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CARBON CAPTURE AND STORAGE

Global CCS Projects’ CO2 Capture Capacity Grows Nearly
50% in 2022

The CO2 capture capacity of all CCS facilities under development
increased 44% over the past 12 months, bringing the total capacity

The US Inflation Reduction Act of 2022 includes enhancements to Internal Revenue Service Section 45Q

and $369 billion in funding for climate and energy. The legislation extends the start of construction timing

to the end of 2032; lowers capture thresholds, including direct pay; and expands transferability. The US
Infrastructure Investment and Jobs Act includes more than $12 billion to be spent on CCS over the next 5

years.

CCS will not advance meaningfully without an
extraordinary shift in commercial incentives.



Sectoral Pathways to Net Zero 2050 Include CCS and CDR

(DOE, 2022)
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Awareness of global warming countermeasure technologies In Japan

6. Absorption and fixation of carbon dioxide through tree planting, etc.

.

10. Biomass Power Generation CO2 Capture and Storage (BECCS)
11. Atmospheric CO2 Capture and Storage (DACCS)

(Itaoka, 2022)

Do you know about the technologies below? (N=3904)

1. Energy saving (high efficiency) equipment
2. Electric vehicle

3. Fuel cell vehicle (FCV)

4. Nuclear energy

5. Biomass energy

7. Solar energy
8. Carbon dioxide capture and storage (CCS) '3

9. Wind energy

12. Facilitating weathering
13. Marine iron fertilization
14. Negative emissions

0% 20% 40% 60%

m Know very well Know it to some extent Heard it before m Never heard of it
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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. oo ToTTmmTmmTmEEmEEE

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! 6



T EREBDEDE A DCOATRE D A[FRIE (XFRCT)

optic fiber cemented on
the rock sample

caprock
reservoir X-CT image /
G

A B C D E F
50.0 .

45.0
40.0
35.0
S0 -
25.0
My 4
T IaF -~
10.0
b -

0.0 ] |
0.0 10.0 20.0 30.0 40.0 50.0 60.0 70.0 80.0

Length (mm)

EDESIZCODWEITEEDN . EREAESCO2WEICEALAD LM ?

Porosity (%)




COMRRICHBICBFTLA EmEICFHALAHLNS

(2496, "154’, 23, "170015.900", 'SCO2 = ", 0.050244590471315728) (2496, "164", 'I', "165503.600', 'SCO2 = ", 0.1929406918976232)

0.8 0.8
0.6 0.6
0.4 0.4
0.2 0.2
0.0 0.0
Scoz Scoz
(2496, "165, 'T', 084003.550', 'SCO2 = *, 0.24656524433201321)
0.8 0.8
0.6 0.6
0.4 0.4
0.2 @ 0.2
0.0 0.0
Scoz2 Scoa




Storing CO: in deep saline aquifers
(T REPIEKEBADCOLRTE >-> HhrhiTR)
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CO2 displacing brine in pore spaces
(Juanes et al., 2006)
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Mobile phase trapped by seal
Dissolution in water

Precipitation as a mineral

Immobile phase as residual, nonwetting
saturation

Nagaoka pilot project demonstrated all trapping
mechanisms from both lab- and field- scale studies,

including 15 years post-injection monitoring.
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Storing CO: in Saline Aquifers (1/2)

Major Steps in Process of Finding
and Developing Qualified Sites

1.Depth: > 1 km
2.Location:

= reservoir and
containment

» accessible
3.Capacity:

Space to hold all

the planned CO,

‘CU; storage site

**** NETL, 2007
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\ Sub-Regions | Basin Selected Potential Qualified
/I 4 Areas Sites Sites
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IRM: CO:2 Storage Resources Management(ﬁiﬁ’l’iﬁiliﬁﬁi&ﬂ).
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Storing CO: in Saline Aquifers (2/2)

5T 56 Al
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DNV
Exploration Permi Storage Permit jection Permit Transfer of Liability
Portfolio Sufficient funding Container risk Monitoring and stakeholder focus
approach assessment

Focus on reducing largest

geotechnical uncertainties e.g. Risked based .
Containment and Injectivity rate monitoring plan % — %% % l— ; 6
critical for — S

Front end load data collection, lab regulatory = =3 —
analysis, specialist modelling approval m EiE - E":.‘ E
studies etc. — earlier than oil and
gas developments Third party

> verification and
IEEI A — certification

Stakeholder planning and engagement

Risk assessment

Community Concern, Risk Communication == Public Support
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Scientific Knowledge & Evidence-based Risk Communication

Risk profile @CO2 injection site (site-specific)

@
= Pressure recovery
o Secondary trapping mechanisms
o Confidence in oredictive models
¥ e |
x i

N

N
Injection Injection 2 xInjection 3 x Injecticn n x Injection
begins ends period period period

[llustration source: Benson, 2007]

Reducing Uncertainty.”Mitigating Risks to the Manageable Levels !

