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Setting the Stage: Basin-Scale Issues Explored Some 15 Years Ago




Birkholzer and Zhou, IJGGC, 2009: Basin-Scale Storage Challenges

Hypothetical CO, Storage Scenario in lllinois Basin: 100 Mt/yr CO, Injection into Mt Simon Formation

CO, saturation at top of arkosic unit, at 50 years
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Birkholzer and Zhou, [JGGC, 2009: Basin-Scale Storage Challenges
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As CGO, Is Injected, Where Does the Brine Go?
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Birkholzer and Zhou, 1IJGGC, 2009: Discussions and Recommendations
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A Our simulation results clearly illustrates the possibilityesfional
pressure impacts and pressure interferenbetween neighboring

storage sites.

A Such pressure impacts may be ey factor defining COstorage
capacity

At follows thatregional coordination is needeth large basins with
multiple storage projects and regional pressure changes.

A Our knowledge about thbydrogeologyof deep sedimentary
basins is oftervery limited.

A Regional monitoring of baskscale storages not straightforward
and needs creative ideas.

Aln 2009 induced seismicity issues were not yet a primary concern
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Fast Forward to 2024: Basin-Scale Storage May Become a Reality




Geologic Sequestration
Projects in Regulatory Review
(10/2023)

Starkey; 22 MMT; 840 m*y

Mokelumne River?; 34 MMT; 710-1240 m‘*
Martinez; 40 MMT; 3400 m
Mokelumne River; 40 MMT; 1520-2080 m*

Mokelumne River; 71 MMT; 1540-3130 m‘&
Winters; 23 MMT; 2890-3050 m*

Project reservoir type
Y Depleted Gas
Y& Depleted Gas and Oil
Y saline
Sedimentary basins
MMT = mega tonnes

*Location interpreted
Panoche; 4.2-7.0 MMT; 2570 m Y

N Vedder; 6.6 MMT; 2370 m *

t Temblor; ~27 MMT; 2100-2500 m Y

01020 40 60 80
o — — lometers

Monterey; 3.8-11.3 MMT; 2560-2930 m Y
Monterey; 38 MMT; 1470-2390 m *

CRC——\iles
0510 20 30 40

Global Status of CCS 2024*

*Global Status of CCS 2025 Report,

Global CCS Institute (2024)
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Multiple Storage Projects in the Horda Platform Offshore Norway
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Awarded Storage Permits in Horda Platform Region

(from left to right)
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The three new storage licenses on Horda platform are hydraulically
interconnected via the Troll aquifer

Courtesy of Sarah Gasda, NORCE Norwegian Research Center
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Bump and Hovorka, IJGGC, 2024
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Pressure space: The key subsurface commodity for CCS i

Check for

Alexander P. Bump , Susan D. Hovorka

Bureau of Economic Geology, Jackson School of Geoscienees, The University of Texas at Austin, Austin, TX, United States

ARTICLEINFO

ABSTRACT

Keywords:

Pressure

Pressure space
Storage capacity
Storage resource
Gulf of Mexico

ccs

Site selection
Pressure interference
CO2 storage

Storage resource estimates are part of the foundation for Garbon Capture and Storage (CCS) policy, project
development and pipeline routing. Multiple generations of such estimates have found that hundreds and even
thousands of gigatons of storage are available in basins around the world. However, these estimates have largely
been based on basin-scale static capacity calculations that assume pore space is accessible to CO5, because basins
have open boundaries that allow water to be displaced and avoid pressure build-up. However, as we now
consider large-scale injection that stresses the system capacity, limitations to the flow of CO5 and displaced brine
must be considered. These limits include pressure interactions among multiple projects, physical lateral dis-
continuities such as faults and facies changes, overpressure, juxtaposition with impermeable basement, and
regulatory requirements that require protection of freshwater. We present here a simple algorithm to estimate
the total pressure-limited storage resource. Applying it to the example of the Texas coastal Miocene results in a
significantly lower storage resource over our previous static capacity estimates (assuming no water production).
Based on this assessment, we find that CCS is still unlikely to be capacity-limited, but effective regulation, land
valuation and project development will require recalibration and consideration of all projects in pressure
communication. We conclude that depth-dependent and geomechanically-limited pressure space, not pore space,
is the key subsurface commodity.

