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Outline

• Down-dip and up-dip stabilization of CO2 plume in sloped 
formations

• Analytical approach
• Down-dip extent of plume can be estimated
• Up-dip extent of plume controlled by capillary barriers ( needs more work)

• CO2 Trapping Mechanisms in SACROC Unit
• Numerical simulation

• WAG provides the best balance for storage and EOR
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Objective and Method
Developing an analytical solution to predict the extent of CO2 plume 
in slopping aquifers
• Assume two active forces: Buoyancy and Viscous
• Ignore capillary force and dissolution
• Homogenous properties

• Force Balance in x-direction:
Up dip : 𝐹𝐹𝐵𝐵 sin𝛼𝛼 + 𝐹𝐹𝑣𝑣 cos𝛼𝛼

down dip : 𝐹𝐹𝐵𝐵 sin𝛼𝛼 − 𝐹𝐹𝑣𝑣 cos𝛼𝛼

𝐹𝐹𝐵𝐵 : Buoyancy Force

𝐹𝐹𝑣𝑣 : Viscous Force
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Force Balance Solution Down-dip
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 Looking for the point in which x-direction force balance is zero: 

𝐹𝐹𝑣𝑣 cos𝛼𝛼 − 𝐹𝐹𝐵𝐵 sin𝛼𝛼 = 0

 Dividing by area:

𝑃𝑃𝐵𝐵 = 𝜌𝜌𝑤𝑤 − 𝜌𝜌𝑔𝑔 𝑔𝑔𝑔

𝑃𝑃𝑣𝑣 = ⁄𝑄𝑄𝜇𝜇𝑔𝑔 𝑘𝑘𝑥𝑥𝑓𝑓𝑓𝑓

𝑄𝑄𝜇𝜇𝑔𝑔
𝑘𝑘𝑥𝑥𝑓𝑓𝑓𝑓

cos𝛼𝛼 − 𝜌𝜌𝑤𝑤 − 𝜌𝜌𝑔𝑔 𝑔𝑔𝑔 sin𝛼𝛼 = 𝟎𝟎

𝑥𝑥𝑓𝑓𝑓𝑓 =

𝑄𝑄𝜇𝜇𝑔𝑔
𝑘𝑘 cos𝛼𝛼

𝜌𝜌𝑤𝑤 − 𝜌𝜌𝑔𝑔 𝑔𝑔𝑔 sin𝛼𝛼

𝑄𝑄 : CO2 Injection Rate

𝜇𝜇𝑔𝑔: CO2 Viscosity

𝑘𝑘 : Permeability

𝜌𝜌𝑤𝑤 : Water Density

𝜌𝜌𝑔𝑔 : CO2 Density

𝑔 : Thickness

α

𝐹𝐹𝑣𝑣



Effective Relative Permeability
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Relative Permeability Impact
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𝑥𝑥𝑓𝑓𝑓𝑓 =

𝑄𝑄𝜇𝜇𝑔𝑔
𝑘𝑘𝑘𝑘𝑟𝑟

𝑒𝑒𝑓𝑓𝑓𝑓 cos𝛼𝛼

𝜌𝜌𝑤𝑤 − 𝜌𝜌𝑔𝑔 𝑔𝑔𝑔 sin𝛼𝛼

𝑘𝑘𝑟𝑟
𝑒𝑒𝑓𝑓𝑓𝑓 = 2 × 𝑘𝑘𝑟𝑟𝑐𝑐𝑟𝑟𝑐𝑐𝑐𝑐𝑐𝑐

𝑥𝑥𝑓𝑓𝑓𝑓 =

𝑄𝑄𝜇𝜇𝑔𝑔
𝑘𝑘 cos𝛼𝛼

𝜌𝜌𝑤𝑤 − 𝜌𝜌𝑔𝑔 𝑔𝑔𝑔 sin𝛼𝛼



Heterogeneity 
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Dykstra Parson 
Coefficient = 0.2

Dykstra Parson 
Coefficient  = 0.5

Dykstra Parson 
Coefficient  = 0.7

𝑥𝑥𝑓𝑓𝑓𝑓 =

𝑄𝑄𝜇𝜇𝑔𝑔
𝑘𝑘𝑘𝑘𝑟𝑟

𝑒𝑒𝑓𝑓𝑓𝑓 cos𝛼𝛼

𝜌𝜌𝑤𝑤 − 𝜌𝜌𝑔𝑔 𝑔𝑔𝑔 sin𝛼𝛼



Up-dip trapping
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CO2 Trapping Mechanisms in SACROC Unit
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• The contribution of trapping mechanisms to CO2 storage depends on various
reservoir’s parameters.

