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1. ;BEANHT—CO2-EOR/ CO:ith FrfiT

Before looking ahead, let’s review the journey so far

foc | Enhanced Oil Recovery - US (DOE, 2020)

* First US patent for CO, EOR issued in 1952
e Firstfield test in 1964

* First commercial project (SACROC) in 1972

=R~
Sleipner Project- Norway
* CO,removed from natural gas produced on
production platform in North Sea
* |njection into saline reservoir under sea
oated 1996 EAMAE 1005/
Weyburn — Saskatchewan

* EOR project with 50 wells

* Uses CO, from coal gasification plant

» Started 2000

HA: RMECO2EASEEITATIIMAE) KE: FFYRXFriodA I MNAE)



Carbon Storage Program

Improving and Optimizing Performance

US/DOE (2020)

Regional Carbon CarbonSAFE ) Offshore Storage Unconventional L’m.m g
Sequestration 501 +l%i||ion .L— EOR pe—i
Partnerships t 4 O, iection ) L i i

hal I Xy — IR
(RCSPs) oL S— - ESROI - LS | ]
i A5 s

) 40 80 L 100
Wiater Saturation (5w) (%)

2011- (new regional initiative)

Brine Extraction Storage Tests (BEST)
i o CARBON STORAGE PROGRAM
{'-.l.u ':r E’ ‘
= _;.'._4.} Plume Detection and 4 ©
. AL Storage Efficiency o
~ 2005-2011 5 ™ M

1 million tons

Advancing monitoring and
measurement tools: improving
characterization and reducing the

uncertainty about the CO, and
pressure fronts.

K RAHLEITFIZKDEHEFE

Secure Storage

National Risk Assessment Partnership
(NRAP) is developing toolsets to reduce
uncertainty and quantify potential
impacts related to release of CO, and
induced seismicity

Subsurface Stress

Multipls Source
Wellbore Integrity R
Designs for R:‘h Model for Carbion
E;:::::r::ﬂl \\ ? ! Sorve
Risk Assessment \ et

¥
Wellbore Leakage
Analysis Tool L,

N

Notural Saal ROM " -

~d [

¢l
4

Ilmwml Evaluation
KIF7A 18— T Bl
Fiber Optic Distributed Acoustic Sensing (DAS)

Faults 815

Ground Motion
Prediction for
Induced Sevsmicity
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Membrane Technology
and Research, Inc.
Basic Electric Dry Fork

Minnkota Power
Cooperative, Inc.
Milton R. Young Unit 2, ND
Station, WY \
\
‘\
\
\
\
lon Clean Energy
Systems, Nebraska
Public Power District -
Gerald Gentleman i
Station, NE e
’ PCOR Initiative
Electric Power D
Research Institute, Elk
Hills Power Plant, CA S Carbon Utilization and Storage Partnership
.

/_’
Enchant Energy, LLC .
San Juan Generation
Station, NM

0
Q

CarbonSAFE Phase lll Projects (Awards Pending)

North Dakota CarbonSAFE Phase lll: Site Charactenization and Permitting (UNDEERC)

Wyoming CarbonSAFE: Accelerating CCUS at Dry Fork Power Station (UofW)
lllinois Storage Corridor (Univ. of lllinois)

Establishing an Early CO2 Storage Complex in Kemper County, Mississippi: Project ECO2S (SSEB)
Reservoirs

San Juan Basin CarbonSAFE Phase lil: Ensuring Safe Subsurface Storage of CO2 in Saline

University of Texas at
Austin, Golden Spread
Electric Cooperative
Mustang, TX

Carbon Storage Assurance Facility Enterprise (CarbonSAFE)

Regional Initiative Projects

Board of Trustees forthe
University of lllinois
Prairie State Generating

Company’s Energy, IL

Midwest Regional Carbon
Initiative

SECARB-USA

Capture Program FEED Studies
] cCoal

[ Natural Gas

Southern Company Services, Inc
Plant Daniels 3&4, MS
or

Plant Barry 6&7, AL
Bechtel National, Inc,,

Panda Power Funds, TX

AE-HAKI+CCUS
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Up-Scaling

Available for
Deployment
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Geological Carbon Dioxide Storage
Technology Research Association
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Geological Carbon dioxide Storage Technology Research Association

