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



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

.ƛǊƪƘƻƭȊŜǊ ŀƴŘ ½ƘƻǳΣ LWDD/Σ нллфΣ ά.ŀǎƛƴ-Scale Hydrologic Impacts of CO2 Storage:  
wŜƎǳƭŀǘƻǊȅ ŀƴŘ /ŀǇŀŎƛǘȅ LƳǇƭƛŎŀǘƛƻƴǎέ

Hypothetical CO2 Storage Scenario in Illinois Basin: 100 Mt/yr CO2 Injection into Mt Simon Formation
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As CO2 Is Injected, Where Does the Brine Go? 

Zhou et al., IJGGC, 2008

Birkholzer and Zhou, 2009, IJGGC



Birkholzer and Zhou, IJGGC, 2009: Discussions and Recommendations

ÅOur simulation results clearly illustrates the possibility of regional 
pressure impacts and pressure interference between neighboring 
storage sites.

ÅSuch pressure impacts may be the key factor defining CO2 storage 
capacity.

ÅIt follows that regional coordination is needed in large basins with 
multiple storage projects and regional pressure changes. 

ÅOur knowledge about the hydrogeology of deep sedimentary 
basins is often very limited. 

ÅRegional monitoring of basin-scale storage is not straightforward 
and needs creative ideas. 

ÅIn 2009, induced seismicity issues were not yet a primary concern 
ōǳǘ ōŀǎŜŘ ƻƴ ǘƻŘŀȅΩǎ ƪƴƻǿƭŜŘƎŜ ǘƘŜȅ ǾŜǊȅ ƳǳŎƘ ŀǊŜΦ

.ƛǊƪƘƻƭȊŜǊ ŀƴŘ ½ƘƻǳΣ LWDD/Σ нллфΣ ά.ŀǎƛƴ-Scale Hydrologic Impacts of CO2 Storage:  
wŜƎǳƭŀǘƻǊȅ ŀƴŘ /ŀǇŀŎƛǘȅ LƳǇƭƛŎŀǘƛƻƴǎέ



Fast Forward to 2024: Basin-Scale Storage May Become a Reality 



Global Status of CCS 2024*

Global Capture Capacity

Existing and Planned 

CCS Projects in North 
America

*Global Status of CCS 2025 Report, 

Global CCS Institute (2024)

Geologic Sequestration 

Projects in Regulatory Review 
(10/2023)



Multiple Storage Projects in the Horda Platform Offshore Norway

Awarded Storage Permits in Horda Platform Region 

(from left to right)

Luna ï Harbor Energy, Cape Omega

Aurora ï Northern Lights JV

Smeaheia ï Equinor

The three new storage licenses on Horda platform are hydraulically 

interconnected via the Troll aquifer 

Courtesy of Sarah Gasda, NORCE Norwegian Research Center



Bump and Hovorka, IJGGC, 2024:
ҵRtguuwtg"Urceg<"Vjg"Mg{"Uwduwthceg"Eqooqfkv{"hqt"EEUҶ

A Nice Summary of Pressure Constraints on Storage Capacity and a 
Simple Tool to Estimate the Total Pressure-Limited Storage Resource



February 2024 Workshop Co-Organized by DOE and DOI: 
Basin-Scale Issues for Carbon Storage

Technical Issues Discussed

Å Challenges to Basin-Scale CCS Development

Å Basin Characterization and Monitoring

Å Models & Tools

Å Field Tests, Data Sharing & Risk Mitigation Technologies

https://www.energy.gov/fecm/articles/scaling-carbon-dioxide-storage-achieve-net-zero-future



Regulatory and Risk Implications



GRCҲu"Encuu"XK"Tgiwncvkqpu"hqt"Igqnqike"Ectdqp"Storage

Characterization

Monitoring

Corrective Action 

If Necessary

Risk Assessment
Area of Review:
ÅExtends to the larger of the maximum CO2 plume 

footprint or area with P > Pcrit (defined as pressure 

that lifts a column of heavier brine into USDW)

ÅAlternatively: Calculation with risk-based modeling 

approaches

.ƛǊƪƘƻƭȊŜǊ Ŝǘ ŀƭΦΣ LWDD/Σ нлмпΣ ά! ¢ƛŜǊŜŘ !ǊŜŀ-of-Review Framework for 
DŜƻƭƻƎƛŎ /ŀǊōƻƴ {ŜǉǳŜǎǘǊŀǘƛƻƴέ



AOR 4

Cumulative Impacts May Affect Permitting of CCS Projects 

AOR 3Cumulative AOR

Additional Project 

Risks?

