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Task1l: Site Selection Method and Criteria of CO, Geological Storage

Research on Trapping Mechanism and
the Assessment Method of the
Regional CO, Storage Capacity

Dr. Ruina Xu, Prof. Peixue Jiang,
Jin Ma, Shu Luo, Cheng Gao

Department of Thermal Engineering,
Tsinghua University




Tsinghua’s Tasks in CAGS Lo "f % 1%

* Project 1:Site Selection Method and
Criteria of CO, Geological Storage

— Task 2: Research on the characterization of
dynamic behaviour and the assessment of the CO,
storage capacity

* Project 3:The Studies on Environmental
Impact and Risk Management of CO,
Storage

— Task: Risk modeling
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CO:2 Storage Capacity Pyramid f{ f % ‘jé'

E: Storage efficiency factor
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Parameters related to E factor i@; r{ f 4 é’

o Trapping Mechanisms

— Pressure and Temperature
— Swirr‘ Irreducible Water Saturation

— D002t Residual CO, Saturation

Different models of E
— Relative Permeability factor have been
° Stratum Proper‘[les developed, Wlth the

. result that £ varies from
. Structure, Porosity, Rock characters 1% to 20%.

* Geochemistry
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Research Work T EZS %

* Study on CO2 migration and trapping mechanism during CO2
geological storage

— Physical trapping: Visualization experimental investigations of
supercritical CO, injected into porous media

— Physical trapping: Pore scale numerical simulation of supercritical
CO, injecting into porous media containing water

— Chemical trapping: Field scale simulation on the effect of reactive
surface area on CO, mineral trapping

* Study on the assessment method on CO2 geological storage capacity,
especially the effective factor, E.

— Identify the influence factors on E factor and do the preliminary
research on E factor value

— Case study: Build the assessment method to link the lab’s experiments
results to the field capacity assessment

Cags sy
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1. Experiment — a) Description &

* Core flooding experience, steady state

* CO, water mixture flowing inside a rock core

* Visualization method: Magnetic Resonance
System (MRI)

* Measurements:
— Water saturation
— Pressure drop
— Relative permeability curves
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1. Experiments — a) Description

¢ Filter

® Platinum resistance

&  Manual on/off valve (> Check valve

CO2 Flow Path

Super-Critical CO:Flow

CO. Tank
CO: Pump Meter
|
Brine Tank BrinePump  BrineFlow Thermostatic  Manometer

Meter Heater

Water flow path

Core Holder in MRI

Pressure Transducer

Test Section

Confining
Pressure Pumg
Divesias Gas Flow
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Experimental system @ 1EZS fé

rm\f“'

MRI visualization experimental system of supercritical CO, migration in
porous media under CO2 geological storage conditions

Berea sandstone Sintered glass beads
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1.2 Core scale experiments

* Porosity measurement:

— Mercury Injection: ©=22.10%

mms) Difference

— NMR: ®=22.02%

25T

cags
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e 4 cases

Experience
1
Experience
2
Experience
3
Experience
4

Core

Core
#3
Core
#3
Core
#4
Core
#4

Temperatur
e

47°C
47°C
25°C

25°C

Inlet
pressure

10MPa

8MPa

10MPa

10MPa

Total injection
flow rate

3mL/min
3mL/min
2mL/min

3mL/min
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Van Genuchten Mualem law r’{fﬂ{é

Bewsa Sandstone iekbtive permeabilily, experimentzd and WVEGM dala

18 . : : i . .
s Eaneon, S0 -BU08= g Ennc3iong - X y
1.6 ¢ Permn +Eenson2003Bena Sandsione (1.2mL-min) - K = \/S7{1 —[1=(S")Y*T1*y
+  Pemin +Berson2liEEsna Sandsione 12, Smk-min
1.4l O Mabney +Brinkmeyes 352 l _ _
best VG Lambasd 66, 3ir=d 27, Sls=0.08, Sgr00s || K, = (1-5)°(1-57)
124 ax periment Mew 11 cond 1
g " expariment Nev 11 coed o (S,-8S,)
E 'r (Sls _Slr)
g- e S = (Sl_Slr)
& (1-S, —S.)
ﬁ 0.5k v
Uar A =0.66
e Sir=0.27
| Sls = 0.99
i % - Sgr =0.08
i o1 o2 03 0.4 oS 0.6 a.y & 0o 1

