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separation of CO2 from industrial
location and long-term isolati

CO2 injected into deep formations at a depth
below 800m : CO2 at super critical state.
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Geological CO2 storage (GCS)%Wcﬁjﬁﬂﬁ)ﬁ"iﬂ 17
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Geological Storage Options for CO,
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5 Use of CO, in enhanced coal bed methane recovery
6 Other suggested options (basalts, oil shales, cavities)

@®Depleted oil and gas reservoirs
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Geological CO2 storage (GCS)%m%ﬁ)ﬁﬂﬁ)ﬁ"iﬂ 17
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Geological Storage Options for CO,

1 Depleted oil and gas reservoirs
2 Use of CO, in enhanced oil recovery
3 Deep unused saline water-saturated reservoir rocks
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® Long term (KHY)
(hundreds of years)

@® Multi physical fields coupling
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Importance of the geomechanical issues
Fluid injection inducing seismicities (Jz A7FA AL M=)
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Importance of the geomechanical issues
Fluid injection inducing seismicities (JzA7FA A=)
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CO2 injection is similar with water injection, the
geomechanical issues have received increasing

attentions.
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@ Baseline geomechanical characterization

@ Steps and outcomes for geomechanical
modeling
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Geomechanical issues

Ground surface uplift Injection well

@ stress-strain and pore
pressure change
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@® ground surface uplift
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Fracturing

@® mechanical integrity of
the cap-rock
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@ fault stability
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Intention: a brief introduction to geomechanical Issues and the analysis
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> THMC processes and geomechanical issues
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THMC processes and geomechanical issues
HTMC processes in GCS
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CO2-water-rock
reactions

T— thermal (£

H— hydraulic ()

M— mechanical ( 7))

C— chemical (#)

(1) Density, viscosity (255 F)¥)

(2) Advective heat transport (X} if%#4)

(3) Thermal expansion (FEZ k)

(4) Exothermic/endothermic process (WL )
(5) Reaction rates ()iF JEK)
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(8) Density, wscosﬂy por03|ty & permeablllty
(2 B2 R LI VB I %)
(9)Advective solute transport (% 5tz i)

@® GCS is a complex multi physics problem.
@® From GCS perspective, H—-M, M —-H & C—M are most relevant.




THMC processes and geomechanical issues
Stress and pore pressure change (I 1 5FLEA5 k)

CO2
migration

CO2 injection CEAAIIEN)
— Pore pressure increase

(‘7( L };Ei le]) Principle of effective stress
— Effective stress decrease
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— Pore volume expansion
(LB AR ZAK)

— Facilitating the evolution of the pore pressu
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— Promoting CO2 migration
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THMC processes and geomechanical issues
Stress and pore pressure change (I 1 5FLEA5 k)

® Any change in reservoir pore

_ | pressure will induce some stress
and strain changes in and around
the injection zone.
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Importance:
@ Preconditions for analysing other issues (A #7H E 775 /5| & 9 5 #2551
@ Basic understandings for the changes of cap-rock and reservoir

(IR B L PERF s = AT /= 11T D ) 2 AL AT

‘,:A a A.S China,Australia,Geological, Storage,of CO2

I e A A S

1]
=

T
Lo |23




THMC processes and geomechanical issues

Ground surface uplift (M3 %)
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THMC processes and geomechanical issues
Ground surface uplift (M3 %)
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®Direct response
of the subsurface
mechanical issues
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In Salah project
Left:

numerical simulation
Right:

field monitoring




THMC processes and geomechanical issues
Mechanical integrity of the cap-rock (&5 )2 /7% 5¢ #54k)
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Connecting fractures supply a potential leakage path for CO2 escaping through the
cap-rock. The mechanical integrity is considered to be damaged if the pre-fractures
are activated or new fractures are induced.
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THMC processes and geomechanical issues
Mechanical integrity of the cap-rock (&5 )2 /7% 5¢ #54k)

Pre-injection fractures activation or induced fractures are not the sufficient
condition for CO2 leakage.
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THMC processes and geomechanical issues
Fault stability (W7/Z%20€ 1)

Mechanisms for inducing fault reactivation
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THMC processes and geomechanical issues
Fault stability (W7/Z%20€ 1)
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> Analysis method for geomechanical issues
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Analysis method for geomechanical issues
Numerical simulation (Z{Ef5{)

@® Complicated situations
— irregular geometry
(ANREI LA A5 1Y)

— multiphysics problem
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Distribution Map of Displacement along Direction Z (t=2.5+108s)