Loses of Injectivity, Capacity and Containment,
Induced Seismicity, Environmental Impacts
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Examples to develop a Local Screening Criterion
for CO: storage in Saline Aquifers (in Europe)

The screening criterion proposed for the (O, storage by Chadwick et al. (2008).

Parameters Positive indicators Cautionary indicators

Total storage Total capacity of reservoir estimated to be much larger than the total amount Total capacity of reservoir estimated to be similar or less than the total
capacity produced from the OOy source amount produced from the OOy source

Depth 1000e 2500 m <800 m or >2500 m

Thickness (net) [ 50 m <20 m

Porosity >20% <10%

Permeability >300 mD 10e 100 mD

Salinity >100 g/LL <30 g/LL

Seal properties

Lateral Un-faulted Laterally variable faults
continuity

Thickness >100 m <20 m

Capillary entry Mush greater than buoyancy force of maximum produced 0Oy column high Similar to buoyancy force of maximum produced Oy column height
pressure

Thresholds used for the pre-screening of 0Oy storages in Netherland (Ramirez et al., 2010).

Parameter Threshold

Capacity >4 Mt for gas/oil and >2 Mt for aquifer

Thickness reservoir >10 m

Depth top reservoir >800 m

Reservoir porosity Aquifers: >10%

Reservoir permeability Aquifers: an expected permeability of 200 mD or more

Thickness seal >10 m. Both simple seals as well as complex seal have been taken into account
Seal composition Salt, anhydrite, shale or claystones

Reservoir composition Aquifers: sandstone, hydrocarbon fields: limestone, sandstone, siltstone, carbonates
Initial pressure Overpressure excluded

Salt domes Relevant for aquifers. Traps located alongside/near salt domes/walls have been excluded because there is a high risk of salt cementation

Total storage capacity: to be much larger than the total amount from COz2 source
Reservoir. depth, thickness, porosity, permeability, salinity
Caprock: lateral continuity, un-faulted, thickness, threshold pressure

18
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Scientific Knowledge & Evidence-based Risk Communication

Risk profile @CO2 injection site (site-specific)

@
= Pressure recovery
o Secondary trapping mechanisms
o Confidence in oredictive models
¥ e |
x i

N

N
Injection Injection 2 xInjection 3 x Injecticn n x Injection
begins ends period period period

[llustration source: Benson, 2007]

Reducing Uncertainty.”Mitigating Risks to the Manageable Levels !

Loses of Injectivity, Capacity and Containment,
Induced Seismicity, Environmental Impacts
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A Dense Microseismic Monitoring Network @Tomakomai
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Scientific Knowledge & Evidence-based Risk Communication

Risk profile @CO2 injection site (site-specific)

@
= Pressure recovery
o Secondary trapping mechanisms
o Confidence in oredictive models
¥ e |
x i

N

N
Injection Injection 2 xInjection 3 x Injecticn n x Injection
begins ends period period period

[llustration source: Benson, 2007]

Reducing Uncertainty.”Mitigating Risks to the Manageable Levels !

Loses of Injectivity, Capacity and Containment,
Induced Seismicity, Environmental Impacts
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P-Cable High-Resolution 3D Seismic Imaging of Gas Hydrates and Shallow Gas

Shallow-focused monitoring

(seafloor) in the sediment

URU (Upper Regional Unconformity)

|-c (the high-amplitude, negative
’ polarity Top Gas reflections)

: AJ_
w'/‘\v" -y,
o U:'a&-»/

A ‘\,‘

Gas is interpreted in areas with
high amplitudes (red and green)

(Planke et al, 2013)
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> BEHEDODERREIIEADAdvanced Monitoring
(US/DOE)

» Creating Value from Monitoring(well placement
optimization, cost cutting)

-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 COz2, (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 CO2.

