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Background

CO, Geological utilization and storage (CGUS)
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Background
Mechanical Stability
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& Large scale: tens of millions ton of CO, injected at single site,
area of about 1000km? involved

€ Long term: hundreds of years
& Multi-physical coupling: T-H-M-C coupling
Aims: Current understanding, theory framework
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Interaction among THMC processes

+ it

(1) Heat convection, enthalpy (3) Thermal stress, thermal damage

(2) Density, viscosity /
\ . (6) Effective stress

(4) Exothermic/endothermi

(5) Reaction rate, hydrate (3) (7) Porosity &

permeability

(11) \

_ _ (10) Rock mechanical properties,
(8) Species convection transport ; ominduced "
adsorption-induced swellin
(9) Density, viscosity, porosity & g J
» and softening
permeability
(11) Pressure solution
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Individual process-Hydrodynamic process

Multiphase and Mass conservation
multicomponent

ijM’fdv = [F~endr+ [g*dv
dt ; ;
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Single process-Hydrodynamic process
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Single process-Hydrodynamic process

Key Parameter-relative permeability

Porous disk
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Single process-Hydrodynamic process

Pure CO,
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Coupled processes-Hydrodynamic process

MRI Images of COZ displacement (Jiang LL, 2016)
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Pore-scale

Numerical simulation of CO, injection (site-scale)
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Coupled processes-Hydrodynamic process

Impure CO, Injection at Tongliao
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Coupled processes-Hydrodynamic process
Monitoring of CO, migration Sleipner Field Boait, et al. 2012
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Energy conservation

EJMKdv = [F*endr+ [q*dv
dt V. r, vV,

N T~

Single process-Thermal process

Must be coupled

with H !

convection

conduction /

/

Mt =(1-@)p JBBT + > S, pUu,| [FEP=—8VT+> h.F
= T
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Single process-Mechanical process

Motion equation
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Single process-Chemical process

Mechanical dispersion

Mass conservation Solute transport l

d o ; B Molecular diffusion
dt NG .[F ondF+jq dV'l convection  dispersion
Vn \ 1_‘n Vn J/
\ T~

=¢5,Cy’ A" =F C — (65,07 )VCy

Chemical reaction  °Gas solution |
-Aqueous complexation

] *Redox
0 0| »
=G + vkjck +vaJ n + D Vo (€ — At )=T?| +lon exchange
n=1 *Adsorption
*Mineral dissolution
/precipitation

Basis species

Mineral at equilibrium and
Aqueous complexes

kinetic constrain P
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Single process-Chemical process

Chemical reaction-gas solution
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Slngle process-Chemical process

Chemical reaction-water/rock reaction

T Gas out
fastest e Dissolution of COs; (acidized pH)
Equilibrium (1D COa (g) + H.O =H' + HCO,
aster i . . .
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10'“-102"3 @ K-feldspar — 3SiO: (aq) + AlO;" + K*
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Coupled processes-Chemical process
CO,-water-rock reaction-batch experiment

CO2-water-rock reaction near the wellbore

Unreacted cement  Reacted cement Brine

CO, only

it Zhang, et al.
2013
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Coupled processes-Chemical process
Long term CO,-water-rock reaction

Fracture
Swarm

- COpcharged

bnne

Fracture
Swarm

Kampman, et al. 2014
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Coupled processes-Focus
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Coupled processes-HM processes
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Induced-seismicities can be mitigated by regulations, site selection,

evaluation, monitoring and control
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The Geysers Geothermal Field, California, USA

M=1.5 events recorded since 1965
(maximum M4.6)
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Coupled processes-HM processes

# stress-strain and pore pressure change 4 fault stability
4 mechanical integrity of the cap-rock 4 ground surface uplift

Ground surface uplift Injection well

Fracturing

Base

Pressure buildup induced by CO2 injection is theelwé\{gifﬁgﬁrgeﬁﬁ
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Coupled processes-HM processes
The changes of the stress-strain and pore pressure
CO, Injection

— Pore pressure increase

CO2
migration

. II .
Other @® Basic understandings for the
factors changes of cap-rock and reservoir

— Effective stress decrease

— Pore volume expansion

— Facilitating the evolution of the
pore pressure

— Promoting CO2 migration

Importance:
@® Preconditions for analyzing other
ISsues
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Coupled processes-HM processes

