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“hhoDIFZERISE: =2 (field projects) LD BT L EKE
Iterative Process towards Deployment

Storage Infrastructure e S

|
s - |
) . =S | Advanced Storage Focus

large-scale field projects to develop best practices for ~ L [ :

. s . . . Well Integrity and mitigation
industry and fcilitate wide-spread commercialization : i 2 ainel [
. I Monitoring, venfication, and 1
e : . 1 Iccounting 1
TO0Ly.,. % 1
y - 1 Storage complex efficiency and I
> "‘ _',h':\u‘ h ‘-JHEL-----------
Storage Infrastructure Focus : SMART Science-Informed Machine

Learning for Accele 1[IJHI.r.I|T

CarbonSAFE [ PROJECTS

ADVANCED

Dec .--'-r-:-

Tt , ANI STORAGE
= ot gl 'UDI NRAP: National Risk Assessment
Offshore Storage O Partnership
Brine Extraction Sirategy Tesl (BEST) I"--.‘-,\".:'—':':'T'"“'ﬂ- A
r el = o
| \ e US/DOE (2021)
Azsnciatod f'\{lr]':_l_;]r- -'-‘\.;"'-!.E-)_'-"-.--"'"'_#
(CO; EOR) o
L O,
;':- --------------1

1 | Advanced Stnra_g&

Subsurface stress Harness early-stage slnrage “concepfs To technology demo
. |mproved capability to forecast risk of induced seismicity g compromise of seal integrity

Wellbore integrity
« Find & assess legacy wells and novel materials/techniques for remediation » Collaboratin g with CSIRO in Aus.
Secure storage TV T T T T T T T T

. Improve AZMI tools ] AOI 1: Fault Detection, Characterization, and Hazard

. |
Plume detection and storage efficiency > With JCCS soon S Ll
T N TN LR g e T reerg s RiEv( s veon et SNl Focused on developing new characterization methods for

r“Site characterization T TTTTTTTTTY prowdl.ng high-fidelity dataon fau!ts, fau!t sIolp.or potentlal
| - Map reservoir & seal heterogeneities and deep fauits I fault slip, assessment of faults during active injection,

(Y.
Eeglon5| resource estimates

criteria for cost-effective methods for assessing and
choosing a site, and other related research

« filling the data gaps & realistic basin-scale storige estimates)

Transformational sensing

* Micro/nano and optical fiber sensing capanilities; wireless| 3. Collaborating with North Dakota University in USA
computing to enable intelligent monitoring systems 14



» Advanced CO:2 Storage Monitoring with Fiber
Optic Sensing (DTS, DAS, DSS)

-To track the movement of CO2 and assure permanence

for geologic storage

- Provide measurements of down-hole and reservoir
conditions for real-time decision making and
process optimization

-To decrease the cost and uncertainty in measurements
and satisfy regulations

Provide long-term post-injection monitoring

15



Optic Fiber and Back Scattering

Cladding \

]

Incident
cﬂ'l«E”

Back Scattering

Buffer Coating s _
fiber optic cable = - e
. l ) (DTS, DAS,DSS) = -« &
Anti-Stokes components | Stokes components LR A S e e SO SR R S
1
Rayleigh (temp, strain)
A
|
Brillouin Il v Brillouin (temp, strain)
€-3-> €-5-> k
Raman | | Raman (temp)
€-p-> | <€-z->
A I
_ | .
A Wavelength




Distributed Fiber Optic Strain Sensing (DFOSS)

Distributed Temperature Sensing (DTS)
Dria, 2011 #
Raman Scattering

with Rayleigh Scattering

Laser '— . Ligl'it Pulse
Detector|, fo izf/}ﬁ ! &L Glass Fiber
T
; Backscatter
Temp. /‘
A

SN\ > BE-UOFHELER

___________________________________ )E istance > lnEllleUfﬁa)j(%é
> mE- U9 HD5EE

> K AHISFIRAE

*Temperature value = Anti-Stokes/Stokes

DAS: Distributed Acoustic Sensing (VSP)
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US/DOE

Fiber Optic Sensing for Multi-purpose Data Acquisition (DTS,
DAS, DSS) and Permanent Monitoring for CO2 Storage,
North Dakota, United States (H:#ccusth=)

\,
|

II |
' R

Injection Well
I " e
. . {EI n
CO:2 Injection: 16 June 2022, 180 kt /year [E53) 10.000-400t buter
Landowners
M Optimize geologic storage operations e i
il + Higher resolution and quantification (e.g., improve B o Access
characterization of faults and fractures)
_Geomechanics (pressure and state of stress) ClasSajoved
Enabling real-time decision making (Oct. 2021)

North DakotaH- kD $: fir =2

» Optic fiber cables (designed by
RITE) installed behind casing of two
deep wells (Injection & Observation:
2.1 km) and two ground water wells
(depth: 600 m).