TEERRMPITFEEMARES
Geological Carbon dioxide Storage Teclnology Research Association ,& :ﬂ{bﬁ#ﬂ¢ﬁﬁﬁmmﬁg

T619-0292 SR ASR I HARNIEOT H24a
E-maill: inquiry@co2choryu-kumial.orjp
TEL:0S0-3757-2989

http//www.co2choryu-kumiai.or.jp

Geological Carton Dioxide Storage Technology Rusearch Association
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» Scaling up to Commercial-scale

20504E (M I+ T, RRIZIE KT H5—X
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https://www.meti.go.jp/meti_lib/report/2019FY/000145.pdf GO AHA
Low-cost : Capture (FEffH X, miRECO2) gﬁ;ﬁi
Transport (HEHHIRERTE Y D EERH) HE R K
Storage (E=AUV 7 BiTDO#KE . SHRAHER) NF&HDSA
9_
Low-risk : Storage (Y EE &5 i, BARME & M/IMRED BT At~1
CO2RH - R RIBERE) BRI
Start-early & Start-small: TEAZENSIRHES gfé;;;u; .
QREH | BFrvRE
C BE-sEaR | O¥AYY
L (8FREE) | PR (2031 FE~) HBEHHRE

20 21 22 23 24 25 26 27 28 29 30 31 32 33 34 35 36 37 38 39 40 41 42 43 44 45 46 47 48 49 50 &

B 2030F (LA TAEHRMTSEICED

BTHYVHINHFZERL T MEENRE-TLEHOND,




2. COAMpRTRABIMDERAIE-FRIEN

RE

Environment

Cathcart et al., 2013
ﬂuccsncnesaancr-t sma
lr 1 Feedback fof |

R&D needs

B

underpinning R&D to mlru-lgalo pcru&'nd‘
technical, market & financial risks

H
i I
| applied R&D to address techiical issuesl ‘
/’-‘_ﬂ “Conrmedcially
I — e e s
g L First Full Senbo Flant
Basic RA&D:
= speculative, science led ’ Orpmii il
= inddusary rasds led

[[_Phu:P!wtlmnm ]_]

B
4

(Research
Impact

Are

BTSN R DR _
Research & Development > Demonstration, Deployment

ERMEIZIK, KTFAZEUNDER (B2, BFE. HSWZEE. EZEBH)

IPuhlic acceptance|

Regulation
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CO2 Storage potential in Japan

METI(2020)

site
15 -+

10 -

Current result of Geologic Storage Potential Survey

WD EFH R DET ER B)

REE 1D

31 Mar. 2019

O Rough Survey
0O 2D Seismic Exploratlon Survey

@ 3D Seismic Exploratlon Survey

) =

0.1-0.5bn.

tons

0.5-1bn.

tons

1-5bn.

tons

5-10 bn.

tons

>10 bn.
tons
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CO: it RTBAN=X LDIEXE

\ CO, injection

g
1oW-P e o

mobile gas

residual gas (immobile

BHDOEMEICHDHIBEKZTEIRT D
(Juanes et al., 2006)
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Hydraulic Frachuring Required to Produce. 'f'mﬂ&
Shales Ganite Gay Conaete Brik  BuildingStone , Reservoirs Sand

Unconventional

0.001 0.01 01 imD

ermeability Range of Producing Formations and Where Fracturing Is Required
0.001 milidarcy 1 darcy
D""irég i Shale Fractures
Bimsatic Treatment We! M\cro_sei_smlc . g @
1 qt. =
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= £
o o
S a e
o~ h - -
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CO2 high buoyancy in high permeability and thick formation (1/2)

Low storage factor at Sleipner, North Sea i ot
urre et al.,

...
Boo iy |

— e s - —— b {——

Two-way-time [ms]

850 ms oL A
- s — Y — —— ——. . ———
e ~
e 3 e
a o e - g b N S o
: - - Ty —— - e - - S, Wt —_ oS Ny

- = S {P?:"%ﬂ“"—ﬁﬂﬂv‘:"v_\:fﬁ-;. T —— —— 3 :‘“H,s?;“ S :,"E“? '-".:..;‘:»- e
N 8 = - I Wy .o . . N Ny

