
Numerical Modeling of Coupled Processes in 
Aquifer Storage of Greenhouse Gases -
Recent Results and Open Challenges

Karsten Pruess

Earth Sciences Division, Lawrence Berkeley National Laboratory (LBNL)
University of California, Berkeley, CA 94720

presented at

International Conference on Deep Saline Aquifers
for Geological Storage of CO2 and Energy

IFP, Rueil-Malmaison, France, May 27-29, 2009



Overview

• Introduction

� Injection and injectivity

� Long-term fate of injected CO2

� Leakage

� Enhanced geothermal systems (EGS) with CO2

• Concluding remarks



CO2 Storage in Saline Aquifers:
Issues to be Addressed by Mathematical 

and Numerical Modeling

• How fast can the CO2 be injected? (limit pressur ization)
• What fraction of subsurface volume can be accessed by CO2? 
• What is the storage capacity of a given site? 
• Extent of CO2 plume?
• What is the long-term fate of injected CO2?
• What fraction of CO2 is stored as a free phase (mobile or  trapped), 

dissolved in the aqueous phase, or  sequestered in solid minerals?
• How do the relative proportions of CO2 in these different storage 

modes change over  time?
• Leakage of stored CO2: Will it leak? How? How much?



Issues to be Addressed by Mathematical 
and Numerical Modeling (cont’d)

• What is the role of chemical, mechanical, and thermal effects in
CO2 containment and leakage?

• Can CO2 leaks self-seal or  self-enhance?

• Is it possible for  a CO2 leak to self-enhance to the point of a high-
energy, eruptive release?

• Where does all the brine go that is displaced by CO2?

• What about mobilization of contaminants (metals, organic compounds)?

• Can we realize ancillary benefits from CO2 storage?
(EOR, EGR, ECBM, EGS with CO2) 

• Identify and characterize potential storage sites.

• Design and analyze tests.

• Design monitoring systems.



1-D Radial Model for CO2 Injection

• homogeneous reservoir

• uniform T,P-conditions, 
corresponding to 1,200 m depth

• inject CO2 at constant rate

� similar ity proper ty: 
dependence on distance R and 
time t occurs only through the 
similar ity var iable zzzz = R2/t.

T = 50

P = 120 bar

Sgas = 0 %

XNaCl = 25 wt.- %

R =

k = 33 md

f  = 12 %

�

 H = 100 m

oC

Q        = 5 kg/sCO2



Results

Similarity property dictates that solid saturation 
must be constant behind the front.

dry-out

two-phase

• CO2 displaces water outward, away from 
the injection well

• in addition, water will dissolve into the 
flowing CO2 stream

• this will generate formation dry-out, and 
salt will precipitate

• reduction of porosity may give rise to 
severe permeability reduction and 
injectivity loss



Improved Injection Strategy - Pre-flush 
with Fresh Water

• most of the pressurization occurs because 
of precipitation near the injection well

� pre-flush with fresh water prior to CO2
injection

� inject fresh water at 5 kg/s for 35,500 s 
(9.9 hr)

� then switch to CO2 injection



aqueous

aqueous - gas

CO2

� free “gas”
� trapped gas
� dissolved in brine
� sequestered as solid minerals

(Adapted from: 2005 IPCC Special Report on 
Carbon Dioxide Capture and Storage;

http://www.ipcc.ch/activity/srccs/index.htm)

CO2 Storage Modes



Sleipner Vest CO2 Storage Project

(Source: 2005 IPCC Special Report)



Model for Long-Term Evolution of 
Sleipner

(Pascal Audigane et al., American J. of Science, 2007)
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Mineral Sand 
 

Shale 

Albite~low 0.030 0.132 
Calcite 0.067 0.010 
Chalcedony  0.769 0.334 
Chlor ite 0.013 0.044 
Muscovite 0.052 0.251 
K-feldspar  0.069 0.023 
   
