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Development of Hydro-Mechanical Coupling Method for CO,
Sequestration and Its Application to Sleipner Project

Sangki Kwon*, Hyeji Lee

Abstract CO, sequestration for alleviating global warming is a hot issue in the world. In this study, TOUGH2 and
FLAC3D were combined for analyzing the hyro-mechanical coupling behaviors expected in CO, sequestration and
applied it to Sleipner project carried out in Norway. In the analysis, the influence of pore pressure on in situ stress
was considered and the influence of caprock permeability on hydro-mechanical behaviors was analyzed. In the
condition of constant injection rate, pressure and saturation at the injection well, liquid and gas saturation in rock,
major and minor stress variations with time and distance from the injection well, and horizontal and vertical
displacements after injection could be investigated. The major principal stress was quickly increased in the early
stage and then slowly decreased to a stable value, which was higher than the initial value. In contrast, the minor
principal stress returned to initial value after some increase in the early stage. Surface upheaval was steadily increased
and it was up to 15mm in 2 years after injection. When the caprock's permeability was changed from 3e-15 m’~
3e-18 nr, it was found that the injection well pressure and surface upheaval were inversely propotional to the
permeablllty.
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Table 1. THMC coupling expected in rock mass

Selojst G S J1e A L Ag - ety ZeAE

Thermal (T)
Parameter : temperature Mechanism :

change, buoyance

water property

Mechanism : thermal stress | Mechanism : equilibrium and

reaction kinetics

Hydrological (H)

Mechanism : heat convection| Parameter : flow Mechanism : effective stress| Mechanism : mass transfer
Mechanical (M)
Mechanism : thermal Mechanism : change of Parameter : stress, Mechanism : modified

property change density and aperture

deformation, fracturing reactive surface area

Mechanism : chemical

reaction

Mechanism : permeability
alteration

Chemical (C)
Mechanism : Parameter : reaction kinetics

healing/weathering/dissolution
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Fig. 1. Calculation flow for THM coupling using TOUGH2
and FLAC3D
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Table 2. Pore pressure stress coupling ratios obtained from measurements at different reservoir sites (Altmann, 2010)

Area Scale Aoy/AP
Scotian shelf, Canada Over-pressured basin 0.76
North West shelf, Australia Over-pressured basin 0.75
Gannet and Guillemot fields, North Sea Over-pressured basin 0.60
Vicksburg formation, South Texas Depletion in field 0.48
Travis Peak formation, East Texas Depletion in field 0.57
Alberta basin, Western Canada Depletion in field 0.3
Ekofisk field, North Sea Depletion in field ~0.8
US Gulf Coast Depletion in field and 0.46

Over-pressured basin

Lake Maracaibo, Venezuela

Depletion in field 0.56

Depletion in field and

Baram Delta Province, Brunei . 0.59
Over-pressured basin

Magnus field, North Sea Depletion in field 0.68

West Sole field, North Sea Depletion in field 1.18

Wytch Farm field, UK Depletion in field 0.65

Venture field, Canada Over-pressured basin 0.56

Nile Delta, Egypt Over-pressured basin 0.65

oA TH A& s3sto] oliteetao] oy, 5, oF
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Fig. 2. Location of Sleipner site

Sleipner A

Sleipner T ﬁ & .

Gas
Slelpner West
“\ CO; Injection Well

A

Fig. 3. Injection concept at Sleipner (Torp and Gale, 2004)

Utslra
Formauon

[

{Sleipner East Field]

Sleipner East
Production and Injection Wells

= 1~3 darcyo]™ FEZA]L AY(~75%), potassium
feldspar(~13%), H3alX(~3%), albite(~3%) o2 -

