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1. ;RS A¥T—CO2-EOR/ CO:ith hiT RS

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

(o | Enhanced Oil Recovery - US (DOE, 2020)
| * First US patent for CO, EOR issued in 1952
O Fr * First field test in 1964

* First commercial project (SACROC) in 1972

7% SACROCEOR),

i, P EFIL ?

Sleipner Project- Norway

* CO,removed from natural gas produced on
production platform in North Sea

* Injection into saline reservoir under sea

== ki * Started 1996 FEASIE: 1005 /4

Weyburn Maumifobe

CYHT IO Y Weyburn — Saskatchewan

. * EOR project with 50 wells

* Uses CO, from coal gasification plant
 Started 2000

BHA: REICO2EARITADIVNMEE  KE: THHYXFriodOVIIMAE



Carbon Dioxide Flooding

Oil to

Market
CO, and water

recycled

PTRC, Canada

40-70% of CO, injected stays in reservoir

Associated CO2 Storage in CO2-EOR




SACS (Saline Aquifer CO, Storage)

North Sea, Norway (Statoil), Sleipner

Porous Sand
(Net sand:80-100%)

High Permeability
(1 - 3 darcy)

Temp: 37 °C
Pressure: 8 - 11MPa

1 million ton/year
(3% of Norway)

Carbon Tax: 7,000 yen/ton = 6.6 billion/year *20 year
44 billion+0.86 billion*20 year



At (/L9 —%B) Sleipner THHhch irEE

Utsira Sand~DE A
Chadwick et al. (2004)
e ER: 32~42%

50 km Norway . 0
100
Shetland
ﬁ Isles (UK) 200
i&»ﬁ" 300
. m
NORTH SEA

Sleipner injection
point

Limits and thickness of the Utsira Sand and
location of the Sleipner injection point.



» Reservoir characterization: Heterogeneity and Injectivity

IS
& 3 2 b

Snehvit - What have we learned? Down-hole pressure data

: —Bottom-hole pressure —Fracture pressure Injection in Tubden
o ===|njection in St * Seismic acquisition
i CO2 Injector 410 Paasch, 2015
R : 390
o i e 370 | Injection: 2008-2011
Sk dnjection: 2011- § 350
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Stratigraphy and Depositional Environment

Age

Formation

Hammerfest Basin

Volgian

Late

Kimmeridgian

Oxfordia

Hekkingen

Rhaetian

@ Snghvit

Halerogamaily
meoured F2

inj=ctor

Fiwrialidesirbutany
channesls cloarly

& =ween in Tubden 1

colours are high amplitudes and blue colours IDW amplitudes.

St (main reservoir)

- Shallow-marine environment
- Good lateral and vertical communication

Late

Fruholmen |57 <=

Tubaen
- Densely stacked fluvial channels
- Poor lateral and vertical communication

Paasch, 2015

Integrating aspects from both 3D seismic and seguence stratigraphy




Carbon Storage Program

Improving and Optimizing Performance

US/DOE (2020)

Regional Carbon CarbonSAFEr ‘ Offshore Storage Unconventional
Sequestration 501 +'%illion ﬁ EOR
Partnerships 4 €O, Inection :
(RCSPs) tons —n/—‘- Shale Qil
€0, Sored EOR |
mﬁﬁﬁé%’% :’f;_—___;_—‘.tﬂ_-__r_i___é-_ » 20 40 60 80 100

Wiater Saturation (Sw) (%}

2011- (new regional initiative)

Brine Extraction Storage Tests (BEST)
I, : . =
= '."_.‘-_‘_-;k Plume Detection and 4 ©
B AP El Storage Efficiency C
- 2005-2011 H = -

1 million tons

Advancing monitoring and
measurement tools: improving
characterization and reducing the

uncertainty about the CO, and
pressure fronts.

