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Options for the Long-term Storage of Captured CO2

• Deep saline aquifers

• Depleted oil and gas fields

• Oil and gas fields (EOR)

• Enhanced Coal Bed Methane Recovery 

(ECBM)

• Chemically transforming CO2 into 

– thermodynamically stable minerals

– bicarbonate brines

Benson and Cole, 2008

• Concerns:

 Potential leakage of CO2

 Low efficiency



Other Options—Offshore Storage

• Direct injection into the ocean

 Rising plume

 Sinking plume

 CO2 lake

• Sequestration into deep-sea sediments

 Negative buoyancy

 Hydrate formation

Programme I G G R. Ocean Storage of CO2[J]. 1999.

House et al, 2006



Illustration of NBZ and HFZ



Schematic Illustration of Carbon Sequestration in Deep-sea Sediments



Methane Hydrate Production Pilot



Model Development

CO2 sequestration in 
deep-sea sediments

Multiphase multicomponent flow 
in porous media
①Phases: CO2 , water, hydrate
②Components: CO2, water, salt

Hydrate 
①Formation of hydrate
②Dissociation of hydrate

Non-isothermal flow
①Hydrate reaction heat
②Heat convection and conduction

Geomechanics
①Change of effective stress
②Change of medium properties



Numerical Method—Mathematical model

• To address these questions, a mathematical model considering

 Multiphase and multicomponent fluid flow in porous media

 Energy balance: Heat transfer and latent heat due to phase change

 Potential hydrate formation

• Governing Equations
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CO2 component

Water component

Salt component

Energy balance



Local Equilibrium Model

Case Phases
Primary 

Variables

E1 H+A+L PL, SA, SL

E2 H+L PL, SL, T

E3 H+A PA, SA, T

E4 L+A PL, SL, T

E5 L PL, X𝐿
𝑤, T

E6 A PA, X𝐴
𝑐 , T

PVSM For CO2 sequestration in deep-sea sediments

Possible Phase Relations in DSCS



Development of Simulation Code

• A simulation code is developed based on 

TOUGH+HYDRATE
– Multiphase, multicomponent and non-isothermal flow

– Hydrate reaction

– Inhibitor effect on hydrate formation and dissociation

• Trapping mechanisms considered in the model
 Residual trapping

 Dissolution trapping

 Gravitational trapping

 Hydrate trapping

– Mineral trapping



Case Study—Base Case
• Cylindrical system

– 10km × 1km

• Grid
– 140×267

Injection Point

Seafloor, P=35MPa, T=3℃

HFZ
NBZ

• Injection location: 400 meters below 
the seafloor

Parameter setting

Parameter Value

Ocean depth (m) 3500

Geothermal gradient (K/m) 0.03

Salinity 3.5%

Vertical intrinsic permeability (mD) 10

Horizontal intrinsic permeability

(mD)
50

Porosity 0.25

Seafloor pressure (MPa) 35

Seafloor temperature (℃) 3

Pressure at BHFZ (MPa) 38.52

Temperature at BHFZ (℃) 13.314

Hydrate forming zone (mbsf) 0~344

Negative buoyancy zone (mbsf) 0~225

Underlying sediment (mbsf) 344~1000

Injection depth (mbsf) 400

Injection rate (ton/day) 750

Injection time (year) 10



Time evolution of hydrate saturation



Time evolution of liquid CO2 saturation



Time evolution of mass fraction of dissolved CO2



Time evolution of mass fraction of salt



Mass distribution of CO2 in different phases

• Stage 1: Buoyancy-driven upward flow

• Stage 2: Transitional stage

• Stage 3: Sinking of CO2-saturated pore fluid

• Stage 4: Diffusion-dominated flow



Sensitivity Studies
Parameters Value LHFZ (m) LNBZ (m) dPI (m) dmin (m)

Td 

(year)
dHFZ (m) dup (m)

Ocean depth (m)

1000 252 - 287 29 2742 223 258

2000 295 - 293 107 4698 188 186

3500* 344 225 299 281 363 63 18

Vertical permeability 

(mD)**

10* 344 225 299 281 363 63 18

50 344 225 299 251 267 93 48

100 344 225 293 227 272 117 66

Vertical permeability 

(mD) with ocean depth 

= 1000 m

10 252 - 287 29 2742 223 258

50 252 - 257 0 189 252 257

100 252 - 227 0 89 252 227

Geothermal gradient 

(K/m)

0.03* 344 225 299 281 363 63 18

0.04 259 153 299 233 1038 26 66

0.05 206 116 299 197 970 9 102

Seafloor temperature 

(℃)