The change of the pore pressure
i ' ¥ ¥ i ' 1 t ¥ '

Caprock
400 m
I — ‘ ® Prominent effect of
6= Aguifer  T=320K  100m mechanics to pore
iR ] o [-3 [=] [+] -] 7 -
Axysimefric model 1000 m Aquifer hnunduri::, pressure-
Constantheadb.c. @ Notable difference
Aquifer (red point) Cap-rock (green point) between the aquifer
o 0 H and cap-rock.
15 1 H /ﬁ//]/ 24
g 1 é 14
205 HM < {\g- ‘\/ HM

0.1 ; t(d) 10 10 0 20 42)?)A 80 10(? - .
t(d) | Drop in the initial fluid pressure |
Vilarrasa et al. 2010 ek
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Coupled processes-HM processes
Ground surface deformation

CO2
‘_

Pore pressure increase

Upper / \

Volumetric .
Aquifer NP : extrusion force
d expansion
. S from the bended
In the injection
cap-rock
Zones

\ /

sgueezing the
overlying rock mass

l

ground surface deformation
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Coupled processes-HM processes
Ground surface deformation

AT TOUGH2
3 Multiphase Flow
Simulator

mudstones
(900-1800 m)

I 7
thm e C10.2 sandstone
l N (1800-1820 m)
=z g Base (D70)
“ : e NN I (below 1820 m)

Rutqvist et. al. 2010

Cretaceous

sand/mudstones

(0-900 m)
/{Carboniferous

® Dground< D

injection . 0.03
' 0.025

@® The permeability of the 002

cap-rock has and effect 0015

to the surface uplift. .

@® Temperature and stiffness
have a slight effect.

0.01

Ground surface
U,=0012m

Top of injection zone
U,=0016m

Calculated
B  Measured KB503

1 Measured KB501

D

ground

-
D

injection

Half of
horizontal
borehcle

Effect of the permeability

500
TIME(days)
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Coupled processes-HM processes

Fault

Fault-11

Fault-10

Fault-08

Dis.(mm)

429

357
286
2.14
143
071

Injection well

0.00 Over/under-burden
z Fault and Reservoir

Ground surface deformation

Overburden

Fault

Horizontal
injector

Underburden

INSAR Surface Relative Displacement
(betweer/20050418 and 20060403)

Vertical fault

» Direct
response of the
subsurface
mechanical
ISSues

» Coinciding
with the
monitoring
results

In Salah project
Left:

numerical simulation
Right:

field monitoring
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Co upled processes-HM processes
2 wespr  Mechanical integrity Elastic model

Ground Surface N :_ Z &
J Overburden E\ 1_6,(:1 o @Two-dimensional plane-strain model
JprdE==)
==t @ Partial coupling method
/' ;\_%;_\_9/: X
Base " T
s ‘,' 600 km (|nf|n|te acting) ®H-M
I
BB o '
,/ Fixed P, T, u, n
a
6m :_OVERBURDEN S
i = 2 . . —
™ e 1| Compressive stress regime o,=1.5c,
= o LT N = S . ST N .
5_1000 : _~ sy | @ Shear failure is likely to be initiated in
§ 222 .::\\_x "”'6 i == = shallowly d_lpplng at the interface between
3, Lo T~ - the reservoir and cap-rock.
-1400 _CAPRT‘ :ij j\‘-:‘.,i e 4?5;:/\ —
e eV~ @Low possibility for tensile failure.
-3000 -2000 -1000 0 1000 2000 3000

i}

DISTANCE FROM INJECTION POINT, X (m) @ PR p——
RUtC]VISt et al. 2007 ey IERFREESELI TR
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Coupled processes-HM processes