B K k&L IFIZLBIEHEME

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

Muitipls Source
Wellbore Integrity . NRAP rigrstd
Besigns for Risk . = Mode! for Carbon
Evaluation and S1orage
—_— S Management \\
Risk Assessment [ |\ S
Reservoir Evalustion

Ground Motion
Prediction for
Induced Sevsmicly

s[2 g L, > o= I —_—
KI7AN—E T Hiffi
Fiber Optic istbuted Acousticsensing (04S) (F A BFRAE - DAS)

Faults 815
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Membrane Technology
and Research, Inc.
Basic Electric Dry Fork

Station, WY

lon Clean Energy
Systems, Nebraska
Public Power District, _
Gerald Gentieman “—
Station, NE

Electric Power
Research Institute, Elk
Hills Power Plant, CA

Minnkota Power
Cooperative, Inc.
Milton R.Young Unit 2, ND

(=N

PCOR Initiative

)

Carbon Utilization and Storage Partnership
h = DA

Enchant Energy, LLC /,—/'

San Juan Generation

Station, NM

(-
Q

CarbonSAFE Phase Il Projects (Awards Pending)

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

Wyoming CarbonSAFE: Accelerating CCUS at Dry Fork Power Station (UofW)
llinois 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

Electric Cooperative
Mustang, TX

University of Texas at
Austin, Golden Spread

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 l
0 Coal

) Natural Gas

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

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

Panda Power Funds, TX

Ak-HANKHD+CCUS
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Up-Scaling
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Deployment

EBH MO RE R
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5o Geological Carbon dioxide Stomge Technology Research Association
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» Scaling up to Commercial-scale

2050 (AT T. B RIZIEKRT BAr—R
(EAEDCCSEADHYHI-HRIABEX) RERLE

53tC02

https://www.meti.go.jp/meti_lib/report/2019FY/000145.pdf SRR
20,000 r - 2
Low-cost : Capture (FEf£ R | EIRECO2) %)?gﬁi
Transport (#JFHJ'/’JF?\&ET‘%'U"(F@EE%E) HE B A
15,000 Storage (E=&) U7 HiFDHE . WREER) NF&H52A
9_
Low-risk : Storage (- & &FF{li. BAME & MUNMRE) BF At~
10,000 CO2iRH - i QBB E) A
. ~ his = QL KHA
. Start-early & Start-small: TEAEENSIRH KD B K |
' QR EH | #FHuRE
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B 2030FICHE TAENRIEEICED
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2. COuthh B HEMDERE-BEIEA

R&E

[Environmentl

' Cathcart et al., 2013

7 ﬁ_mccsnc RESEARCH SPACE
"' 1 Feedback of
R&D needs

I&% Research &
Development
S e o phveived)
A £ =2 79 | s
*iKH,JXé'TﬂE - -) ] ResearCh Ii*ﬁ
N Impact
= Areas
IFuhIic acceptance
BRI R DR _
Research & Development > Demonstration, Deployment

KRS, JMRARUNDER (REH, BFLE, ASHNZEE., EZER)
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CO2 Storage potential in Japan
METI(2020)

Current result of Geologic Storage Potential Survey

Bt R DT P BEE DD 31 Mar. 2019

site |
15 O Rough Survey
O 2D Seismic Exploration Survey
3D Seismic Exploration Survey
10 -

) =7

Ll I I I

0.1-0.5bn. 0.5-1bn. 1-5bn. 5-10 bn. >10 bn.
tons tons tons tons tons
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-: CO:2 Storage Resources Management(ﬁiﬁﬁ?ﬂiﬁﬁi&-
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CO: Hih AT AN X LDOEXE

\ CO, injection

«
1oW-P erm 1Y

mobile gas

residual gas (immobile

v

o.‘.%

Co,

‘
A\’

BAOKRREICHHIEKEZELRT D
(Juanes et al., 2006)
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<«——— 2,000 - 10,000 ft ————»

FFEERMN AFFE, CObPiTHE
[CHFAHRAEAMEDEL

K Hydraulic Fracturing Required to Produce. MR
Swes Ganite Qay Conaete Bridc  BuldingSone | Reservoirs Sand

Unconventional

0.001 0.01 01 1mD

ermeability Range of Producing Formations and Where Fracturing Is Required
0.001 milidarcy 1 darcy
e Shale Fractures
c Treatment We Microseismic 8 @
Maonitoring o
Well o =
1 P =
| s =3 100 milidarcy
L0
©
[<})
£
|
[
a2 -
. 10 milidarcy
e e e e PR "0 0.1 0.2 0.3 0.4

Porosity

«—————— 4,000 - 10,000 ft ——————»
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CO2 high buoyancy in high permeability and thick formation (1/2)

Low storage factor at Sleipner, North Sea

Furre et al., 2017

"“i - - T re—n

ST LT

R a———

Two-way-time [ms]

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 COz2 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.