A Nice Summary of Pressure Constraints on Storage Capacity and
Simple Tool to Estimate the Total Presstlramited Storage Resource
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February 2024 Workshop Co-Organized by DOE and DOI:
Basin-Scale Issues for Carbon Storage

Technical Issues Discussed

A Challenges to Basin-Scale CCS Development

A Basin Characterization and Monitoring

A Models & Tools

A Field Tests, Data Sharing & Risk Mitigation Technologies
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Regulatory and Risk Implications
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Area of Review:
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Cumulative Impacts May Affect Permitting of CCS Projects

Additional
Cumulative AOR AOR 3 Characterization and
° Monitoring Needs?
Who |Is Responsible?
AOR 2
AOR 1
o ® ®
AOR 4 \
Additional Project
Risks?
AOR = Area of Review (Class VI) ;_E NMENTAL



Cumulative Impacts May Affect Permitting of CCS Projects

AOR 3

AOR 2
AOR 1

P ® ® AOR 5

AOR 4 '

Directly Overlapping AORs

AOR = Area of Review (Class VI) — ONMENTAL



National Risk Assessment Partnership: Basin -Scale Risks

SITE SCALE BASIN SCALE

Few kilometers

A
Y

Boundary Conditions

INDUCED SEISMICITY ‘

Pressure Increase / Pressure Interference

NOTTO SCALE NOT 70 SCALE
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Presentation given at 2024 Carbon Management Research Project Review Meeting
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Induced Seismicity and Caprock Integrity Concerns
In a Gigatonne CCS Future

Strong Earthquakes Triggered by Wastewater Injection
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CCSat-Scale: Oklahoma Wastewater Disposal as an Analog (Zoback)

Hypothetical CO, Storage Scenario in lllinois Basin: Analog for CCS at Scale:
100 Mt/yr CO, Injection into Mt Simon Formation Wastewater Disposal into Arbuckle Formation (~100 Mt/yr)
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Basin-Scale Coordination and Planning




Basin-Scale Coordination and Planning

Status:

A There are no rules or responsibilities for basgale planning or coordination

Alt is not clear who would plan, conduct, and finance basiale characterization and
monitoring outside of the projeespecific Area of Review

AThere are also no defined rules for cases of project interference:

Who is responsible when the additional pressure increase from a new neighboring project causes an existi
LINZ S2ADRIdiirtegease in size?

Who pays for the additional characterization, monitoring and corrective action requirements in adafger
What if a new neighboring project causes a reduction of the storage capacity of an existing project?

What if additional pressure or stress changes from a new neighboring project bring an existing project to fa
(e.g., wellbore leakage, induced seismicity)? Who is liable? Can the liable party be clearly identified?

A Class VI rules do not explicitly ask permit applicants to consider potential impacts from
ongoing, planned or future projects

A9 NI & LIN22SOGa Ay | fINBS o6FaAy Odz2NNBy it
whereas later projects would need to accept the constraints imposed by existing projects.



Basin-Scale Coordination and Planning

Let 6s Assume We Have Dedicated I nstitut
CO, Storage Coordination. What Might Their Role Be?

A Gather existing information and data on basicele hydrogeology and, if necessary, coordinate
additional site characterization efforts. Develop, maintain, und regularly update regi@oahodels

A Develop, maintain, and regularly update regional screening or simulation models forduain
pressure effects. Incorporate projespecific knowledge as it becomes available.

A Develop basitscale monitoring plans and (possibly) run/maintain regional sensor networks (e.g.,
TexNEJ. Serve as a clearing house for regional data sharing.

