less in Southeast Asian countries.

=
=
=

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

Improving and Optimizing Performance

US/DOE(2019)

CarbonSAFE

50+ millign tons

Regional Carbon
Sequestration
Partnerships
(RCSPs)

© 2005-2011
1 million tons

Advancing monitoring and
measurement tools: improving

characterization and reducing the
uncertainty about the CO, and
pressure fronts.

.,

Fiber Optic Distributed Acoustic Sensing (DAS)

2011- (new regional initiative)

‘: 4 ;. i...- .Ik . ‘I ~'.' )
=S a Plume Detection and @
- L o5 Storage Efficiency o)

Secure Storage

Subsurface Stress

Risk Assessment

ST IN—t G HiT
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Offshore Storage

/Coahi!tﬂﬂﬂ
—u—‘-
€O, Stored

Brine Extractio
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National R
(NRAP) is d
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Wellbore Integrity
eg bE'“'“‘ for Rish
— - Merwgunent N[

Welihore Leabage
Analysis Tool

o

Natural Sesl ROM ]
~

Reservoir Evalustion
and Visualization

Reservos ROM

Ganaorator

EH%E - DAS)

Unconventional
EOR

Shale Oil
EOR *

] H 40 80 80 100
Wiater Saturation (5w) (%)

n Storage Tests (BEST)

isk Assessment Partnership
eveloping toolsets to reduce

uncertainty and quantify potential
impacts related to release of CO, and

nduced seismicity

| Aquiter
1 Impact Mcdel

Short Term Saksmic

Ground Motian
Prediction for
Induced Sessmicity

Faults 815
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US/DOE: RCSP(§t1MT) =>=> CarbonSAFE (B4E:50+MT)
= => New Reginal Initiative

Awardee New Regional Initiative CCUS Selections PrOject

Battelle Memorial Institute Regional Initiative to Accelerate CCUS
ﬂ‘m Deployment in the Midwest and Northeastern
USA
New Mexico Institute of Mining and Technology Carbon Utilization and Storage Partnership of the

Western United States

DEN MEXICD YRCIE

Southern States Energy Board Southeast Regional Carbon Utilization & Storage
‘w,@" Partnership (SECARB-USA)
University of North Dakota Plains Carbon Dioxide Reduction (PCOR)

LN') Partnership Initiative to Accelerate CCUS
ROKTH G ko TA Deployment

» To identify and address knowledge gaps under a new Regional Initiative
to Accelerate CCUS Deployment.

» To identify and promote potential infrastructure and/or carbon utilization/
storage projects that will help enable low emission coal-based facilities
of the future.
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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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