Table 3. Conditions at Sleipner project.
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AHErh Egfo|zy ZRAEE o] AYofA HA7EA
E AASH= StatoilHydro Alel| 9J8] 4=34=]¢ic) o)At
SletA = 2 YA (supercritical) AEZ FEch 2
Al A, olAkEketAr AR E(31°C)Lt A=(73 atm)
= 28k 2104 7k} Ao 5498 7HA]AL 9
= AEE oujsith. 2 AdoAe] &E&= 25°C
o8 A= on 9] oA 2= 48°CE 3=
A=tk Alnes et al., 2011). FYU2 FYR oA
P} 22 11 MPa o[t} o]Alsletirt FlE=
74 3¢ 10 cm o)) AR 97F BAE ITH Alnes
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salt mass fraction(g& Z=F8])2 0.032, o|4lS}ekA-9]
A= 4.54e-4082 A6} olilsldas 110
bar®] QFEl o g 2 0.238 kgo] == 2oz 71
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¢
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Parameters Conditions
Injection rate 0.238 kg/sec
Initial temperature 37°C
Geothermal gradient 3.3°C/100 m
Injection pressure 11 MPa
Injection depth 1000 m
Temperature at injection well 48°C
Sea depth 100 m




et Aok 151

1 g (6000,0,1022)

©_ (6000,0,1022)

Fig. 4. Model mesh

QIelo] 8ok gl Ao RARIHOH LeiA 2
AL WIS AZeh 27182 A4t 4
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A AES 39 4 3552 35%~42.5%= 1
EP O H(Torp and Gale, 2004) £ Lol A= 35%E
ARESHITE AlE5-2] 789 10.25%5 ARSIt AT
EAl(Relative permeability)+= van Genuchten-Mualem
S ARSIt Pruss et al., 1999).

01§34

i

A O] AFRETAT (k)= ThE o] FefXich
VEF 1= (1= ($9)VA )2 ifS5 < 8,

K { its, > s @
1 1 s

A71A § =(5—-9,)/(1-S,)

7}29] relative permeability(ky) = Th 2|02 IS

4 gk

1—k, ifs, =0

k. { . ~ (3)
(1-9(1—9%) ifs,. >0

o}7]4
§=(5-5,)/(01-8, 5, oIt

Capillary pressure(Pc)+= Th2-2] van Genuchten 3}
R

P=—-FR(sT? -1 )

c

CRER
kil = )&} A=A
SI = oHA|o] Zojmw=

S = A9 RS

Ke = 7h20] AthEsAs:

Ser = 7F29] ZFEdE
A = van Geunchten-Mualem A} (m)
a = van Genunchten A<~ (1/kPa)
2 aaolH ALgat A5 ARk} AlolEe) Salof
A

4 =442 Table 49} %“:}-
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Table 4. THM properties of sandstone and shale

Selojst G S J1e A L Ag - ety ZeAE

THM properties Properties Reservoir (sandstone) Shale
Model Elastic Elastic
Mechanical Young’s modulus(MPa) le4 5e3
Poisson’s ratio 0.3 0.3
Porosity (%) 35 10.25
Physical - 3
Density (kg/m”) 2600 2600
r=0.4 A=0.4
Capillary pressure Py=3.58kPa Py=62kPa
(van Genuchten-Mualem) Pmax =1€7 Prax=1€7
Si=0.2 Si=0.2
Hydraulic Permeability (m®) 3e-12 3e-15~3e-18
A=0.4 A=0.4
Relative permeability Si=0.2 Si=0.2
(van Genuchten) Sii=1.0 Si=1.0
Se=0.1 Sg=0.1
| 4. 6410e-004 to 5.0000e-003
300000002 1o 1.80000-002
| 2:50000-002 to. 3.00006-002 23 days
3.0000e-002 te 3.5000e-002
3:00006.002 1o 450000003
60 days
(==
278 days
I
578 days
—
2 years
! . — —

Fig. 5. Distribution of fraction of CO, (XCO2) at different times after injection

4.3.1 TOUGH2 48] &4 Az}

Fig. 5% TOUGH2 $:2j8142 8] @doj4l CO,9]
fraction I3} Hojzr). A|7ke] Hulo| whe} HAHL
2 olilslekavt SERko B WAk 9leg of 4
oIt Fig. 62 5913 AR Al2Z o4 Azko] whe}
sk qrelo] wiske molzrh FelgolAE ojils)
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110m
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——Well =#-80m —#110m