25



TWT {ms betow O metersh

200 850 BO0

950

o
3
=1
o
-
-
g
-
-
=
[
-
-
=
o
~
-
o
i
I
-
2
-
S
"
-
-

ligh buoyancy in high permeability and thick formation
at the Sleipner site
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the high storage factor at Quest (high CO2 saturation)

1 Mt/year, started in 2015

The Storage Complex
BCS Storage Complex

* Deep [~2km) saline aquifer

* Below pofubie water zones, zones with
hydmcurbc\n po?enfin|

*  Multiple thick, continuous seals (>150m within
the complex) phat s

* High quality (~17% porosity) sandstone reservoir
* Excellent permeability (~1000mD})

rairie Evaporite - Additional Seal

R—— e
| mm— | —
—— | —

L ——— | ———
— e ——
| — | ———

| — | T m—
| — p——
— i — .
“ b
| —— | ——
T — e —

e "_,-"'I N, EELl Upper Lotsberg Salt Ultimate Seal BCS I‘
i F \ I Lower Lotsberg Salt — Secondary Seal Storage -
e = A BZ0mY Middle Cambrian Shale - Primary Seal Comp|ex =5

Om | Basal Combrion Sand - Storage Reservoir

2015 Baseline

2016 Difference

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 bri
CO2 may be more effective than pre-injection m
predicted. (CO2 saturation assumed up to 100%)

ne by the
odelling

m{ .

e
-

2017 Monitor

2017 Difference

27



CO2 Distribution @Nagaoka, Japan

Spinner Test
0 10 20 30

1108
szhomﬁee CO,

nglomera e

A

il

A

N
|

Depth (mMD)

1116-

VAL LY AL DL L L
0 % 500 1000 1500 2000 2501(131 .
Free CO. Elapsed time (day) /
h Profile: which depth, how

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

Breakthr(i)ugh During Injection | — - — Post | nj eCtI on
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Estimating Volumetric Storage Capacity

Sf: Storage efficiency

A

!

m) reservoir

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

To calculate the CO, storage capacity of a deep saline aquifer,

T the following equation may be used:

CO:z injection o A Injected CO2
= ideal
A A A
» buoyancy
A A A
» fingering

: S xAxh S l
I CO, storage capacity (mass) = fxAxhxgxSgxp I
I B,CO; I

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 a_qtli_f&_te-nTp-erFaTll_rE.TFl-lte_rEfoe, the
term (p/BgCO;) represents the in situ density of pure CO; at the
the ratio of immiscible CO, plume volu-n;e-t-o-t(-)tzl-p-ore 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.

31



Storage Factors in Different Regions

Comparisons of storage efficiency factors.

0-/25 0-/5 (Ogawa et al., 2011)

/

]
Efficiency / / Comments’
Australia 19 % eodisc, %radshaw et al., 2004
Japan 12.5 % éf X Sg ~ E (DOE) or Cc (CSLF)
Alberta ~9% Bachu & Adams, 2003 (Dissolution)
USA 1—4% DOE Atlas, 2008 (Monte Carlo Simulation)
Norway offshore ~4.4% Joule I, 1996

“Note: After Thibeau and Mucha (2007).