• An intelligent selection of CO2 injection strategy improves the incremental oil
recovery, CO2 storage capacity, and CO2 utilization ratio (UR).



Reservoir Model
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✓ The study area includes 19 production wells. 12 wells have been converted to injection
wells for waterflooding. Out of these 12 wells, 10 have undergone CO2 flooding.



Pressure-Production History Matching
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Difference Between WAG and CGI
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✓ Although the total oil recovery factor is 

higher in CGI (around 43%), the 

recovery factor for the same amount of 

injected CO2 is higher in WAG scenario



CO2 Utilization Ratios
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• WAG shows much lower utilization ratios in
comparison with CGI.

• Utilization ratio is not a constant number and is
highly dependent on the time of CO2 injection.

𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺 𝑈𝑈𝑈𝑈 =
𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼 𝐶𝐶𝑂𝑂2
𝑃𝑃𝐺𝐺𝐺𝐺𝐼𝐼𝑃𝑃𝐼𝐼𝐼𝐼𝐼𝐼 𝑂𝑂𝑂𝑂𝑂𝑂

𝑁𝑁𝐼𝐼𝐼𝐼 𝑈𝑈𝑈𝑈 =
𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼 𝐶𝐶𝑂𝑂2 − 𝑃𝑃𝐺𝐺𝐺𝐺𝐼𝐼𝑃𝑃𝐼𝐼𝐼𝐼𝐼𝐼 𝐶𝐶𝑂𝑂2

𝑃𝑃𝐺𝐺𝐺𝐺𝐼𝐼𝑃𝑃𝐼𝐼𝐼𝐼𝐼𝐼 𝑂𝑂𝑂𝑂𝑂𝑂
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Trapping Mechanisms Contribution
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End of CO2 injection period (01/2010)



Trapping Mechanisms Contribution
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Conclusions

1. WAG shows a good balance between maximizing oil
production and CO2 storage with a lower utilization ratio
compared to CGI.

2. We have more free phase CO2 in the reservoir in CGI
while more CO2 in dissolved and trapped form in WAG.

3. CO2 net and gross utilization ratios are not constant but
evolve during the injection period.
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Extra slides
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Effective Relative Permeability
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 We found the effective relative 
permeability based on several 
simulation cases that we conducted.

𝑘𝑘𝑟𝑟
𝑒𝑒𝑓𝑓𝑓𝑓 = 2 × 𝑘𝑘𝑟𝑟𝑐𝑐𝑟𝑟𝑐𝑐𝑐𝑐𝑐𝑐

𝑥𝑥𝑓𝑓𝑓𝑓 =

𝑄𝑄𝜇𝜇𝑔𝑔
𝑘𝑘𝑘𝑘𝑟𝑟

𝑒𝑒𝑓𝑓𝑓𝑓 cos𝛼𝛼

𝜌𝜌𝑤𝑤 − 𝜌𝜌𝑔𝑔 𝑔𝑔𝑔 sin𝛼𝛼

 We modify the equation:
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Background Relative Permeability AnalyticalObjectives CO2-EOR/Storage

Phase Behavior & Relative Permeability
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Background Relative Permeability AnalyticalObjectives CO2-EOR/Storage

Trapped CO2 Calculation
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Background Relative Permeability AnalyticalObjectives CO2-EOR/Storage

Scenarios Design
 After a comprehensive history matching:

1. Scenarios are designed for the period that 
the average reservoir pressure was available 
(1983-2010). 

2. We designed the CO2 injection rates by 
assuming the same average reservoir 
pressure for all scenarios. 

3. WAG ratio : 1/1, cycle of 6 months.

4. CGI injection rate: 25 MMSCF/day

5. Low CO2 injection rate in the history of the 
field, the field was mostly waterflooded.
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Background Relative Permeability AnalyticalObjectives CO2-EOR/Storage

Incremental Oil Recovery

✓ If the operators would perform CO2
injection (WAG or CGI), oil recovery 
could be 50% greater.

✓ The difference between incremental 
oil recovery in WAG and CGI is 
insignificant.
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