» SOV-DAS/VSP for CO2 plume
monitoring (180kt/year x 20 years)

» Coupled analysis of INSAR and DSS

from the shallow water wells

» Which depth & how much the
deformation occurs in subsurface

and how it migrates to surface

18
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COzER IR EAH, T
| oV3 o o . SOV2 sovi sSov4
LA T CO2NATTAY A [0 a0
= f-—r—————1 01
S
— |
o s \ S S
HTT7AI1\—
7 WW2 WW1
CO2E A& 430 ton./day REDCO2EAE (REH : $9238F+
L [
RTE10.2 RTE10

DAS (B :1:81) CO2T IL— LD LNV BHE (DAS/VSP)

DSS (W9 AEHAI) |tiHEEM. FEERERELTEHE R, CO2ZEFE R

DTS CREFHA) A B DDCO2ZEEEE R (AR =)
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—

S)EERC

Well #1

Provisional Design

s 09-2019-V03
B
' Estimated
S it vy s
- o e Pigrre
N 1,843
14 %" hole -+ ‘—\A"i 13 3/8"; 72 ppf; L-80 @ 1,950'
P e ~ e
{x"an:ﬂn«mﬂ:llm \ » o
N from surface to—_y '_"".*\?'  F 7" 26 ppf; L-80 @ 0" = 4,350
6,870 oy A
B - %, LA
N —— ’ Estimated TOC @ 4,350 for 002 resatant cement
The lang s tring casing will be cemented fo the suffoce (0}
Mowry
4,458'
M~ < 3 %" tubing; 9.2 ppf; 13Cr** L-80
P —— " inyan Kara
Tandem P&T Gauges > 4,795'
(easing conveyed) with ", R Mote:
— 7" 26 ppf; 13 Cre*; )
External monitoring = 00 resitant cement
N - i L ' : 2
- _Efiﬁlj— L-20 @ 4,350" - 5,450 LLALS u Class G coment
Sweift
5.261°
7"; 26 ppf; L-80 @ 5,450" - 6,150'
—_ Opeche
Marker joint 3 W x 7" chrome packer** 6,273
aL6,365' at 6,300" Broom Creek
- I End of Tubing at 6,315 6,357
Tamdem P&T Gauges with XM Nipphe 1D 2667
asnecmerd i = S o
at6,375'
= e - Perforation Intervals
b P 6,415' - 6,670
= e £ SFF; 60 deg: min 0,467 EHD; 23° penetration Amsden
6671°
7" 26 ppf; 13 Cr**; L-80 @ 6,150' — 6,900"
12 %" hole
TD at 6,900

Naote:

** Pending final engineering design

* Depths will be determined based on cpen hole log evaluation

Not to scale

ZREHY6,900 feet ($92.1km) DE A
H (RTE-10) . I3+ (RTE10.2) ~
KI7AIN—%ERE

BRI/ =T —SaVhihE

HI7AN—DETEELEET

DAS/VSPERRITH I 7M1\ —
RImE TFICZRE

HIT7AN—REIHESEERRBD
EEAN(£10-20%F2 B

20



DAS/VSPIZ LB FEA FHFE 5D
FrEBERDCO2 ﬁqﬁ;ﬂo)ﬂgx

EA#ER FOA4A 7ty rVSPTEACO25 i Z & 4N

59m)

ey | @
~5%F F 7t yrVSPTEACO2/ g (BFEBA D LAY) iBiE

(2,654m) (1,077m) (59m) (1,796m)
o g = mar _Tm

500m 21



Time [msec]

SOV2 - RTE10 (offset 1,077m) DAS/VSP3ER

Baseline data
Dir2, BPF, 20220614

i

2000

500

1000
Depth [m]

1500

Up-going P-wave

Dir2, ugPP, 20220614

400

500

6001

700

800

Time [msec]

900 |

1000 |

1100 1

1200

1000 1500

Depth [m]

500 2000

R—ZSA &

CMP transformed

500

Dir2, ugPP, 20220614

Preliminary—
ST FALN——
= =§;§;

2500

3000 o

100 200 300 400 500
Distance [m]

R ETIL. A7y rMI100mLLA S v K—Y —2 (12155
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Zero-offset SOV—DASN_n monitoring @RTE-10

Miyoshi et al., Submitted to GHGT-17, Calgary Canada Oct. 2024

14

eservoi["
rmationt=—"

16

Processed zero-offset VSP acquisition using SOV1 after (a) deconvolution and noise attenuation,
(b) wavefield separation, (c) two-way travel time conversion, and (d) corridor stacking

HHlERRE—Z2ITS RSN

23



A zero-offset VSP -orded using SOV1

Miyoshi et al., Submitted to GHGT-17, Calgary Canada Oct. 2024

1.48
=== baseline

m— 5.2 kt

1.50 W 1.50 — 199kt

1.52 1

Top of reservoir

bottom|of reservoir
1.58

1.60 1

1.62 1.62

R R -10 -0.5 00 05 10
injected €02 (k] RAEARRE—E S BEIIE

(a) The time series corridor stacks, and (b) comparison of reflected waves.