-137m —©-181m

|
80m bﬂh

Well

0 100 200 300

400
Time (days)

500 600 700 800

Fig. 6. Pressure change with time at shale layers after CO, injection

0.9 |

0.6 |

Gas saturation
[=]
L

0 50 100

——led sec

—&—1leS sec

—#—lebsec

+1e7 sec

——6e7 sec

200 250 300 350

150
Distance from the bottom (m)

Fig. 7. Gas saturation change with time and vertical distance from the bottom of the model

& 29} 27)0l WEA F7lskebt 469 At 3, 2
o) 145 MPa 9| gelo] wpAgshu] A7ke] o]
we A5 sk 3% Holw gitk o]t 0238
kglsec® AHE 24w} BiEl S02 Heke

FUBolA] ol FhsHe @hele] 2717} Zol
£3 glon] £o4o] e UFe] dRow gl
W3k Qo] 91X]o] ufel oFzke] Hol S
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SR 22 m Aol Tk2EshEst by ) et

Eo]g oF A

_1

<

AUt 2700l ZRAEstEE W Wslehs k] &
T v|ad] H2gk Alzto] Aukghe] whEk 2o pkAzst
TE F7keb Wsge] Hee Yol oles &
4= k. 53] A7ke] Hutol whet AR AUFe]
o] o] UetUH ol F9] o R JpAES =
BAEE ofARS Ho|al Qi) Fig 8 YA AL A]
7b 7t M2 xSl WIS o) 7pARsiEol
A|&2Q1 F7tell e} Liquid Z3He= 0.79]4 WolA]
T 100 st o]Fofi= 0.1014 HYst=l= Zo
2 yepdth
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Saturation

seloat A% 4 71

U A48

- Zetolxy mzds

——Gas —#Liquid —&—Solid

10
Time (days)

100 1000

Fig. 8. Variation of saturation with time at the injection well

Major principal stress{MPa)

300

400

500 600 700 800

Elapsed days since injection

Fig. 9. Variation of major principal stress with time at the locations along the vertical line through the injection well

432 HM &4 Az

TOUGH2E ol 8%t 3141& £3) 2lofxl o2, 2,
Zehe ARl FE3t0] FLACY 27|3koR AMed
4 QEE x2S A4Stk FLACS o84 ofs}

S ol g2, el MakE Auste] DSl o
e B 4 olek HM siRlelAE 4 (el gl
33 W A0)el WE £BSY 2 £B3Y st
(AP) Bl AA ole) R A58 SeAsh s

9] Hatgkel 0.645 AREsHStt. TOUGH2E o]8-3t
A-re] Aol AT B3 WSHE Tletstel 4=

2yl g SR 5 ofalale sl Fie.

9% 2] F BIA WE 7 F45 el 914
3t ofe} MMl Ak Weke ol 24
o] Z=22 mof| YA|s}al Qo2 7=38 m A|F> F
B A 16 mE SuIFITE FUFAA ke A2
A Sftgelol WA ssiel Hugol me

OIF AAs) Wollch} 23E o SRk 29
2 Holtk =77kl H3) 0.5~ 15 MPa 7}4]¢] =82

Apzo] YERHS oF 4= )t} Fig. 102 =37 glo| w}

£ s Wes molkch 2972l et Ay
Fgeo] AZo] w2 Wa oRyol olrh L A
o % Qlek FURAN APEE ARAAE 2 2]
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Major principal stress{VIPa)

—-X=46m

—=-X=100m
—a-X=551m
- X=926m

26.5 L L

0 100 200 300

400 500 600 700 800

Elapsed days since injection

Fig. 10. Variation of major principal stress with time
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Fig. 11. Variation of minor principal stress with time at the locations along the vertical line through the injection well
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Fig. 12. Variation of minor principal stress with time at different horizontal distances from the injection well
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Fig. 14. Variation of the vertical displacement with time at the locations with different vertical distances from the injection well
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Fig. 15. Variation of the horizontal displacement with time at the locations with different horizontal distances from the injection well
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Fig. 16. Comparison of well pressure with time from the cases with different caprock permeabilities
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Fig. 17. Comparison of surface heave from the cases with different caprock permeabilities
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