3* 344 225 299 281 363 63 18

4 315 178 299 269 771 46 30

5 280 131 299 257 818 23 42

Carmen-Kozeny Factor

3* 344 225 299 281 363 63 18

5 344 225 299 292 235 52 7

7 344 225 299 298 79 46 1

Porosity

0.15 344 225 281 263 268 81 18

0.25* 344 225 299 281 363 63 18

0.35 344 225 311 293 394 51 18

Injection depth (mbsf)

350 344 225 251 239 344 105 12

400* 344 225 299 281 363 63 18

500 344 225 401 335 1150 9 66

Injection rate (ton/d)

750* 344 225 299 281 363 63 18

1500 344 225 275 251 673 93 24

2250 344 225 257 233 595 111 24

Injection time (year)

10* 344 225 299 281 363 63 18

50 344 225 233 209 543 135 24

100 344 225 191 161 1009 183 30

Injection temperature 

(℃)

15* 344 225 299 281 363 63 18

20 344 225 299 275 473 69 24

25 344 225 299 269 603 75 30





• https://phys.org/news/2018-07-sequestering-co2-deep-sea-

sediments.html

• http://www.xinhuanet.com/english/2018-07/05/c_137301945.htm

• https://www.oceannews.com/news/science-technology/researchers-

burying-co2-in-deep-sea-sediments-is-safe-and-permanent

• https://www.earth.com/news/carbon-storage-ocean-floor/

• https://www.eurekalert.org/multimedia/pub/175737.php

• http://www.anthropocenemagazine.org/2018/07/the-ocean-floor-

could-be-a-safe-permanent-vault-for-carbon-dioxide/

• http://www.parallelstate.com/news/long-term-viability-of-carbon-

sequestration-in-deep-sea-sediments/702194

• http://www.dailymail.co.uk/sciencetech/article-5923455/Radical-

plan-store-CO2-deep-seabed-revealed.html

News Coverage

https://phys.org/news/2018-07-sequestering-co2-deep-sea-sediments.html
http://www.xinhuanet.com/english/2018-07/05/c_137301945.htm
https://www.oceannews.com/news/science-technology/researchers-burying-co2-in-deep-sea-sediments-is-safe-and-permanent
https://www.earth.com/news/carbon-storage-ocean-floor/
https://www.eurekalert.org/multimedia/pub/175737.php
http://www.anthropocenemagazine.org/2018/07/the-ocean-floor-could-be-a-safe-permanent-vault-for-carbon-dioxide/
http://www.parallelstate.com/news/long-term-viability-of-carbon-sequestration-in-deep-sea-sediments/702194
http://www.dailymail.co.uk/sciencetech/article-5923455/Radical-plan-store-CO2-deep-seabed-revealed.html


Next Step: Gas Seepage/Venting
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Case study

• Cylindrical System
– 1km × 0.6km

• Grid
– 100×102

Seafloor, P=10MPa, T=3℃

HFZ

Parameter setting

Parameter Value

Ocean depth (m) 1000

Geothermal gradient (K/m) 0.03

Salinity 3.5%

Vertical intrinsic permeability (mD) 10

Horizontal intrinsic permeability (mD) 50

Permeability in the center channel (D) 5

Porosity 0.25

Seafloor pressure (MPa) 10.25

Seafloor temperature (℃) 3

Hydrate forming zone (mbsf) 0~246.5

Underlying sediment (mbsf) 246.5~604

Location of gas source (mbsf) 604

Gas saturation at the boundary

Case 1 0.5

Case 2 0.2

• Channel with high permeability
– -10m~10m

• Gas source
– -100m~100m



Time evolution of gas saturation in Case 1



Time evolution of hydrate saturation in Case 1



Spatial distribution of gas and hydrate saturation in Case 1



Time evolution of gas saturation in Case 2



Time evolution of hydrate saturation in Case 2



Spatial distribution of gas and hydrate saturation in Case 2



Summary

• High density and viscosity of CO2 under deep-sea 

conditions result in small footprint thus high storage 

efficiency

• The impermeable cap due to hydrate formation 

effectively prevents the upward flow of buoyant CO2

• The self-generation of hydrate cap makes sub-seabed 

disposal  free from the reliance on the caprock

• Sequestration in intact deep-sea sediments can be 

considered as a safe and permanent storage



Other Considerations

• Different geologic conditions including permeability, 

porosity, geothermal gradient, seafloor temperature and 

ocean depth on the storage efficiency of CO2 storage in 

deep-sea sediments (Sensitivity studies done)

• Operational conditions including injection depth, rate, 

time and temperature on the storage efficiency of CO2

storage in deep-sea sediments (Sensitivity studies done)

• The risk of leakage under geological perturbation, such as 

earthquake-induced faults and fractures

• Global warming on the post-injection fate of CO2



Thank you !




