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Why simulation

•Characterisation of the reservoirs / saliniferous aquifers: 
storage volume, cap rock, pressure - temperature –
geochemical parameter ranges

•Risk analyses Is CO2-storage save ?
Will the environment be affected? If yes, how?
Migration out of the reservoir, geochemical change,
transport of trace elements,
lokal pH-changes, …

•Identification and characterisation 
of the governing processes and their interactions

•Management of the reservoir
sustainable development and optimal use 

•Dimensioning and parameterisation
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IPCC - Report 2006, 
H. Class, pers. Mitt.

Time scales
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Properties of CO2

IPCC 2005

Critical Point: 
73.8 bar, 30.95 °C
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Model concept

Multi-phase – multi-component approach

water, 
dissolved CO2,

dissolved gasses
Na+, Ca2+, CO3

2-, Cl-
...

water phase

CO2, 
dissolved water,

(trace) gases

CO2 phase

host rock:
soluble fraction, 

CaCO3, NaCl

solid phase

Evaporation / condensation

dissolution / outgassing

dissolution / precipitation

water

CO2

grain
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Assumption: 
Porous media

=> equivalent parameters
exist (n, k, ...)

pore scale REV

Defininition of phase saturations:
SCO2 ,  SWater , Ssolid

ΣSi=1
SCO2 + SWater = n = porosity

Helmig, 1997

Mathematical model
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Balance equations
Liquid phase momentum conservation:

Generalized Darcy‘s law

Momentum + Mass conservation = phase balance equation

Solid phase momentum conservation:
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Energy balance:
u = internal energy
h = specific enthalpy
T = temperature

Mass balance of a component in a phase:
X = mass fraction
DDD = dispersion

Phase transfer of a component:

equilibrium (Raoult, Henry)

kinetic

reactions

Balance equations
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Bielinski, 2007; Span und Wagner 1996; 
Fenghour et al. 1998

Properties of CO2

fluid properties as function
of reservoir conditions:

f = (P,T,S)
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Relative permeabiliy

pc-S and kr-S relationships according to Brooks-Corey and Van Genuchten
versus saturation of the wetting phase

Helmig, 1997

Relative permeability kr:
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Deformation

Heat transport

Fluid dynamics
Transport und Reactions

Coupled Processes
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Coupled Processes - MH

Coupling via 

- coupling terms

- material parameters

Fluid-phase balance

Solid-phase balance
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Coupled processes: Code structure

Object React
Kinetic and equilibrium
geochemistry

Object Heat
Heat transport
GeoSys

Object MultiphaseFlow
Multi phase flow

# chem. components times:

time loop

Object SoluteTransport
conservative transport of one
species (advection, diffusion, 
dispersion)  GeoSys

Object Deformation
Elasto – (visko)-plastic
deformation, strain, stress.  
GeoSys

Interface ECLIPSE

Interface DuMux

GeoSys

Interface ChemApp

Interface PHREEQC

GeoSys
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Geological model

CO2 storage simulation

Numerical process model

Heese et al (2010)

Deformation

Heat transport

Fluid dynamics

Transport und Reactions
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Conservative transport
global

Reactions
local

Node # Comp_1 Comp_2 ... Comp_n
1 1.23E-05 2.35E-06 ... 3.46E-07
2 2.35E-06 3.46E-07 ... 4.57E-08
3 3.46E-07 4.57E-08 ... 5.68E-09
... ... ... ... ...
... ... ... ... ...
... ... ... ... ...
... ... ... ... ...
... ... ... ... ...
... ... ... ... ...
... ... ... ... ...
... ... ... ... ...
... ... ... ... ...
... ... ... ... ...
... ... ... ... ...
... ... ... ... ...
... ... ... ... ...
... ... ... ... ...
... ... ... ... ...
... ... ... ... ...
... ... ... ... ...
... ... ... ... ...

n_nodes 5.68E-09 6.79E-01 ... 7.89E-02

Comp_1 Comp_2

Comp_5 Comp_6

Comp_11 Comp_12

at each node

Geochemistry



Sebastian Bauer 
Hydrogeomodelling
CAU Kiel

Geophysical Aspects of CO2 storage – Challenges and Strategies
19.03.2010, Bochum

;GeoSys-CAP ChemApp Calculating Setting
#DATABASE_PROPERTIES
$DATA_FILE
..\capData\CaMgClaq.dat

$DATA_FORMAT     ;DAT / BIN / CST
DAT
$MASS_NUM
26

$MASS_TYPE           ;ELEMENT / SPECIES
ELEMENT

$SPECIES_DEFINE ;TRANS / LIST / UNDEF
LIST

$SPECIES_LIST       ;name_x
H2O   
H[+]  
OH[-] 
HCO3[-]
...
CaHCO3[+]
MgCO3
MgHCO3[+]
CaCO3_calcite(s)_s
CaMg(CO3)2_dolomite(s)_s
END