(Z HiE ) L)
— long time span
N
Distribution Map of Plastic Zone (K=1.6) Distribution Map of Plastic Zone (K=2.0) Distribution Map of Plastic Zone (K=2.8)
Yuan Wei et al. 2013 @® Numerical modeling

method is the most widely
used method in simulating
the geomechanical issues
in GCS.
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Analysis method for geomechanical issues
Governing equations for HTMC processes

(HTMCHE & i R 4 7 F8)
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Analysis method for geomechanical issues

Coupling
modeling
Method
GixE
FA
PARES)

74"

Coupling degree
(# & FE/2)

Full coupling
(EAE )
Partial coupling
(J9F 1)
One-way coupling

(B 17 5 7K)

numerical algorithm

(H A 5772)

Finite element method

(17 kR o0)

Finite difference method

(HBRZESD)

Finite volume method

(17 FRARFR

Distinct element method

(7 BRAAAA)

74"

Softwares
(#1D

CodeBright
OpenGeoSys
FEMH
Geosim
DYNAFOW
COMSOL
Eclipse
Abaqus
Tough2-Flac3D
ToughReact-Flac3D
SIMED lI-Flac3D
Retraso-CodeBright
Tough2-Codes_Aster
NUFT-GEODYN_L
ATHOS-VISAGE
Eclipse-VISAGE
NUFT-LDEC
ATHOS-Abaqus




Analysis method for geomechanical issues

Full coupling gREE 45

Matrix form for governing equations

Definition

Simultaneous solution of all of the partjal

differential equations BT 1 w53 75 2 7
IS S )

=

Features @

M —C, —C 0 0 0 u—— | displacement
0 H, O 0 0 O P,
0 0 Hr o0 o o |Jr[” pressure
0 0 0 Hg 0 0 )6 temperature
0 0 0 0 - 0 £ —
0 0 0 0 0 Hey| |Cy)™™|composition
i 0 0 0 0 O07(uy) (f
€ Row Cp 0 D 0 P £
0 C, Ry 0 0 O Tl )L
e 0 0 B 0 0 [V€., 1 Ve
0 0 0 0 - 0 : :
|0 0 0 0 0 Rg |Gy aal

[u, p, T,C,,....C, —unknown variables

[ut’ pt’ 1t’ ’CNt ]T_
[, fW, T F

time derivatives

fCN ]T

—— the nodal loads, the flow source,
the heat source, and the solute source.

® The highest level coupling method
(R e

@® Heavy computational requirements
(HCRR)

@® Relatively simple physical and math-
ematical modelsH X faj B [ fE 1)

=
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Codes @

CodeBright; OpenGeoSys; FEMH; Geosim;
DYNAFOW;COMSOL,; Eclipse; Abaqus
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Full coupling @&£54)
Case study
Oy l

¥ x

Shunde Yin et. al.2012

® Two-dimensional model (—#Ef4)

@ Elastic constitutive model (7L A< $4))

@® CO2 saturated water injected into a
carbonate aquifer
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Stress (MPa)

1 Effective tangential stress

no chemical effect
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Pore Pressure (MPa)
3 3
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x (m)

Effective tangential stres

254

with thermal effect
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Partial coupling {5#h5)

Coupling processes

Non-isothermal multiphase
| Fluid module | multicomponent flow and

reactive transport analysis

R.P,.T.S.S,

pKR

| Mechanics modul4 Geomechanical stress-strain
Analysis with HTM coupling

R =liquid pressure

k = permeability
P, =gas pressure @= porosity
P. =capillary pressure T =temperature
Tk T‘ Tk+l Tk+[
Pk Pk Pk+1 Pk+]
TR
Fluid ¥ A ko ar
T
module /7 K ” Ap 7
ap " A9 ap’ - 4
At Ak AT Ak 4
# AP,/ AP/
Mechanics | .7
Ac J >
module As Ek Ac lé — >
ck’ € AS 0-k+ ’ €
Calculation k

k+1
|
step '

Definition

Each module is implemented separately, the paramete

of computation modules are corrected at the ershoff

-

calculation step /MM B8, R —PUHE KA
B IEHZH)
Features

@® Complicated constitutive model and irregular geayn
(B2 AR BTN LT A Y )

@® A more wide and complicated application
(fault stability, fractures network et al)) ¢z [{13 )

et

@® Separate softwares linked through data communication

(A TR XA AR EL A K 3

Codes ﬂ

Tough2-Flac3D; ToughReact-Flac3D; SIMED IlI-Flac3D;