N —— = - 2y = o : . S, . - -

Map of the two-way time interpretation of the CO2 plume in Utsira sand
(Utsira sand: a giant sand body with high permeability and large thickness)
In the early years the CO2z signatures in the shallower layers (6-9) were spatially small, and in more

recent data, imaging is better for layers 5-9, whereas layers 1-4 are challenging to interpret.
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a Grawty Override of the Injected COz |

ln high permeablllty reservo:r |

(Xue et al., 2014)

610,

B A
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the high storage factor at Quest (high CO2 saturation)

1 Mtl/year, started in 2015

1]

BCS Storage Complex

* Deep (~2km) saline aquifer

The Storage Complex :~:|

* Below pomHe water zones, zones with
hydrocclrbon potential

* Multiple thick, continuous seals (>150m within

SCLUYTTY

bl

"
1
|

{

|
\

!

2015 Baseline

2016 Monitor

2016 Difference

'''' the complex) Tk
.......... * High quality (~17% porosity) sandstone reservoir g
* Excellent permeability (~1000mD) -
Prairie Evaporite - Additional Seal ‘:I.
74 k.4 85m Upper Lotsherg Salt - Ultimate Seal BCS e
\ Lower Lotsberg Sal ~ Secondary Seal 5|orgge :';':
Middle Cambrian Shale - Primary Seal Comp|ex =k
Basal Cambrian Sand - Storage Reservoir |
PreCambrian Shield |

Sandstone reservoir property Quest

thickness: 40m; permeability: ~ 1,000 mD

the plume extent is closer to the theoretical minimum

IS another indication that the reservoir is behaving better
than expected, and that the displacement of brine by the
CO2 may be more effective than pre-injection modelling

predicted. (COz2 saturation assumed up to 100%)

4’".(“ i

Al
s

e —
2017 Monitor 2017 Difference
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0.03PV

0.07PV
BT

} 0.28pPV

HElE - ZFENASO (BREH D)
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Depth (mMD)

CO2 Distribution @Nagaoka, Japan

Spinner Test

— 0 10 20 30
=
1108 - , - ~—
With ee CO,
E' QonglomePatg rout free CO, ?
1112- I

1120 -1 gl rrrrrrrrr T
0 % 500 1000 1500 2000 2501(1)1 .
Beea 00, Elapsed time (day) /
' Profile: which depth, how

Dissolved CO, (HCOy) much CO2 was injected.
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Time-lapse Changes at (1116.0m @OB-2)

Breakthr(i)ugh During Injection ‘ , > — Post | nj eCtI on
— 3 : ; ;'/ | | | T |
© 250 & 1
x |
I_ID_ 2‘ 0 mﬂi [ - T TR T T &
1.5 '
7 T |
e 6 e S & ]
|_G| Ty s = <
- 5 —
4
~ 0 ' CO2 Saturation from
7 NZoal ¢ 2 .
l,’ §\82 @ ﬁ -2 neutron-porosity logging
2N PO 3 = -Scoz: 30%
v 10.2 3
\\-Il 0 |

500 1000 1500 2000 2500 3000
Elapsed day [days]

O
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Estimating Volumetric Storage Capacity

Sf: Storage efficiency

A

=) reservoir

(RITE, 2006; Ogawa et al., 2011)

To calculate the CO, storage capacity of a deep saline aquifer,
the following equation may be used:

coz injection ® 4 |njected co. 4
= ideal
A A
* buoyancy
A A
* fingering

: S xAxh S I
| CO, storage capacity (mass) = 2" OxSexp |
B,CO, !

consideration. Sg is the supercritical CO; gas-phase volume fraction
in the injected CO, plume. p is CO, density at standard condi-

depends on local pressure and aquifer temperature. Therefore, the
term (p/BgCO,) represents the in situ density of pure CO; at the

the ratio of immiscible CO, plume volume to total pore volume,
which incorporates the combined effects of trap heterogeneity, CO;
buoyancy and displacement efficiency and so on. In the calculation,
the entire aquifer below a depth of 800 m is considered.