Kaolinite 0.000 0.195 
Sider ite 0.000 0.011 
   
Dolomite-dis 0.000 0.000 
Magnesite 0.000 0.000 
Dawsonite 0.000 0.000 
 

Elements Conc. (M) 
Al 0.4542 10-15 
C 0.1973 10-01 
Ca 0.3701 10-03 
Cl 0.5375 10+00 
Fe 0.4096 10-14 
K 0.1553 10-02 

Mg 0.2576 10-05 
Na 0.5439 10+00 
S 0.1024 10-14 
Si 0.1811 10-03 

 

2-D R-Z Mesh

113 aqueous
complexes



Dissolved CO2 Mass Fraction 

1000  years

5000  years

R (m)

R (m)

(Pascal Audigane et al., American J. of Science, 2007)

CO2 Inventory 

25 yr

?

� free “gas”
� trapped gas
� dissolved in brine
� sequestered as solid minerals

time



Setup for High-Resolution Modeling of 
Dissolution-Diffusion-Convection

aqueous

aqueous - gas

CO2

model domain for
brine convection Parameters

k = 10 darcy
f = 30 %
Daq = 2x10-9 m2/s

H

P = 100 bar, T = 45  oC, Sg = 0 .1  %

P = 100 bar, T = 45  oC
XCO2 = 0

no flow

W

g



Convection Patterns at Different Times



CO2 Dissolution Rate for Different 
Realizations

1.3x10-6 kg/s/m2



Comparison with Hele-Shaw Cell Laboratory Experiments

t = 60 min

t = 324 min



Will it Leak?

• CO2 disposal will produce large plumes.

• Linear dimensions of order 10 km or more.

• CO2 is buoyant relative to aqueous fluids.

• Expect that caprock imperfections will be encountered 
(fracture zones, faults).

• Concerns about wells and well integrity.

� Some leakage seems likely.

� Evaluate scenarios and understand the ramifications.



cr itical
point

Tls = 5  �·�·�·�·C

geothermal-hydrostatic profiles

Tls =  15 �·�·�·�·C

Joule-Thomson Cooling of Expanding CO2

1

2

1

2

T �i 24 �·C, P �i 30 bar
z �i 300 m

T �i 31 �·C, P �i 54 bar
z �i 540 m

Expect formation of solid hydrate phases, water ice, dry ice.

deep

shallow



CO2 Blowouts in Oil Wells

Les Skinner, World Oil, Vol. 224, No. 1, 2003



Leakage of Stored CO2 Through Wells
(Princeton-Bergen collaboration: Celia, Nordbotten, et al.)

wells drilled in the Alberta basin
layer cake model of multiple

aquifers/aquitards
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Aquifer CO2

• wellbore flow approximated as Darcy

• appropriate for small leaks

� what about flow in wide-open conduits?



Coupled Reservoir-Wellbore Flow
(Darcy flow in reservoir, pipe flow in well)

� cylindrical reservoir with R = 100 m,

H = 10 m, k = 100 mD, f = 12 %

� reservoir is initialized with 2 bar
overpressure and contains dissolved
CO2 at “ incipient” two-phase
conditions

� connected to land surfaceby open
wellbore with R = 0.1 m (8’ ’ well)

� wellbore initially contains purewater
in a geothermal gradient of 30 oC/km 
in hydrostatic equilibrium

Specifications

250 m

open
wellbore

Tls = 15 oC, Pls = 1 .013 bar

land surface

R = 100 m
H = 10 m



Coupled Reservoir-Wellbore Flow

period: 2200 s= 37 minutes



Crystal Geyser, Utah
(cold water/CO2)

http://www.uweb.ucsb.edu/~glennon/crystalgeyser/



Fault Leakage: Role of Secondary 
Accumulation at Shallow Depth 

(Pruess, IJGGC, 2008)
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Leakage Behavior

extent of 3-phase conditions 
after 43.4x106 s (1.37 years)

20o(

t = 1.5 years

t = 43.4x106 s
(1.37 years)



Water-Rock Interactions in a Caprock
(F. Gherardi, T. Xu and K. Pruess, Chem. Geol., 2007) 

unfractured caprock fractured caprock

TOUGHREACT model: thermodynamic conditions, mineral composition, and 
aqueous chemistry representative of Northern Italian gas reservoirs.