AOR = Area of Review (Class VI)

AOR 2
AOR 1

Additional 

Characterization and 

Monitoring Needs? 

Who Is Responsible?  



AOR 4

Cumulative Impacts May Affect Permitting of CCS Projects 

AOR 3

AOR = Area of Review (Class VI)

AOR 2
AOR 1

AOR 5

Directly Overlapping AORs



National Risk Assessment Partnership: Basin -Scale Risks

/ŀƳŀǊƎƻ Ŝǘ ŀƭΦΣ нлнпΣ άbw!t ¢ŀǎƪ с -Basin-{ŎŀƭŜ wƛǎƪ !ǎǎŜǎǎƳŜƴǘ ŦƻǊ DŜƻƭƻƎƛŎ /ŀǊōƻƴ {ǘƻǊŀƎŜέΣ 
Presentation given at 2024 Carbon Management Research Project Review Meeting



GSA Critical 
Issue Paper

Induced Seismicity and Caprock Integrity Concerns
in a Gigatonne CCS Future

Seal Integrity Issues and Potential Leakage Pathways

Strong Earthquakes Triggered by Wastewater Injection

Ellsworth, 2013
Rutqvist, 2012



CCS-at-Scale: Oklahoma Wastewater Disposal as an Analog (Zoback)

Keranenet al., 2014, Science

Analog for CCS at Scale: 

Wastewater Disposal into Arbuckle Formation (~100 Mt/yr)
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Birkholzer and Zhou, 2009, IJGGC

Hypothetical CO2 Storage Scenario in Illinois Basin:

100 Mt/yr CO2 Injection into Mt Simon Formation
MPa



Basin-Scale Coordination and Planning



Basin-Scale Coordination and Planning

Status:

ÅThere are no rules or responsibilities for basin-scale planning or coordination

ÅIt is not clear who would plan, conduct, and finance basin-scale characterization and 
monitoring outside of the project-specific Area of Review

ÅThere 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 existing 
ǇǊƻƧŜŎǘΩǎ AoR to increase in size? 

- Who pays for the additional characterization, monitoring and corrective action requirements in a larger AoR?

- 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 failure 
(e.g., wellbore leakage, induced seismicity)? Who is liable? Can the liable party be clearly identified?

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

Å9ŀǊƭȅ ǇǊƻƧŜŎǘǎ ƛƴ ŀ ƭŀǊƎŜ ōŀǎƛƴ ŎǳǊǊŜƴǘƭȅ ƘŀǾŜ ŀƴ ƛƴƘŜǊƛǘ ŀŘǾŀƴǘŀƎŜ όάŦƛǊǎǘ ŎƻƳŜΣ ŦƛǊǎǘ ǎŜǊǾŜέύΣ 
whereas later projects would need to accept the constraints imposed by existing projects.    



Basin-Scale Coordination and Planning

Letôs Assume We Have Dedicated Institutions or Partnerships for Regional 

CO2 Storage Coordination. What Might Their Role Be?

ÅGather existing information and data on basin-scale hydrogeology and, if necessary, coordinate 
additional site characterization efforts. Develop, maintain, und regularly update regional geomodels. 

ÅDevelop, maintain, and regularly update regional screening or simulation models for basin-scale 
pressure effects. Incorporate project-specific knowledge as it becomes available.  

ÅDevelop basin-scale monitoring plans and (possibly) run/maintain regional sensor networks (e.g., 
TexNET). Serve as a clearing house for regional data sharing.

