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Why simulation

eCharacterisation of the reservoirs / saliniferous aquifers:
storage volume, cap rock, pressure - temperature —
geochemical parameter ranges

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

eldentification and characterisation
of the governing processes and their interactions

eManagement of the reservoir
sustainable development and optimal use

eDimensioning and parameterisation
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Storage of CO,

injection well
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IPCC - Report 2006,
H. Class, pers. Mitt.

Christian-Albrechts-Universitét zu Kiel



Properties of CO,

Carbon dioxide: Temperature - pressure diagram
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Model concept
Multi-phase — multi-component approach

Evaporation / condensation

water,
dissolved CO,,
dissolved gasses
a*, Ca2*, CO,%, CI;

\/

dissolution / outgassing
water phase > Phase
dissolution / precipitation

‘02
solid phase water grain
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consideration as porous medium is

not possible -<— | —=  possible

inhomogeneous
medium

: _ 5
' VD = R}jV: homogeneous

medium

average mass density
of the two-phase system

| ; L

volume

.
B

Assumption:
Porous media

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

Sebastian Bauer
; Hydrogeomodelling
O CAU Kiel

19.03.2010, Bochum
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Mathematical model

pore scale

_ solid matnix
=

L "3 liquid phase

transition

5 averaging

Helmig, 1997

Defininition of phase saturations:

SC02 ’ SWater ’ Ssolid

Scoz T Syater = N = porosity

Christian-Albrechts-Universitat



Balance equations

Liguid phase momentum conservation:
Generalized Darcy‘s law

krok
_ o

(Vpa — pag)

Vo =

Momentum + Mass conservation = phase balance equation

A(panS, k.o k
()O - ) - V- (pa (vpa - pag)) — GJaPa — 0
ot o
X=MNphase
Y Sa=1 Peaf = Pa — P = f(S1, -+, Snphase)
a=1

Solid phase momentum conservation:
Vo —pg=0
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Balance equations

Energy balance:

u = internal energy
8(ug) h = specific enthalpy

= 1Y - (’U,QV) A (pV) — N7 - ()\VT) = () T = temperature

Mass balance of a component in a phase:

X = mass fraction
Dpp = dispersion

8 SQ: Qng K K K
(n P ) +V (?)aang o nSaDDD, av(ana)) — 4o = 0

ot

\ reactions

Phase transfer of a component:

zo = Hip, equilibrium (Raoult, Henry)

ang = kis(Ch o — CH) Kinetic

a,eq
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Properties of CO,
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Sebastian Bauer Geophysical Aspects of CO, storage — Challenges and Strategies

l Hydrogeomodelling

€ | CAU Kiel 19.03.2010, Bochum

Christian-Albrechts-Universitat zu Kiel



Relative permeabiliy

. . Pad
Relative permeability k. : K¢ = krok——
Mo
16 1 =
(a) (®) Van Genuchten ’;
I Van Genuchten VN Brooks-Corey I
| Brooks-Corey 08 — /
12 — |
| _
|
o ! —
S 8 — '\(l‘ 'L‘L .
- L ~
o \\ 0.4
N
N i
4 — =
b ""--t:;._,__‘___‘_;_ _ 0.2
— _‘H\\l |
0 0.2 0.4 0.6 0.8 1 0

S, [-]

p.-S and k,.-S relationships according to Brooks-Corey and Van Genuchten

versus saturation of the wetting phase
Helmig, 1997
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Coupled Processes

Heat transport THERMAL

d(uo)
ot

+V - (uov)+ V- (pv) — V- (AVT)
MECHANICAL

Deformation

HYDRAULIC

GEOCHEMICAL

Fluid dynamics _
Transport und Reactions

pcaﬁ :pﬂf _p.ﬁ = f(S].‘! "'5Sﬂpimsc)

Sebastian Bauer
 Hydrogeomodelling
€  CAU Kiel

Geophysical Aspects of CO, storage — Challenges and Strategies

19.03.2010, Bochum

A(panSa) krok B .
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" Hydrogeomodelling

O

Fluid-phase balance Coupled Processes - MH

dp?) _,dp" Op?