A Develop regional assessments of dynamic presdased storage capacity

A Develop regional CGstorage Development Plans that propose or define the optimized spatial an
temporal allocation of storage space across basins (i.e., iffhow/where projects can be placed)

A These C@Storage Development Plans may be:
-wSFOGADGS AF [/ /{ RSOSt2LIYSyld Aa KIYyRtftSR 2y | 4aFA
- Proactive if the Regional Storage Coordination Institutions receive a mandate fesbalgirallocation of storage

space (e.g., hierarchical permitting as discussétidatand Duncan, 2008 or Birkholzer and Zhou, 2009)

A Serve as an independent advisor/arbitrator in case issues arise from project interference



Basin-Scale Coordination and Planning

Let 6s Assume We Have Dedicated I nstitut
CO, Storage Coordination. What Might Their Role Be?

A Gather existing information and data on basitale hydrogeology and, if necessary, coordinate
additional site characterization efforts. Develop, maintain, und regularly update regi@oahodels

Adequate governance and financial models will have to

be developed.

A Develop regional assessments of dynamic prestassed storage capacity

A Develop regional CGstorage Development Plans that propose or define the optimized spatial an
temporal allocation of storage space across basins (i.e., iffhow/where projects can be placed)
A These C@Storage Development Plans may be:
-wSFOGADGS AF [/ /{ RSOSt2LIYSyld Aa KIYyRtftSR 2y | 4aFA
- Proactive if the Regional Storage Coordination Institutions receive a mandate fesbalgirallocation of storage
space (e.g., hierarchical permitting as discussétiaotand Duncan, 2008 or Birkholzer and Zhou, 2009)

A Serve as an independent advisor/arbitrator in case issues arise from project interference




Basin-Scale Prediction and Risk Management Frameworks




Tools/Models Provided by the National Risk Assessment Partnership

Basin-Scale Geomodels and
Reservoir Simulations
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Basin-Scale Risk Assessment (e.g., wellbore leakage)

NRAP Basin Scale Tool

Data Processing Geomodel Well Time Series
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ExpReCCS Integration of Regional -Scale Models with Site Models

A Regional coordination would ideally rely on shared prof@mtcific data and models that are
curated and integrated for basiscale simulations

A Absent of this, new regionalcale simulation tools may be able to interact with sifeecific
proprietary models that are independently run (segpReCOHoject led by NORCE below)

ExpReCCS Regional-scale simulation of multi-site storage: Concept Ni *RCE
Exmansion ofResourCes
for QOZ So rage on the Keep independent site-scale models separate -~
HordaPlatform and isolated from each other :
Use the regional simulation model as an
R e
Ni *RCE 4§ AT intermediary to transfer relevant pressure
UNIVERSITY OF BERGEN e . Informatlon between Sltes
m(eir(i;: College . ." = Harbour @ « Regional model inherits coarsened
equinor === Energy

static and dynamic data

« Site models inherit fluxes / pressures at
boundary of their models

¢COSAG SG | f X Ay | LBNWtyak hat ppprietary data@ri g NOK A O €
Approach for Modeling Regional anonymized, minimal intervention at local scale
Pressure |nterfer§‘nce in,MUBite Challenges in defining the feedback loop:
CQh LISNY UA2Y &€ | Whichdataand at which time frequency

Courtesy of Sarah Gasda, NORCE Norwegian Research Center



Ongoing DOE Project at LBNL: Develop a GeomechanicsFocused

Simulation Framework for Basin-Scale Storage Management

a)
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Predicting Hydromechanical
Constraints at Project Scale:

Transfer our knowledge derived from
demonstration projects and analogs to larger
injection volumes and scales so that ultimately
geomechanical effects can be assessed at the
scale of large geologic storage complexes
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Bauer et al., 2016; Goertz-Allmann etal., 2016 Shadoan etal., 2024; Guglielmi etal. 2024; Cappa etal., 2023

Managing and Optimizing |
CCS at the Basin-Scale:

Develop a simple and flexible workflow for

regional-scale simulation and optimization

that can be used by institutions tasked with
regional CO, storage hub planning
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Combining Advanced and Simplified 3D Hydromechanical Modeling

Project Scale (~ 10 km)