I\/Iechanlcal Integrity

-600 Region of high potential for l Psm (MPa)
OVER BURDEN ten: I failure (Pfm > 0)
=700 e 2
g CAPROCK3 1
= i 0
800 ,\/
900 [ OVERLYING \ P
; ZONE 3 \ 1 Shear slip most likely on
-1000 f steeply (abo utGO )dpping
F CAPROCK 2 <i fractures because oz > oy
-1100 j .
y d' _
: 1 —
-1200 ;°"Z%R¢E“£‘G\ f 44
= N AL
-1300 F — —_—
[ CAPROCK 1 = — —
1400 F —_— —
-1500 f_INJECTION ZONE 1 \ /
E Col e b e e
-3000 -2000 -1000 0 1000 2000 3000
DISTANCE FROM INJECTION POINT, X (m)
t=0
30 1VYr
C 3Yr
o5 [ Compressional
r o', >30, stress gesgime
L Oy = 1.90,
L (Shear slip) (©n v)
20
L t=0
15
10F ’é(tensional
C stress regime <3G
L — <
5 (0,=0.70,) o .0 3
L (No slip)
0 C oo o0 v b v v b b
0 5 10 15 20

c'; (MPa)

Rutqvist et al. 2007

Elastic model
Extensional stress regime o, =0.70,

@ High potential for shear failure occurs
throughout the CO2-storage system and in
preferentially steeply dipping fractures.

@ High potential for tensile failure occurs
In the bottom of the cap-rock

@ In compressional stress regime, shear failure
Is much more likely to occur.

@ Compressional stress regime is not favorable
for mechanical integrity.
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Coupled processes HI\/I DroCcesses

Injection well

== '

Mechanical integrity
6090m N ’

VVel yuan €et. al. ZULS e

||||||||||

@ Elastic-plastic constitutive model il failire
@ Criterion: the elements of the
cap rock tensile yield
@ Method: strength reduction
method
@ As the reduction factor increase,
the failure area enlarge.
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Coupled processes-HM processes
Mechanisms for inducing earthquakes

i“

Changes in solid stress
due to fluid extraction or injection
(poro-thermoelastic effects,

Direct fluid pressure changes in gravitational loading)

effects of injection + * + *
(fluid pressure ) abl
diffusion i
* ) II I reservoir/aquifer

Volume and/or mass change

Increase in pore

pressure along

fault (requires Change in loading
Permeable high-permeability conditions on fault

reservoir/ pathway) (no direct hydrologic il
aquifer connection required) William
L. Ellsworth

2013

@® The loading condition on fault has changed. @ GEESERREL NSHR

@® The effective stress acting on fault decrease by increasing pore pressure.
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Coupled processes-HM processes
Fault stability- Constitutive model and failure criterion

(a) Stress regimes

thrust normal

a->
—

(b) Schematic failure envelopes

N y
{ ¢ < >
[ &l el
< e
1‘ o \aGUOCY\ 1\
e W0
g u\\a\\‘“e increase in
2 .
pore fluid pressure
& <> >
T, 0 Gy - Py G, =P,

effective normal stress

IEA Environmental Projects Ltd. (IEAGHG) 2013

Elastic-perfectly plastic
theory

@ Mohr-Coulomb criterion
@ Zero cohesive strength.
@ The coefficients of the
static friction: 0.6<u<0.85

- -t
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Stability evaluation of the fault

The slip tendency is defined as the ratio of the
""shear stress to the normal effective stress

womios | - T i 0, — Normal effective stress
S 5 | T — Shear effective stress
: n pf !
_ Pi— Pore pressure
Slip tendency on fault surface Streit et al.2004

Evaluating the seismic magnitude

Quantification of the overall size of an earthquake is generally based on the
seismic moment M,defined for a ruptured patch on a fault by the following:

ool . M— Seismic magnitude
4 — Shear module

‘M =(log,y M /1.5)—6.15 A — Reactive area
Rt EERNE S A—— d — Slip distance @ B

=l
i
|4




Coupled processes-HM processes

Fault stability Case study 90days ,,
: - ‘ . T i€
Y ¥ 4 ' ' 48 L] " . | B E
o] To=225°C-P=5MPa| | i | s
& l ' ) 7 Q.
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Coupled processes-
Shenhua CCS site
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Summary
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Summary

1. The key indicators of CGUS project performance are
capacity, injectivity, sealing, stability and productivity

2. Prediction is based on detailed geological model and on
knowledge and analysis of THMC processes

3. Short-term processes in EOR and DSF/EWR have be well
understood and reasonably simulated

4. Their long-term processes and the other CGUS options
need to be studies

5. Fully coupled analyses is not always necessary. Identifying
the dominated processes is critical
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