Fiber Optic Sensing: temperature, pressure, strain, acoustic, fluid chemistry
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Fiber Optic Sensing (DTS, DAS, DFOSS)

Optic Fiber and Back Scattering

Distributed Fiber Optic Strain Sensing

|' I JVIJI I

Cladding
" : . :
Distributed Temperature Sensing
coe” Inciden D” s . _®
aman Scatterin ! . !
Buffer Coating” Back Scattering g | With Rayleigh Scattering J
; o Ligl'lt Pulse
f ‘f\ e f
12 .
' _ 0 /4 1 g Glass Fiber
{ Anti-Stokes components | Stokes components ‘ Backscat‘ter/‘
| = Temp.
| | | e
Rayleigh (temp, -
A strain) '____________________________________DLs‘!ance
| 1 1
I . ) i *Temperature value = Anti-Stokes/Stokes |
Brillouin v Brillouin (temp, ] :
€-F > <-4 >  strain) i +Location = travel time ]
Raman Raman (temp) S :
<€-F > <€-F >

DAS: Distributed Acoustic Sensing (VSP)

- >
A Wavelength
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A

US/DOE

Fiber Optic Sensing for Multi-purpose Data Acquisition
(DTS, DAS, DSS) and Permanent Monitoring for CO2 Storage

| (H *cus’rﬂ%ﬁ%%)

® wel
(1) 10.000-foot bufter
Landowners

Access

Red Trail Energy

- No Access

Optimizegeologic storage operations

* Higher resolution and quantification (e.g., improve
characterization of faults and fractures)

"""""""""" 37



WKIT7AIN—IZKBCO2E=H)>Y

CO2[m4% 5030 3
| oV3 o o SOV2
-ﬁ /C02l\477'f‘/ A (10
S~—
— oS ‘ —~
sjs 7 / ‘_
4 WW2
CO2IE AFRI&E: 18K b2/ 5 IREDCO2EAE: 65k (11/22)
als
RTE10.2 RTE10

DAS (S£:H:A0) CO27 JL—LDLEHYIEHE (DAS/VSP)

DSS (O AEHAD |IFRE2E. TEBE/ERELTTEME. CO2EEER

DTS CREETA) DIFH BB DCO2ZEEE R (T HEEE)

38




Summary of the Underground Injection Control (UIC) Class VI Permit MV A program .

Monitoring Type

RTE Monitoring Program

Structure/Project Area

Analysis of Injected CO,

Compositional and isotopic analysis of the
1ﬂ‘]§Ctﬂd.CQg. sLeam

Wellhead

CO; Flowline

/
N

DTS/DAS and DSS y.

Capture facility to the wellsite

Continuous Recording of Injection Pressure,
Rate, and Volume

SuRace pressure/tempelature gauges and a
flowmeter installed at the wellhead with shutoff
alarms

Surface to reservoir (injection well)

Well Annulus Pressure Between Tubing and
Casing

Annular pressure gauge for continuous
monitoring

Surface to reservoir (injection well)

Internal and External Mechanical Integrity

' 4

Tubmg.casm-g amduwressure testing (internal)

. DTS/DAS fiber-optic cable,ultrasomc imager

{00 USTE) (externad)= ~

Well infrastructure

Corrosion Monitoring

Flow-through corrosion coupon test system for
periodic corrosion monitoring

Well infrastructure

Near-Surface Monitoring

Groundwater wells in the area of review (AOR)
dedicated to Fox Hills monitoring wells and soil
gas sampling and analyses

Near-surface environment, USDWs

Direct Reservoir Monitoring

Wireline logging, externad downhole préssure and

temperature gauges, aﬁd\ DTS/DAS fiber-optic

cable ~N . e ==

Storage reservoir

Indirect Reservoir Monitoring

ol

~I'me-lapse geophysical surveys, gravity surveys,

InSAR an}}passive seismic measurements

[ SE—— ]

Entire storage complex

Richards et al_(2022)

A fully coupled analysis with DSS at ground water wells
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Fiber installation at injection well
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As Completed Schematic
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Applications of Optic Fiber Sensing in CO2 Storage

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

Deep Shallowwr Brine
monitoring monitoring extraction
well

» Caprock and Well Integrity Monitoring

-
(b) CO, injection stage with brine extraction from second dual-mode well Stra,n
Brine Shallow CO,
extraction monitoring injection