Liquid salusation
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1.3 Images-Rock
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Imbibiton--Sintered glass bead§:;

800

B o))
= o
o o
l 1

Intensity (a.u.)
N
S

—=—|rreducible water
—+— CO2-H20=19-1
—+— C0O2-H20=13.3-1
—v— CO2-H20=9-1
—<— CO2-H20=6-1
—»— C02-H20=4-1
—— C0O2-H20=3-1
—e— CO2-H20=2-1
—e— C02-H20=1-1
—*— CO2-H20=1-2
—— CO2-H20=1-3
CO2-H20=1-4
—e— C0O2-H20=1-9
—+— CO2-H20=0-1
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Research Work C% ff % % ;-*é

* Study on CO2 migration and trapping mechanism during CO2
geological storage

— Physical trapping: Visualization experimental investigations of
supercritical CO, injected into porous media

— Physical trapping: Pore scale numerical simulation of supercritical
CO, injecting into porous media containing water

— Chemical trapping: Field scale simulation on the effect of reactive
surface area on CO, mineral trapping

* Study on the assessment method on CO2 geological storage capacity,
especially the effective factor, E.

— Identify the influence factors on E factor and do the preliminary
research on E factor value

— Case study: Build the assessment method to link the lab’s experiments
results to the field capacity assessment

Cags sy
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Governing Equations Ry f{ % %

[ Continuity equation:
1 19 . . |
p — Py (aqpq) +V- (aqquq) — Saq + szl (mpq _mqp)
q

O Momentum equation:

%(pV)JrV-(pVV) =—Vo+V-[u(VV+VV)]+ pg+F

[ Capillary pressure equation:
20 cosf
PC —

r

v"The numerical simulation method was provided to simulate the
two phase flow in porous media by solving the Navier-Stokes
equation directly.

v'The pore scale method can provide the fundamental
“understanding of the mechanism of trapping and CO, behavior

after CO, injection into the saline aquifer.
Dy’ o@o Ju i1 SR L AR & NG 7



Model Validation

1-0 T T T T T T T L 4
1.0 . T . T A . -
A m Krw (Simulation) v
AAA ® Kro (Simulation) v
0.8 4 0.8 A A Kro (Experiment) v 4
' > A v Krw (Experiment) v
% 064 krg: air 3 0.6
g 7 krw: water GEJ
DQ-J o
2 a
-% 0.4 - ° 0.4
E Experimental results ;
by Abaci et al.(1992) <
024 = Numerical simulation results $ 0.2
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Water Saturation %
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Inlet Velocity Effects
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The water saturation distribution(Inlet velocity=0.001 m/s)
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Pressure Difference Effects
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Temperature Effects
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Research Work C% ff % % ;-*é

* Study on CO2 migration and trapping mechanism during CO2
geological storage

— Physical trapping: Visualization experimental investigations of
supercritical CO, injected into porous media

— Physical trapping: Pore scale numerical simulation of supercritical
CO, injecting into porous media containing water

— Chemical trapping: Field scale simulation on the effect of reactive
surface area on CO, mineral trapping

* Study on the assessment method on CO2 geological storage capacity,
especially the effective factor, E.

— Identify the influence factors on E factor and do the preliminary
research on E factor value

— Case study: Build the assessment method to link the lab’s experiments
results to the field capacity assessment

Cags sy



1.6 Effect of reactive surface area ; @f" f’{ f 4 b
on mineral trapping of CO, &z

* Field scale simulation using GEM-CMG
software to 1nvestigate:

—the effect of relative permeability model on
solution trapping of CO, and

—the effect of reactive surface area on mineral
trapping of CO,
* CAGS exchange achievements

— Exchange student: Mr. Shu Luo, GA, for
half year.