m XY g y _ - - -
n&j (5 D 5.)pz) Bi Coupling via

\V/ qukselkv g \Vi /le ki‘e]kv q .
—V@KEm VY - -\/)- R VP - coupling terms

. 08! .
£ n(LpoK? H ,of)(;{,)W - material parameters
+ (SCp?)+ b”‘/)l)mTL%

| 5

Ny

MH coupling term
= Qk

ot 9p1) Ape koK
+ng' XL AL _y. (pr,{, —rﬁ—vpc)

opl’ ot
Kk koK
g _T€l.[.aY, N @) ¢ = NS
_ v . ([)g}(g —/-Lg——/)q,o) + v ([) )(AT /_Ll [) f_,)

Solid-phase balance

V(o - (S +899)1 |- Br(T—To)I |Hpa=0

A

HM coupling term| |TM coupling term
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Coupled processes: Code structure

-4

Object React
Kinetic and equilibrium

geochemistry S—

N # chem. components times:

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

Heat transport THERMAL

Geological model

g

MECHANICAL  Deformation

Fluid dynamics HYDRALILIC

Heese et al (2010)

T
i
i
i
!
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Geochemistry

nS‘t_]—t* = —V'VC! + V(nS'DIVC!) +nS'Q! +nS'T!(C...CY)
C

SN— i _J
—~— ~"

Conservative transport
global

»

Node # Comp_1 Comp_2 Comp_n at eaCh nOde
1 1.23E-05 2.35E-06 3.46E-07
2 2.35E-06 3.46E-07 | .. | 4.57E-08
3 346E-07 | 457E-08 | .. | 5.68E09 Comp_1 Comp_2
Comp_5 Comp_6
Comp_1% Comp_12
n_nodes 5.68E-09 6.79E-01 | .. | 7.89E-02
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;GeoSys-CAP ChemApp Calculating Setting
#DATABASE_PROPERTIES
$DATA_FILE

Interface GeoSys - ChemApp

O

..\capData\CaMgClaq.dat

$DATA_FORMAT ;DAT/BIN/CST -

DAT CAP-Object
$MASS_NUM

26

$MASS_TYPE ;ELEMENT / SPECIES

ELEMENT

$SPECIES_DEFINE ;TRANS / LIST / UNDEF ’ <
LIST

$SPECIES_LIST ;name_x

H20

HI+]

OH[-]

HCO3[-]

EaHC03[+]

MgCO3

MgHCO3[+]

CaCO3_calcite(s)_s

CaMg(CO3)2_dolomite(s)_s

END
#STOP
Node # Comp_1 Comp_2 .. | Comp_n

1 1.236-05 | 2.35E-06 | .. | 3.46E-07

2 2.35E-06 | 3.46E-07 | .. | 4.57E-08

3 | 346E-07 | 457E-08" | .. | 5.68E-09 |

No File 10 needed

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

Sebastian Bauer Geophysical Aspects of CO,, storage — Challenges and Strategies
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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
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Verification: 1D reactive transport model

0.00014
GeoSys/ChemApp =
Vversus = 0.00010
%]
(=2
vl
PHREEQC S 0.00008 -
E
c
.S 0.00006
©
i 1 g 1 0 1] calcite PHREEQC
Benchmarking! Town] | | dolomite PHREEQC
8 calcite GeoSys-ChemApp
0.00002 - —— dolomite GeoSys-ChemApp
0.00000 T . r . .
0.0 0.3 0.4 0.5
Distance (m)
GeoSys-ChemApp
0.0020 v T v T v T v 0.00040 0.0020 ——— T v T v T v 0.00040
r A,
o L LN 9
000184 ——CI[ - 0.00035 000184 “* PHREEQC —«—ciy < 0.00035
] —— ] 3 —v— Mg[2+
0.0016 4 Mg[2+] 3 0.0016 4 Y v—Mgi2+]
0 1 ——HCO3[]  Lo.00030 ) 1 N —e—Cal+] 000030
£ 00014+ ——cap+ | g 000 \ —+—HCO3[-] |
s ] ] LA 4 0.00025
2 0.00124 - 0.00025 2 000124 AN .
S 1 i 3 1 \[ L
£ 0.0010+ - 0.00020 £ 0.0010 remrrverrrvrrrrtoey f\ b o 0.00020
c 9 c 9 . A4 :
S 0.0008 [ S 0.0008+ Y LA h
s - 0.00015 @ ] =l A < 0.00015
S 0.0006+ s . £ 0.0006+ Y 1
e 1 - 0.00010 2 9 & % N < 0.00010
S 0.0004 = I S 0.00044 & v .
°© 4 4 ] o
0.0002 = = 0.00005 0.0002 « /:f v~vw ‘AAA «1 0.00005
r b < Prs v, A L
0.0000 ' asy ’ ‘ 0.00000 0.0000 = Mﬁ T v ' WA " ; " 0.00000
0.0 01 0.2 03 0.4 05 0.0 0.1 0.2 0.3 0.4 05
Distance (m) Distance (m)

