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Summary of Objectives

1. To develop and enhance a set of analytical and numerical 

computational tools to address a range of practical issues 

associated with geological storage of carbon dioxide, with a focus 

on CO2 migration and leakage, brine migration and leakage, and 

the spatial extent of pressure increases in the subsurface.

2. To develop a 'hierarchical modeling framework' within which 

different kinds of models can be combined to produce effective 

hybrid models that can span a wide range of applications with a 

focus on risk assessment and leakage into shallow zones.

3. To provide guidance on the level of model complexity appropriate 

for different injection and leakage scenarios.

4. To provide simple web-based interfaces for different versions of 

our analytical models for CO2 plume migration, brine movement, 

and pressure build-up.



Possible Leakage Scenario



Processes and Scales

"Multi-scale Modeling"
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(from Nordbotten and Celia, 2010)



Our Modeling Approach

1. Write models at macro and mega scales  Assume Buoyant 

Segregation of fluids and vertical equilibrium

2. Given #1, it is natural to vertically integrate the governing 

equations  2-D equations in each permeable formation.

3. Write fairly general equations that can be solved numerically:

4. Additional assumptions can allow for analytical or semi-

analytical solutions.
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(From Nordbotten and Celia, JFM, 2006;   See Celia and Nordbotten, 2009)



Similarity Solution: Simplified

(From Nordbotten and Celia, JFM, 2006)
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A Semi-analytical Model



A Semi-analytical Model



A Semi-analytical Model
1. Injection Plume, Secondary Plumes and Pressure Fields: Similarity 

Solution (Nordbotten and Celia, JFM, 2006) 

2. Leakage Dynamics: Multi-phase Darcy Flow along Leaky Well 

Segments (Nordbotten et al., ES&T, 2005, 2008)

3. Upconing around Leaky Wells (Nordbotten and Celia, WRR, 2006)

4. Grid-free solutions: We can now solve 50 years of injection over 2,500 

km2, 12 layers, and 1,200 wells in about 15 minutes.
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Wabamun Lake, Alberta



Long-term Predictions: 

Numerical Solutions
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Long-term Predictions

Advancement of dissolution fingers (Riaz et al. 05)



Long-term Predictions



Numerical results of residual 

and solubility trapping in the 

Johansen formation during a 

3,000-year post-injection 

period.  The colored scale 

shows porosity. The contours 

indicate the outer edge of the 

different CO2 regions (mobile, 

residual, dissolved) within the 

subregion indicated in the 

figure. 

Results from Gasda et al., 

2010.



Long-term Predictions

Residual CO2

Dissolved CO2

Free-phase CO2



Hybrid Multi-scale Models: 
Local Analytical Corrections within Numerical 

Grid Block 

• Injection: Basal Sandstone Formation.

• Computational Savings: 729 m grid with 

correction runs about 15 times faster than 

refined numerical



Hybrid Multi-scale Models: 
General Combination of Analytical and 

Numerical Solutions



Web-based User Interface V1



Web-based User Interface V1

Volunteers for beta-testing?  Send me an email.



Concluding Remarks
• Simplified models can be reasonable because:

– Buoyancy provides strong vertical segregation

– Space- and time-scale separation for critical processes

– Large uncertainties in critical leakage parameters make 

detailed fine-scale simulation of marginal value.

• Fully coupled detailed models are appropriate for:
– Fine resolution along critical leakage pathways

– Computational upscaling for bulk parameters

– Basic Science investigations

• We hope to provide models that use appropriate 

simplifications and modeling choices to answer 

practical questions.



Thank You!
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