St: a“storage factor”, the ratio of immiscible CO2
plume volume to total pore volume, the combined effects
of trap heterogeneity, CO2 buoyancy and displacement
efficiency.
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Sample arrangement for X-CT imaging

5mm 5mm

. 70 mm 35mm

—p

>

CO, CO, & Brine
—> —p>
= P

CO, & Brine CO,

Special filter

Confining pressure: 12MPa
Pore pressure: 10MPa
Temperature: 40°C
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CO2 distribution (left:

0.045 PV

0.68 PV

8.18 PV

DD '-|'|

rooved disc; right: special filter)

Enhanced CO2 Dissolution

Mean CO, saturation in a core(%)

Injection CO2 volume(PV)

rl.ﬁ-_-'.
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N—

CO, Steam Heater
OOmm— €0: | €O,

<:| Flow Meter T <:| tank
DO

CO:z2 pump (7~11MPa)

SN~

Xue et al., in preparation

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

P LA
b "E#i'-*'q!'%- TErN

_tﬂ.i'/fiﬁ\ 2020; Xue et al., 2021)



- Xue et al., in preparation

Downhole Tool for
Mlcrobubble COz Generatlon

a;umr—;m;;;;a;i




Table 1 Results of the injection and production tests

=N

RN LN S ™
7/ Tnjection Production 'l' CO; ," Injection Y
; tonne 3| KL tonne KL KL I stored }|! index \
Microbubble |!' CO, 1| brine CO, brine oil : 20% ir 039 i
injection P 20 4 3.9 1.2 0.6 ! °  ||“tonne/D/MPa |}
Conventional |! CO, I| brine CO, brine oil \ 63% iI|% 0.09 /
injection v5.8 7| 1.2 2.1 0.35 0 V7% 7| tnne/D/MPa/
\\v', N
16

15

[
.

=
o]

Bottom hole Pressure (MPa)
(=3
w

11

10

Xue et al., in preparation

10 20

30

40 50

Shut-In time (hrs)

60

70

80

31



Preliminary Results from CO: Injection Simulations
(with / without microbubble filter)

Microbubble CO: injection

Clusters

low

-79340.0

mm Cluster 1

CO, saturation

0.5
"

Cluster 2

porosity

@ Cluster3 == Cluster4

Conventional CO: injection

TAEE e CO, saturation

0.5 '

L H/[ZH (2020)

-
-

> high

Xue et al., in preparation for Int. J. Greenhouse Gas Control
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Visualization of Microbubble COz2 Injection with X-CT
In low permeability sandstone sample

injection CO, drainage-2

|

CO, drainage _2 >3

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

injection CO, drainage-3 X R4 00 B A 2 0:30:15

CO, drainage _3 > 4

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

ijection CO, drainage-4

Xl D FfE &= 0:29:56

Xue et al., in preparation

CT scan time 15:00:20
(2:00:18 Later)
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Visualization of Normal bubble CO2 Injection with X-CT
In low permeability sandstone sample

injection COZ drainage-Z

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

injection

Sl CO, drainage-3

CT scan time 12:05:10
(1:29:45 Later)

injection CO, drainage-4

—_—)

CT scan time 12:35:25
(2:00:00 Later)

\

J

Xue et al., in preparation

CO, drainage _2 - 3

X fE &= D el Z= 0:29:42

CO, drainage _3 > 4

X & 0 R Z= 0:30:15




» Recommended Technologies for Improved Pore Space Utilisation:

Technology

. . L. . Technolo
P | Technology Type Prior R&D and application Readiness -gv
Prospectively
— e — — | _|u LEVEL(TRL)
. L. Laboratory and Modelled,
j| 1 Microbubble CO:z Injection v 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 Oil Recovery (EOR),

4 I dforG CO TRL 6

sweep & reduce lateral spread) p f';mn_e or 'orgon 2
injection project

5 Foams (block high permeability EOR TRLE 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 Surfactfants (reduce resmual 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 laboratory investigations may be required prior to commercial scale application

Carbon Sequestration leadership Forum

www.cslforum.org
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Available on METI, NEDO, RITE, GCS website
@ Geological Carbon Dioxide Storage

— B LR ~ Technology Research Association
KihtRRES

Geological Carbon Dioxide Storage
Technology Research Association

Practical Guidance for
Geological CO, Storage

CO: T BRI EHISE

Overview of
Geological CO, Storage
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