The reflected waves propagating through the CO2-bearing zone show travel-time
delay due to replacement of formation water by the injected COz2, enabling us to
identify the top and bottom of the target reservaoir.



CO2 distribution in Broom Creek

Nakajima et al., Submitted to GHGT-17, Calgary Canada Oct. 2024

17.1kt 29.9kt
200

Broom
Creek Fm.

Perfo-
ration

« Mainly in high permeability layers (perforated intervals)

e COz2 plume size: 200m @Vibroseis VSP (MS1)
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the time-lapse diff

the baseline and
monit

ection

Nakajima et al., Submitted to GHGT-17, Calgary Canada Oct. 2024
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Baseline shot gathers at (a) near offset and (c) far offset locations. Time-lapse

differences between the baseline and after 1 year injection for (b) near-offset
and (d) far offset.
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Application for well integrity monitoring, combined with
AZMI (Above-Zone Monitoring Interval) pressure monitoring

v Strain response as an
early alert of fluid leaking
v' Caprock / cement integrity IZ
Fiber cables
behind casing © .,
2 9
g 5
a G
AMZI
L Time
: AZMI
Casing
cemented Confining zone
to isolate

Injection zone (12)

Hovorka et al, 2018
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onitoring (1/3)

Amer et al., Submitted to GHGT-17, Calgary Canada Oct. 2024
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Perforation

i 22 e B4R : DSS Monitoring (2/3)

- at RTE].O 7 Ameretal, Submitted to GHGT-17, Calgary Canada Oct. 2024 2022-February

Initialization
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EREMEESR: DSS Monitoring (3/3)

Amer et al., Submitted to GHGT-17, Calgary Canada Oct. 2024

Close-up of strain profile at RTE10.2
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Perforation zones

Zone 4: 435~448m (13m)
Zone 3: 452~458m (6m)
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Application: Strain profile from injection well or observation
well as injection profile (as an input for CO2 injection simulation)

Spinner Test
e 0 10 20 30
|
o ﬁ -Oli’f'fhrmr_ﬁ*ee CO, E
a 11 12—2 S .
% 5
E | —
c: = e M
= 1=
A 1116 .
{=

g E
1120 BT T THL T R LY PRI I TR T R SR A SR T T
0% 500 / 1000 1500 2000 qugm
Free CO, Elapsed time (day)
| _ No need to stop in-ning spinner test
Dissolved CO, (HCO;) to obtain the injec

SUAIHRTE-10.2D 774/ —0, PR B THETHRELTLIWRIK
U HBIE &Y injection profileAA{EIE TE = !
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RITE-CO2CRC Collaboration @Otway site, Victoria, Australia

Otway Stage 4 Research Planning

T T . ™ =y
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Applications of Optic Fiber Sensing in CO2 Storage

(a) Pre-imjection brine-extraction stage with second dual-mode well used for monitoring
e Shalloww Birine
manitosing Nt oring ot TR CTicw

» Caprock and Well Integrity Monitoring

(b} OO0, injection stage with brine extraction from second dual-mode well

Brine Shallcw s Y
extraction manitoring injecticn
war il vl

» Pressure and Plume Fronts Monitoring

!

-____.___‘_.___,__.nl'"-_
{c) CO, injection stage at time of OO0, breakthrough at second dual-mode well

Brirse Sl bor [ #
ot e R o Nt oeing | P e
=l l oa izl 1 iz 1

» DAS/VSP CO2 Monitoring

ﬁ >
_._____________-—‘—'-’__ -
{d) €Oy injection shifted vo second dual-mode well and brine extraction shifted to third dual-mode well AC O u Stl C
Hirine oo Shallcw Dwap

I1vtel " waell weell
» Microseismic /Earthquake Monitoring

Modified from Buscheck et al. 2014
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Risk Management

Pressure recovery
Secondary trapping mechanisms
Confidence in predictive models

Risk Profile

Injection Injection 2 x Injection 3 xInjecticon n x Injection
begins ends period period period

Risk profile @COz2 injection site(site-specific) [llustration source: Benson, 2007]

Reducing Uncertainty /Mitigating Risks to the Manageable Levels !

o
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White and Foxall, 2016

Earthquake Magnitude
N

Challenging

10° 10" 10? 10° 10* 10°
Fault Length, m

Scaling relationship between fault rupture length and earthquake
magnitude, supported by field observations.