> Pressure and Plume Fronts Monitorin

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

Brine Shallow CO,
extraction monitoring injection
wwrell well 1 well

» DAS/VSP CO2 Monitoring

# Ty
_——'——'_—__.-_.-—'——_ -
(d) CO, injection shifted to second dual-mode well and brine extraction shifted to third dual-mode well ACOUStIC
Brine y CO, Shallowr Deep
e)tl::;actuon injection monitoring monitoring
wel

well well

W >

» Microseismic /Earthquake Monitoring

Modified from Buscheck et al. 2014
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th Fiber Optic Sensing

ty Monitoring (reactivation, leakage)

wi

Fault Integri

caprock

reservoir

CO2 Injection

pressure front

CO: plume front

Installing fiber optic cables behind casing of monitoring wells for
Distributed Strain, Temperature and Acoustic sensing

YN

¥

b I
.
¥

R

.
’-ﬂ
2 C

SEBETy

ﬁm/
3 ..mhs X

a fault identified
' in 3D seismic image

S

- ,.’ u.I.’M"
AR S
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BT R

Fault zone characterization

3 '\ ,.w.xh. /’JA.
LR M:S,,. W
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hydraulic property

Kakurina et al, 2020
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Collaborations: RITE-CSIRO
Fiber Optic Sensing for Fault Zone
Mapping and Stability Monitoring

Harvey 2
ISL-0B1
Guilford Fm. H H Guilford Fm.
Leedervilie Fm. Leederville Fm.
= Eneabba Fm \_{ Eneabba Fm
____________ e R 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 (CSIRO)
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Collaborations Between RITE-CO2CRC
Fiber Optic Sensing for Fault Leakage Monitoring

DAS (Acoustic), DSS (Strain), DTS (Temperature)

New wells ?

w 15 m_Well 2/,,_.., 1

MM
3
-

Proposed obadrcalan

el /é—

deplh Targed Injectlan zone
WEm Yy

3

2

v

-
-
-
-

FY2022: shallow well drilling, fiber cable installation, baseline (strain, temp) monitoring

FY2023~: water / CO2 injection, fault leakage detection, DAS/DSS/DTS monitoring

et
s
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(B=ccusthhEE)

Otway Intemational Test Centre y ,
Sy
e : o i e

v Denonstrated safe transport, injection and storage of G, intoa .y
depleted gas resenvoir
Otway Stage 2 (Risk Redudtion): 2009—2019
v Denror injectionof A0, into asdli
v Srage 2B—Near vell residual & solutiontrappingdharacterisation
v’ Sage 2C—Minimumdetedion, 4D M&V & Plume stabilisation

v Improve capability to predict the role of faults in controlling G0, fluid flowin
the near surface;

XTretion

v Improve near surface monitoring capabilities
Otway Stage 3: 2015—2022
v Developan™

¥ Two primary technologies - sub-susfex
(4 rewnonitoring vells)

v Feld test the varioustechniques to demmprstrate lower cost G0, nonitoringwith minimal
surface and ervironmental impact

v' Demor s y it the techniques at the Otway Site
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Buidingalor

denand” sub<ufa

vnitoringaonaept
ismicdata lisition and pr




coﬂlﬂ¢ﬁ?‘¥1§ﬁh$1ﬂl%d)1’ﬁﬁﬁ E NN

ompe smss e oape: 1es e 15 e . . .
et Zazimie iy ey —mea e T e Eand mts .
XX 3 =3y wmAX

iy e e} AT

2021 E;E_
5 -
o

=TEe WIS WS Wy ini 120 WA
e B e T e = L 1
I I1T g, cay o sy pe
Wrsion : Srakt

/
/|

RRE-S/NC-BNOEHICEDE, 2023FERFETICTER - FRAR - ZiR

f 3

CCSEHTEFIDT—4
“CCS&lk
- R =S EREH
-FARE/MREE
-cCsHfiT D fEER
-SEEH
- 5| FISTER
'CCSEH|ITF—AR—R
-DBIFHEHOBMEL—F




NEFH@Bi#, NEDO, METI, RITE

‘e\ Geological Carbon Dioxide Storage

~ Technology Research Association

— B bR itchAT S
ERitRES

Geological Carbon Dioxide Storage
Technology Research Association

Practical Guidance for
Geological CO, Storage

CO: ithrhBT BB iR HISE

Overview of
Geological CO, Storage

it

STIE
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COFEREE. BIAIARAREATFIRILE— EEXRITERSEH 48 (NEDO)
DEAXFIYVBON-HRIZEDIBDTY,

This presentation is based on results obtained from a project (JPNP18006)
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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