“ Sebastian Bauer Geophysical Aspects of CO, storage — Challenges and Strategies

Hydrogeomodelling
€ : CAU Kiel 19.03.2010’ BOChUm Christian-Albrechts-Universitét zu Kiel




Geochemistry example

0.5 :
] [ .
0.4 —calcite
L3 dolomite
chemical composition physical properties discretization properties g 02]
Equilibrium fluid + NaCl 0 ~ 3 mol/kgw porosity 0.25 distance: 80m 0.1 . It f ti
constant dissolved CO, Calcite0.5 mol /kgw dispersivity 0.2 m 0.2m x 400 element 1 mineral transformation area
(0.02, 0.65 or 0.8 mol/kg) Dolomite 0.25 mol /kgw diffusion 1.0e-9 m*s 401 nodes 00 ! L
Ca:Mg:C =3:1:4 total time: 6.3072e9s (200 y) 74 R AR T
fluid-rock reactive equilibrium 864000 x 7300 steps 6 | c
1 a
o °7 —_M
X< 4] g
£ 5]
E 5] CO, front —
1
0 ] \
30 —— — T .\......_10
Primary equilibrium reaction Second acidification reaction 25 ] ‘ ‘ [
A 5 > " mn > T i -9
(minimal dissolved) (demineralization) 2,01 l ! —TOC\ L
= ] g i — pH -8
CaCO, =Ca* +CO,” CaCoO, +H,0+CO0, =Ca* +2HCO,” g 151 ; | P [T
i 1 : o
CaMg(CO0,), = Ca** + Mg* +2C0,* CaMg(CO,), +2H,0 +2CO, = Ca* + Mg* +4HCO, S 10 ‘ [ 6
P 57 L5
04
T T T 4
10 T 00 10000

distance m

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)
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Geochemical parameters and uncertainty

°
>

I - _ g FACT53
Equilibrium constant K = K(P,T,S) :
=4
_% 04f
<
3
- -y = - So2f
Calcite solubility for different data bases
[
£
009 Il standard Gibbs energy ( ) © » distaﬁce m i ’
0014 mNaCl=0 a [N mNaCl=1.0 b ANC DS C 08
0012 ( ) ( ) 5 2gm\sgxc§:ggneznt 40.32% % HLEG
2 I redox species £
% ] I PHRQ_complex _E 5 o4
5 0.008 4 N % g
g 0.006 E 0, g
5 % 8.62% Soaf
5 00024 ?‘ 3
s 51.069 ©
0.002 4 g 0
0.000 .000 d E 35 - %
no CO2 0.01m 0.02m 0.03m o CO2 0.01m 0.02m 74.19%, ( ) iy distance m
FactSage6.0 by GTT-Technologies ; Duan & Li (2008) Geochimica et Cosmochimica acta v PITZ

°
=
T

»
»

increasing salinity

20.89%

minerals concentration mol/kg
°
N
T

o

b

0 . 40
distance m

Mineral transformation zone variability

-

25°C T T T T T T T T —E’ PHREEQC
o
£ o8-
200 bar 2 - E
mNaCl=3 = 3 2
m — ‘50.5—
mC0,=0.65 ] 52 £
QA 23
65°C > S & 5
200 bar o | S S w0z
mNaCl=3 — (\| | — 2% 3
S0 I £
e ——————— R —
0 10 20 30 40 50 60 70 80 istancem
distance m
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Conclusion

- Need for coupled (numerical) simulations for investigating effects
of CO, 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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