Retraso-CodeBright;Tough2-Codes_Aster; ATHOS-VISAGE
NUFT-GEODYN L;
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Partial coupling {554
Case study

(a) (b)

100m eservoir

L . Shmac26MPa
24 km S

- : :I::‘\': e I
Fault plane ~ g fs —
hrmin ™
168M

Joseph P. Morris et. al. 2011

@® Three-dimensional model; large scale
(Z4ER Y, R RUE)

@ Elastic-plastic constitutive model (338 M A #4)

® Several faults (£ 47 )2)

OMPa NN T T T | POEEE 12MPa
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One-way coupling#. [ #54)

Coupling processes

Definition

AK,A@,AP,

Fluid module | =——= Fluid module

I;I).n‘ Pg,n 'Tn‘s,n ‘Sg,n | | I;I).n+1‘ Pg,n+1‘Tn+1'S n+1'sg n+1 |

The fluid flow problem is solved first followed by
the use of updated pore pressure as the exteawl lo
in order to solve the geomechanical problem.
(oKL, ARG UL AR T Bm A 2] ) 7
R 5E)

Ao, Ae

echanics moce———— echanics o

step i
n

i
n+1

=
=

Features @

R =liquid pressure k = permeability
P, =gas pressure @= porosity
P. =capillary pressure O =stress

T =temperature g=strain

Codes

Eclipse-VISAGE; NUFT-LDEC
ATHOS-Abaqus

@® Minimal coupling degreefi & FL 2 H1I%)

@® No feedback of the mechanical results to the flui
module (¥ 7% & 1 27 it FEXN VB UL IR 52 1)

@® The highest calculating efficiency and the lowes]
accuracy ¥ iy, HERATERAR)

@® Only pays attention to the mechanical response

(DUIRIE T 240 Jv)
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One-way coupling . [r k5 7)

Pore pressure
td}'?

Reservoir model

355

volumetric strain
t3gs

Amélie Ouellet et. al. 2011
@® Three-dimensional model; large scale

(R, KRUE)
® Elastic- plastlc constitutive model (353 1 A #4))

@ Several faults (£ 5 W )2)
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Conclusions and recommendations

Conclusions 45 £)
Coupling degree

Mechanical issues

Low / Stress-strain and pore
One-way pressure changes
coupling
Ground surface
deformation
Partial
coupling —— _
Mechanical integrity of
\ 7 the cap rock
ling_"
_ S L ) Fault stability
High *
High Accuracy Low
<<4
High coupling Low Efficiency High Low coupling
degree | e —— (|eglee
Small Model size Large




Conclusions and recommendations
Conclusions 5 £)

(1) Isotropic elastic and elastic-plastic models are widely used for
numerical modeling in CO2 storage systems. Discontinuous model are
relative seldom used.( 2 /a/ /] FEHT 7 PERIZE 2 FEFZE D T 2) 32 s
TZELET T HI DT )

(2) The intact elastic model and plastic model are the most widely used
methods for simulating the integrity of the cap-rock. However, these
researches are only qualitative analysis of the integrity of the cap-rock.
(AR AT FE 2R 02 DT T i S 1) e BP0, (A2 A2 E
VT SR FE )

(3) Fault stability assessment is based on Mohr-Coulomb criterion. The
earthquake process are relative seldom simulated.( 47/ & & T T
TR T TN JECAMEN, X E 1 FEHI R 5D )




Conclusions and recommendations
Recommendationsdf iX)

(1) Almost all geologic formations are considered to be isotropic
materials, which can not describe the sedimentary rocks accurately. A
constitutive model depicting the GCS process should be studied in the
future. (/i /i FEFRZEA GESE G 6 DU TR HIFF I MG, i R
— Pl 7 i CO2 1 L] L T I A TR )

(2) Simulations should be developed to investigate the propagation of
multiple cracks coupled with HTMC in order to assess the integrity

of the cap-rock.(ZEHTMC L FEHTZ ZX T E I 72 PR )

(3) Although a geomechanical analysis of CO2 storage systems has been
performed to acquire a basic understanding, a perfect evaluation system
and procedure for the stability analysis of an entire site is lacking. Such

an evaluation system should be developed and used for site selection

in the future. (éxﬁ/ﬁcozl‘ﬁ/fiff HI T F I C RGNk R, 1HE, X
LI IEE TPV F ZERE IR I T )
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