AFinite Difference i Finite Volume Methods
AAdvanced Elasto-Plastic Constitutive Laws:
- MC with Slip-weakening, Cam-Clay, Rate-and-state
- Caprock, reservoir, basement rocks
- Estimation of threshold pressure for fault rupture
- Estimation of the type of rupture (seismic-aseismic)
- Estimation of the amount of fault leakage

R Fault with damage zone

CQ. injection well 3 | COzinjection well 2

i

‘ D
D CO; injection w

7 Caprock

<€— |Injection layer

q } Underburden

N

F .
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Transfer of
advanced fault
physics findings

Basin-scale
boundary
conditions

Basin Scale (~ 100 km)

ABoundary Element Methods or Finite Volume
AMulti-phase Flow & Simplified Mechanics

- Rapid assessment of slip tendency and Coulomb failure
stress (CFS) changes on faults
AAlgorithms for Storage Optimization*
- Maximize regional storage potential
- Manage pressure buildup and minimize project interference
- Plan mitigation measure (e.g., injection/extraction control)*

—

Hypothetical
Basin
Scenario

~100km
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Basin-Scale: Applying Optimization Algorithms for Safe Storage

Optimization of injection rates

Injection Injection Injection
well 1 well 2 well 3

& M
[ 1!
[ I :
i ! i

Oinj1 E

Maximize f(x,,.0Q,)=M,;

Subjectto g, [f,.,y.- _W] =max {P} < By (wells)

g5 [EW .éw ] = max {r la, '} < u ( fault segments)

Testing Optimization Criteria

A Fracturing pressure (caprock)
A Coulomb pressure (faults)

Example case: Simultaneous injections from two projects.
Injection duration=20 yrs. Injection rates are optimized to
maximize injection mass and prevent fault slip and fracturing.




Basin-Scale: Applying Optimization Algorithms for Safe Storage
Fracturing pressure and partial compartmentalization control the injection rates over 20 years.
Injection rates vary between 1.2 1 1.35 Mt/year per well.

Pressure changes at the wells (Projects 1 and 2) with
maximized injection rates

____TERN .
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Faults are vertical and act as barriers (k~10-1° m2), extending from the model base (6 km) to 500 m below the surface.



Basin-Scale: Applying Optimization Algorithms for Safe Storage

Example of a new Project 3 starting near Projects 1 and 2

Under critically stress regime conditions, adding Project 3

m g | B | closer to the fault can lead to fault destabilization.
AP (MPa) 05 25 45 65 85 105125 Adaptive management will be needed.
60000 14
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Basin-Scale Monitoring




Basin-Scale Monitoring: Outside of Site -Scale Monitoring Area

Basin Scale
A Large spatial coverage

SITE SCALE BASIN SCALE

Risk Based AR

= e P = A Sparsity of existing information
: — A Limited borehole coverage

2= +
| socomey
‘ GEOMECHANICAL RISK
L3
E
| Y o

Site Sgale _ Develop & deploy smart technical solutiom
A Reql_Jlfe_d by re_gulaﬂon to increase coverage and reduce cost
A Monitoring typically focused on central part of AR A Use existing infrastructure if possible (well
(e.g., COplume, large P) of opportunity)
‘ A Combine largescale qualitative data with

A May need monitoring for interference impacts an local quantitative data

reduction in liability (e.g., P at edge of AOR) A Optimize monitoring methods and sensor
A Sitescale monitoring can help basstale monitoring lacement (Value of InformatW

"" Boundary Conditions
=

— - A Uncertain responsibilities and

Camargo et al., 2024 financial obligations




Ideas Needed for Efficient Monitoring of Basin -Scale Impacts

Highest Priority Monitoring Parameters
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Regional Assessment of Pressure Changes with
Satellite -Based Interferometric Synthetic Aperture Radar ( INSAR)

Ground Surface Deformation at In Salah CO, Project (in mm) Ground Surface Deformation in the Delaware Basin (in cm)
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0-900m
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Fault/fracture zone (z: -1470,-1820; x:-500,3000; y:410,490)
Injection well connection (white) (z=-1820; x:-50,50; y:-250,750)

Rutgvistet al., RMGE, 2016 Hennings et al., Sci Total Environ., 2023