ÅDevelop regional assessments of dynamic pressure-based storage capacity

ÅDevelop regional CO2 Storage Development Plans that propose or define the optimized spatial and 
temporal allocation of storage space across basins (i.e., if/how/where projects can be placed)

ÅThese CO2 Storage Development Plans may be:

- wŜŀŎǘƛǾŜ ƛŦ //{ ŘŜǾŜƭƻǇƳŜƴǘ ƛǎ ƘŀƴŘƭŜŘ ƻƴ ŀ άŦƛǊǎǘ ŎƻƳŜΣ ŦƛǊǎǘ ǎŜǊǾŜέ ōŀǎƛǎ 

- Proactive if the Regional Storage Coordination Institutions receive a mandate for basin-scale allocation of storage 
space (e.g., hierarchical permitting as discussed in Nicot and Duncan, 2008 or Birkholzer and Zhou, 2009)

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



Basin-Scale Coordination and Planning

Letôs Assume We Have Dedicated Institutions or Partnerships for Regional 

CO2 Storage Coordination. What Might Their Role Be?

ÅGather existing information and data on basin-scale hydrogeology and, if necessary, coordinate 
additional site characterization efforts. Develop, maintain, und regularly update regional geomodels. 

ÅDevelop, maintain, and regularly update regional screening or simulation models for basin-scale 
pressure effects. Incorporate project-specific knowledge as it becomes available.  

ÅDevelop basin-scale monitoring plans and (possibly) run/maintain regional sensor networks (e.g., 
TexNET). Serve as a clearing house for regional data sharing.

ÅDevelop regional assessments of dynamic pressure-based storage capacity

ÅDevelop regional CO2 Storage Development Plans that propose or define the optimized spatial and 
temporal allocation of storage space across basins (i.e., if/how/where projects can be placed)

ÅThese CO2 Storage Development Plans may be:

- wŜŀŎǘƛǾŜ ƛŦ //{ ŘŜǾŜƭƻǇƳŜƴǘ ƛǎ ƘŀƴŘƭŜŘ ƻƴ ŀ άŦƛǊǎǘ ŎƻƳŜΣ ŦƛǊǎǘ ǎŜǊǾŜέ ōŀǎƛǎ 

- Proactive if the Regional Storage Coordination Institutions receive a mandate for basin-scale allocation of storage 
space (e.g., hierarchical permitting as discussed in Nicot and Duncan, 2008 or Birkholzer and Zhou, 2009)

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

Adequate governance and financial models will have to 

be developed. 



Basin-Scale Prediction and Risk Management Frameworks



Tools/Models Provided by the National Risk Assessment Partnership
Basin-Scale Geomodels and 

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

/ŀƳŀǊƎƻ Ŝǘ ŀƭΦΣ нлнпΣ άbw!t ¢ŀǎƪ с -Basin-Scale Risk Assessment 
ŦƻǊ DŜƻƭƻƎƛŎ /ŀǊōƻƴ {ǘƻǊŀƎŜέΣ tǊŜǎŜƴǘŀǘƛƻƴ ƎƛǾŜƴ ŀǘ нлнп /ŀǊōƻƴ 

Management Research Project Review Meeting



ExpReCCS: Integration of Regional -Scale Models with Site Models 

ÅRegional coordination would ideally rely on shared project-specific data and models that are 
curated and integrated for basin-scale simulations

ÅAbsent of this, new regional-scale simulation tools may be able to interact with site-specific 
proprietary models that are independently run (see ExpReCCS Project led by NORCE below)

Courtesy of Sarah Gasda, NORCE Norwegian Research Center

ExpReCCS: 
Expansion of ResourCes 
for CO2 Storage on the 

Horda Platform

¢ǾŜƛǘ Ŝǘ ŀƭΦΣ ƛƴ ǇǊƛƴǘΣ ά! IƛŜǊŀǊŎƘƛŎŀƭ 
Approach for Modeling Regional 

Pressure Interference in Multi-Site 
CO2 hǇŜǊŀǘƛƻƴǎέ



Ongoing DOE Project at LBNL: Develop a Geomechanics-Focused 
Simulation Framework for Basin-Scale Storage Management
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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 CO2 storage hub planning