Dashed lines indicate a commonly observed range of stress drop,
from 0.1 to 10 MPa. Vertical shaded regions indicate “typical”
visibility of a given size fault using 3D seismic.

Note that actual seismic resolution is highly site, survey, and fault
specific, and the depicted thresholds are meant for conceptual
illustration only.
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BT BA%E (technology development) Hh5
ZL4i7 (art of conversation) ~MZE & (transforming)

PASSIVE SEISMIC SERIES

are a host of integrated issues that are necessary for the full-scale industry-wide deployment of CCUS that include, but are not

limited to regulatory considerations (e.g., permitting, Class VI, etc.), economic considerations (e.g., financial lending, 45Q tax
credits, etc.), risk evaluation, stakeholder engagement, Environmental Social Governance (ESG), Environmental Justice (EJ), and
political/policy needs.

In many cases, technologists such as reservoir engineers, chemical engineers, geologists, geoscientists, etc., either overlook or
are not exposed to these non-technical considerations. This presentation will discuss and illuminate the integrated nature of
these issues and provide some insights for technologists to become more literate and therefore more valuable and engaging to
their teams advancing CCUS projects. o ToTTTmTmmTmmmmmmmmeE

Risk Communications Approaches

Uncertainties in Subsurface Characterization (Geology, Science and Technology), Policy and Regulation

- Public Concerns over Potential Risks = Sending EXperts into the Community & Building

Relationships and Trust!
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Accounting for Offbeat Earthquakes Could Improve Forecasts

A new model considers the full history of earthquakes on a fault, improving forecasts of when
the next will strike. @~ = === == TS mmmmmmmm—————

By Erin Martin-Jones

It’s one of the toughest questions seismologists face: When will the next big earthquake occur?
Although seismologists are not able to predict earthquakes, they can make forecasts showing

the probability of one happening in a given area.

“Earthquakes are almost like an unreliable
bus, sometimes turning up sooner or later
than expected.” .

of schedule.

Since the devastating 1906 San Francisco earthquake, seismologists have supposed that slow_
movements along a fault cause strain to build up, all of which is released in a big earthquake.
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Increase in pore
pressune along
fault (requires
high-permeability
pathwa




Collabor E-CSIRO

Fiber Optic Fault Zone
Mapping a Monitoring
(BECCUSIAER) e

F10 — major structural feature,

offset of 1000 m
fault zone 250 m wide

Fault zone mapping and monitoring with
Strain Sensing (RITE) coupled with
temperature and acoustic sensing (CSIR
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Fault Characterization (fau II
Drilling two new wells :

L+ Atox:
Fault Stri_,k'e"""' et
Directid’_n .

"%rlaulic-mechanical property)
ng Fiber Optic Sensing
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Vartical Depth (m)
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ISMIC

Estimating the Fault Damage Zone Envelope from Se

01

Harvey-2 Superimposed to LINE
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Theoretical distributed strain sensing measurements
are shown in purple for slip on either type of fault

Journal of Geophysical Research: Solid Earth 10.1029/2021JB022432

" Scaly Clay (Fault core)

the relationship between fault core/gouge, principal slip surfaces, and the ‘fault
damage zone’

» FY2022: 2D seismic survey, seismometer, strain interrogator and tiltmeter deployment

> FY2023~: new well drilling and fiber cable installation, water injection, fault zone mapping
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Collaborations Between RITE-CO2CRC
Fiber Optic Sensing for Fault Leakage Monitoring

DAS (Acoustic), DSS (Strain), DTS (Temperature) (BZ=CCUSiE A=)

New wells ?

~: water / CO2 injection, fault leakage detection, DAS/DSS/DTS monitor

* Sage M- o el rosich.nl B schubion ey g chirmchersation
¢ Hage X —Minrmumdeierion, S0 & Plurme skablssbon

¥ hmmmmﬂhﬁﬁmrm“ﬂ Pt ficwy i
e e i !

¢ Frprose ror s morRonng Gk i

: shallow well drilling, fiber cable installation, baseline (strain, temp) mo.
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3D view of Brumby wells at Otway site

BEFLFH: Brumby 2

BXFEHLFH :Brumby 1
(EVSPHIRIERA)

R : Brumby 3

(Injection well, DTS/DAS/DSS) iR FH: Brumby 4

TS/DAS/DSS Monitoring)
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EHT—2% @8/23 Brumby 1 water injection
Xue et al., & FZEfE T
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Rayleigh shift at Brumby 4 in water injection @ Brumby 1

. M Xue et al., ¥ Fa#(E+
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FEKARRES, BB AERIORATHASN-VT A5 HDERFEIL
Rayleigh shift at Brumby 3 in water injection @ Brumby 1
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T FH L BB 0D ZE R R B &
3D view of Brumby wells at Otway site
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