Water-Rock Interactions in Unfractured Caprock (1-D)
(F. Gherardi, T. Xu and K. Pruess, Chem. Geol., 2007) 

calcite

porosity



Water-Rock Interactions in Fractured Caprock (2-D)
(F. Gherardi, T. Xu and K. Pruess, Chem. Geol., 2007) 



Enhanced Geothermal Systems (EGS)
• Artificially create permeability through 

hydraulic and chemical stimulation.
• Recover heat at the land surface by circulating 

water through a system of injection and 
production boreholes. 

• Experimental projects in U.S., U.K., France, 
Japan, Australia, Sweden, Switzerland, Germany.

� Technical challenges for making EGS 
economically viable:

� Several challenges relate to water as heat 
transmission fluid.

� improve rates of fluid flow and heat extraction
� increase reservoir size

� reduce “ parasitic” power requirements for keeping 
water circulating

� control dissolution and precipitation of rock 
minerals (avoid short-circuits, formation plugging)

� reduce water losses from the circulation system

� reduce cost of deep boreholes (�i 5 km)

fracture network in hot rock



How about using CO2 as Heat 
Transmission Fluid?

Properties: green - favorable, red - unfavorable

property water CO2 

chemistry powerful solvent for rock 
minerals; lots of potential for 
dissolution and precipitation 

non-polar fluid, poor solvent for 
rock minerals 

ease of flow in 
reservoir 

larger viscosity, larger density smaller viscosity, smaller density 

heat transmission large specific heat smaller specific heat 

fluid circulation in 
wellbores 

small compressibility, modest 
expansivity 
==> small buoyancy effects 

large compressibility and 
expansivity 
==> more buoyancy, lower 
parasitic power consumption 

fluid losses costly earn credits for storing greenhouse 
gases 

 



� monitor mass flow, heat extraction rates

Pres-10 bar Pres+10 bar
pore fluid{ all CO2

all water

Tres = 200 oC
Pres = 100 - 500 bar

fractured reservoir

injectionproduction

Comparing Operating Fluids for EGS: 
CO2 vs. Water

parameters after
Soultz/France

(20 oC)

Production

Injection

1000 m

1/8 of five-spot



Heat Extraction, Mass Flow, CO2 Use and Storage
Tres = 200 �·C, Pres = 500 bar, Tinj = 20 �·C

�'Q �'M

heat extraction mass flow

� Energy extraction rate with CO2 is approximately 50 % larger than with water
(75 MW(th) = 13 MWe)

� Relative advantage of CO2 becomes larger for lower reservoir temperatures

� CO2 inventory: 1.8 Megatonnes

� For 1000 MWe, would require 138.5 Megatonnes of CO2, circulating at a rate of 20 t/s

� Expect 5 % fluid loss, or 1 t/s for 1000 MWe; this corresponds to CO2 emissions from
3000 MWe of coal-fired generation



Wellbore Flow: CO2 vs. Water

Pressure difference between
production and injection well

�'P

� CO2 generates much larger
pressures in production well,
will facilitate fluid circulation.

CO2: 288.1 - 57.4 = 230.7 bar

water: 118.6 - 57.4 = 61.2 bar

injection production



Concluding Remarks

• Geologic carbon storage (GCS) will induce complex coupled processes of
multiphase fluid flow, heat transfer, and rock-fluid interactions (chemical and 
mechanical).

• Modeling will play a key role in 

• The processes induced by CO2 storage are multi-physics and multi-scale 
(pore-to-regional; times to millenia), posing great challenges for modeling.

• Enhanced geothermal systems (EGS) with CO2 as heat transmission fluid 
look promising and deserve serious study.

Supported by the U.S. Department of Energy (DOE)

� assessing the feasibility of GCS

� site characterization

� engineering design and monitoring

� developing regulations