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

Bauer et al., 2016; Goertz-Allmann et al.,  2016 Shadoan et al.,  2024; Guglielmi et al. 2024; Cappa et al.,  2023



Combining Advanced and Simplified 3D Hydromechanical Modeling 

ÅFinite Difference ï Finite Volume Methods

ÅAdvanced 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

~100km

ÅBoundary Element Methods or Finite Volume

ÅMulti-phase Flow & Simplified Mechanics

- Rapid assessment of slip tendency and Coulomb failure 

stress (CFS) changes on faults

ÅAlgorithms for Storage Optimization*

- Maximize regional storage potential

- Manage pressure buildup and minimize project interference

- Plan mitigation measure (e.g., injection/extraction control)*

Project Scale (~ 10 km) Basin Scale (~ 100 km)

Transfer of 

advanced fault 
physics findings

Basin-scale 

boundary 
conditions

CO2 injection well 1

Injection layer

Caprock

Fault with damage zone

CO2 injection well 2
CO2 injection well 3

Underburden

10km10km

Hypothetical 

Basin 

Scenario

ϝ.ƛǊƪƘƻƭȊŜǊ Ŝǘ ŀƭΦΣ LWDD/Σ нлмнΣ άLƳǇŀŎǘ-Driven Pressure Management Via Targeted Brine Extraction ς Conceptual Studies of CO2 {ǘƻǊŀƎŜ ƛƴ {ŀƭƛƴŜ CƻǊƳŀǘƛƻƴǎέ



Basin-Scale: Applying Optimization Algorithms for Safe Storage

Å Fracturing pressure (caprock)

Å Coulomb pressure (faults)

Testing Optimization Criteria

ů1

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

Project 1 (2 wells)

Project 2 (3 wells)

ů1

Fracturing pressure and partial compartmentalization control the injection rates over 20 years. 
Injection rates vary between 1.2 ҭ 1.35 Mt/year per well. 

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

Faults are vertical and act as barriers (k~10 -19 m2), extending from the model base (6 km) to 500 m below the surface. 

Coulomb pressure varies depending on fault 

orientation and stress changes

Fracturing pressure



Basin-Scale: Applying Optimization Algorithms for Safe Storage

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

Project 3

Project 1

Project 2

Failing fault segments

Under critically stress regime conditions, adding Project 3 
closer to the fault can lead to fault destabilization. 

Adaptive management will be needed.

Critical Coulomb 

pressure for failing 

fault segment

Fracturing pressure



Basin-Scale Monitoring



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

Camargo et al., 2024

Basin Scale

ÅLarge spatial coverage

ÅSparsity of existing information

ÅLimited borehole coverage

ÅUncertain responsibilities and 
financial obligations

ÅDevelop & deploy smart technical solutions 
to increase coverage and reduce cost

ÅUse existing infrastructure if possible (wells 
of opportunity)

ÅCombine large-scale qualitative data with 
local quantitative data

ÅOptimize monitoring methods and sensor 
placement (Value of Information, ML)

Site Scale

ÅRequired by regulation

ÅMonitoring typically focused on central part of AOR 
(e.g., CO2 plume, large P)

ÅMay need monitoring for interference impacts and 
reduction in liability (e.g., P at edge of AOR)

ÅSite-scale monitoring can help basin-scale monitoring



Ideas Needed for Efficient Monitoring of Basin -Scale Impacts

Highest Priority Monitoring Parameters

Subsurface Strain

Multi-Instrumented 

Borehole Monitoring of 
Directional Strain

Pressure Changes

Ground Surface Uplift as 

Surrogate for Pressure

Microseismicity

Regional High-Sensitivity 

Seismic Monitoring

Rinaldi and Rutqvist, IJGGC, 2013
Guglielmi at al, IJGGC, 2021

https://www.geologybites.com/

romain-jolivet



Regional Assessment of Pressure Changes with
Satellite -Based Interferometric Synthetic Aperture Radar ( InSAR)

Ground Surface Deformation at In Salah CO2 Project (in mm)

Simulated Observed

Rutqvist et al., RMGE, 2016

Ground Surface Deformation in the Delaware Basin (in cm)

Hennings et al., Sci Total Environ., 2023