Storage potential

=AXhXSfX ¢ XSg”BgCO, X p

: aquifer area

h . effective thickness

Sf : storage efficiency factor

(o) . porosity

Sg : CO, saturation

BgCO, :CO;volume factor 0.003m3/m3, depth: 2000m, 70°C
p :CO, density  0.001976 (t/m3)

32



» 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



Sample arrangement for X-CT imaging

5mm 5mm
> 70 mm «» 35mm
CO, CO, & Brine
o >
< s
CO, & Brine CO,

Grooved disc 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

rooved disc; right: special filter)

Enhanced CO2 Dissolution

= S =8

pY

Mean CO, saturation in a core(%)
Cr
Lo ]
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| Grawty Override of the Injected COz
’ ln high permeab:llty reservoir

MB_EOR_drainage NB_EOR_drainage

610

Left: ¥4~/ TJJLIEA; Right: #3¥E:%IZ&BCO2EA

(Xue et al., 2014)
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CcoO, Steam Heater
OOF—mm— €0: | co,

<:| Flow Meter m— <:I tank
(BN

Z —~

CO:z pump (7~11MPa)

Xue et al., in preparation

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

R b

E i e e
"

-' g f'-r R
g Ry T e
AR :ﬁ.r’:ﬂ';-.-’fr.j-f-:‘ei‘i; e

LHAIED, 2020; Xue et al., 2021)




AT

i

Bubbling test at lab

Microbubble CO2 Generation

i

b
1
& e
51 N
—
L
N
N
-

T
N——
—
T
N
AL
—

Xue et al., in preparation




Table 1 Results of the injection and production tests - Paminl
TN Ks R N
Y 4 \ 4 \ 2
1 Injection Production I CO; \ / Injection
; tonne 3| KL tonne KL KL ! stored M/ index
Microbubble [ CO, | brine CO, brine oil Py ‘l: 0.39
injection 1 20 4| 4 3.9 1.2 0.6 |t > j\tonne/D/MPa
Conventional |[' CO, I| brine CO, brine oil VoY 0.09
. t 4 \63% 1 4
injection v 58 1 1.2 2.1 0.35 0 \ t}i‘rnne/D/MPfy
\\vll \\._z’ \‘~__ ,/'
16

Bottom hole Pressure (MPa)

Xue et al., in preparation

11

10

20

30

* MB < NB

40 50

Shut-In time (hrs)

* FU

60

70

80
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Preliminary Results from COz2 Injection Simulations
(with / without microbubble filter)

Microbubble CO: injection Conventional CO: injection

Clusters

5 o o
T CO, saturation 7880

0.5
|

CO, saturation

0.5 l

mm Cluster 1 Cluster2 ®=m Cluster3 == Cluster4 LHIFH (2020)
porosity
low < > high

Xue et al., in preparation for Int. J. Greenhouse Gas Control
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FLARE (%)

Microbubble and Normal bubble CO: injections
In a Japanese tight sandstone

SARU 180_MB_OF

SIRA 130_NB_202002

201902
Core DRY Core DRY
Head | Head(f| P56

2150

ACFETEE

0 75.0
Core length{mm) Core length(mm)

| Rl N L Ii.-! o M T .ﬁ: wey T
_~ Permeability: 0.01mD
2.0 s " e A Bt s T
250 : 200 .
I A
200 1 y
ll E 150 L
150 - | =
| 10.0 —
100 ]|
5.0 / 5.0
]
00 E A AN R t .
0.0 250 50.0 75.0 100.0 1250 1500 | 0.0 50 501 100.0 125.0
|
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Visualization of Microbubble COz2 Injection with
X-CT

injection CO, drainage-2

|

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)

el CO, drainage-4

X fEE 0 RFfEZE 0:29:56

Xue et al., in preparation

CT scan time 15:00:20
(2:00:18 Later)
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43
Visualization of Normal bubble COz2 Injection

with X-CT

injection COZ drainage—Z

Xue et al., in preparation

CO, drainage _2 > 3

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

injection . N
% €0, drainage-3 X% BRI 0:29:42
: CO, drainage _3 >4
CT scan time 12:05:10
(1:29:45 Later)

injection CO, drainage-4

—

X & O FFfEZ= 0:30:15

ty, Reduce

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



» Challenges when injecting CO:
Into complex reservoirs

* Reservoir Geology and Heterogeneity

complex reservoirs with multi-layer (alternation of
sandstone and mudstone, strong heterogeneity), low
permeability (less than one millidarcy)

44



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?)
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