#STOP

Node # Comp_1 Comp_2 ... Comp_n
1 1.23E-05 2.35E-06 ... 3.46E-07
2 2.35E-06 3.46E-07 ... 4.57E-08
3 3.46E-07 4.57E-08 ... 5.68E-09
... ... ... ... ...
... ... ... ... ...
... ... ... ... ...
... ... ... ... ...
... ... ... ... ...
... ... ... ... ...
... ... ... ... ...
... ... ... ... ...
... ... ... ... ...
... ... ... ... ...
... ... ... ... ...
... ... ... ... ...
... ... ... ... ...
... ... ... ... ...
... ... ... ... ...
... ... ... ... ...
... ... ... ... ...
... ... ... ... ...

n_nodes 5.68E-09 6.79E-01 ... 7.89E-02

CAP-Object
ChemApp Files
ca_vc_e.lib
ca_vc_opt_e.lib
ca_vc_s.lib
ca_vc_opt_s.lib
ca_vc_e.dll
ca_vc_opt_e.dll
ca_vc_s.dll
ca_vc_opt_s.dll

Interface GeoSys - ChemApp

No File IO needed
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GeoSys/ChemApp
versus 
PHREEQC

Benchmarking!

Verification: 1D reactive transport model
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Geochemistry example

chemical composition

NaCl 0 ~ 3 mol/kgw
Calcite 0.5 mol/kgw

Dolomite 0.25 mol/kgw
Ca:Mg:C = 3:1:4

fluid-rock reactive equilibrium

Equilibrium fluid +
constant dissolved CO2

(0.02, 0.65 or 0.8 mol/kg)

physical properties

porosity 0.25 
dispersivity 0.2 m

diffusion 1.0e-9 m2/s

discretization properties

distance: 80m
0.2m × 400 element

401 nodes 
total time: 6.3072e9s (200 y)

864000 s × 7300 steps

chemical composition

NaCl 0 ~ 3 mol/kgw
Calcite 0.5 mol/kgw

Dolomite 0.25 mol/kgw
Ca:Mg:C = 3:1:4

fluid-rock reactive equilibrium

Equilibrium fluid +
constant dissolved CO2

(0.02, 0.65 or 0.8 mol/kg)

physical properties

porosity 0.25 
dispersivity 0.2 m

diffusion 1.0e-9 m2/s

discretization properties

distance: 80m
0.2m × 400 element

401 nodes 
total time: 6.3072e9s (200 y)

864000 s × 7300 steps
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1D transport simulation Component profiles

Geochemical feedback: Porosity change
25%  ->  25.2%  ->  25.87%
Carbonate fraction solid phase: 1.15%
Carbonate fractions of 5 / 10% would yield porosity increases to 28.5 / 32.5%
Porosity dependent permeability: k(n) (e.g. Kozeny-Carman, Fair-Hatch)

Primary equilibrium reaction  
(minimal dissolved) 

Second acidification reaction 
(demineralization)

2 2
3 3CaCO Ca CO+ −= +

2 2 2
3 2 3CaMg(CO ) Ca Mg 2CO+ + −= + + 2 2

3 2 2 2 3CaMg(CO ) 2H O 2CO Ca Mg 4HCO+ + −+ + = + +

2
3 2 2 3CaCO H O CO Ca 2HCO+ −+ + = +

Tra
Che

Primary equilibrium reaction  
(minimal dissolved) 

Second acidification reaction 
(demineralization)

2 2
3 3CaCO Ca CO+ −= +

2 2 2
3 2 3CaMg(CO ) Ca Mg 2CO+ + −= + +

2 2
3 3CaCO Ca CO+ −= +

2 2 2
3 2 3CaMg(CO ) Ca Mg 2CO+ + −= + + 2 2

3 2 2 2 3CaMg(CO ) 2H O 2CO Ca Mg 4HCO+ + −+ + = + +

2
3 2 2 3CaCO H O CO Ca 2HCO+ −+ + = +

2 2
3 2 2 2 3CaMg(CO ) 2H O 2CO Ca Mg 4HCO+ + −+ + = + +

2
3 2 2 3CaCO H O CO Ca 2HCO+ −+ + = +

Tra
Che
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Geochemical parameters and uncertainty
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Calcite solubility for different data bases
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Figure. 2 Calculation of calcite solubility in pure water (a) and 1.0 m NaCl aqueous 
solution (b) at 25°C and 1 bar using different databases. The deviation composition for 
pure water (c) and the NaCl solution (d).
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Mineral transformation zone variability

increasing salinity

Equilibrium constant K = K(P,T,S)
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Conclusion

- Need for coupled (numerical) simulations for investigating effects 
of CO2 injection in the subsurface

- Parameters need to cover the P-T-S range given by the reservoir
conditions

- Specifically adapted mathematical methods required

- Numerical modelling tool have to be improved, and benchmarked

- Interaction of coupled processes and material parameters needs 
to be investigated

- Integration of scales of individual processes – mm to km
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Thank you for your
attention
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