Cags symivmarss



Dissolution and Mineral Reactions { I’f f :}L

CO,(aq)+H,0 < H" +HCO,

o B [0 o H 100

HOsH +0H
ﬂﬂ::f"“ Calcite+ H* < Ca™ +HCO,

Anorthite+8H™ < Ca™ + 24 +28i0,(aq)+4H,0
Minerals Kaolinite+6H" <> 24T +2Si0,(aq) +5H,0

CMG Training, 2008

B Ca S China Australia Geological Storage of €021 25
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0 100 200 300 400 500 600 700 800 900 1,000

Partical Free Dissolved | Mineral | Trapped o jcommy £l
diameter | CO, CO, CoO, CO, g !
Casel 50 | 23.22% | 33.52% |18.89% | 24.37% L il
Case2 | 100 |25.24% | 33.30% [18.55% | 22.91% ).
Case3 | 290 |[25.62% | 33.04% [18.22% | 23.12% | ; g 3l
Cased | 300 |24.97% | 33.48% |17.74% | 23.81% Case 1 ..
Case5 | 500 |25.66% | 34.25% |15.66% | 24.43% o o we s o e we e |
Case6 800 27.48% 35.50% 1 1.85% 25.17% 0 100 200 300 400 500 600 700 00 900 1,000
The gas saturation of the interface !
between the upper and lower parts -
increases with decreasing anorthite S S
and calcite reactive surface areas. Case 6
China Australia Geological Storage of CO2 26
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Study of the Trapping mechanism Ef &h f{f /L

s Exper iments
Structural &
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Research Work @ f{g ﬂ?

Imﬁ“'

* Study on CO2 migration and trapping mechanism during CO2 geological
storage

— Physical trapping: Visualization experimental investigations of supercritical
CO, injected into porous media

— Physical trapping: Pore scale numerical simulation of supercritical CO,
injecting into porous media containing water

— Chemical trapping: Field scale simulation on the effect of reactive surface
area on CO, mineral trapping

* Study on the assessment method on CO2 geological storage
capacity, especially the effective factor, E.

— Identify the influence factors on E factor and do the
preliminary research on E factor value

— Case study: Build the assessment method to link the lab’s
experiments results to the field capacity assessment

Cags symumuesy -



The Research Approach r’{f 4%

v'To choose a proper model, based on the research of CO,
displacement mechanisms.

v'To find the key parameters affecting £, using AHP
method.

v'To develop the calculating methodology of E,
considering the possible range of the parameters.

v'Do Experimental case study.

c ags China Australia Geological Storage of CO2 29
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Research Approach

v'Choose a proper model, based on the research of CO,
displacement mechanics.

v'Find the key parameters affecting £, using AHP
method.

v'Develop the calculating methodology for £, considering
the possible range of the parameters.

v'Experimental case study.

30




EGeol | E

v

»E,.., Geologic efficiency. Eg,,/~1, in case of homogenous aquifers. This
research focuses on homogenous model for now, therefor cases in which E,,#1
are out of the consideration.

»E, Volumetric displacement efficiency. It represents the fraction of the pore
space that is contacted by injection CQO ,, affected by gravity in homogenous
models.

» E,, Microscopic displacement efficiency. It represents the fraction of CO,
contacted pores volume that can be replaced by CO,, related to average residual

water saturation (1-S,,,) .

ca S China Australia Geological Storage of CO2 31
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Research Approach

v'Choose a proper model, based on the research of CO,
displacement mechanics.

v'Find the key parameters affecting £, using AHP
method.

v'Develop the calculating methodology for £, considering
the possible range of the parameters.

v'Experimental case study.

e China Australia Geological Storage of CO2
| cags ‘uaﬁis:w*'engi 5*%}%“"; 32
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2.2 Key Parameters

e Current status: available parameters are limited
from the storage site at the beginning of CCS

projects.

* The key parameters are possible to measure and

have main effects on the E factor.

cags China Australia Geological Storage of CO2 33
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2.2 Key Parameters

— Structure: curvature (z) E,

— Depth (h)

— Land surface temperature (7"
— Temperature gradient (TG) E
— Injection rate (G)

— Salinity (S,)

— Irreducible water saturation (S,;..) = e ——
— Relative permeability of CO, at ., (K.cos. swin)
— Permeability anisotropy (k /k;,)

ca S China Australia Geological Storage of CO2 34
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Research Approach

v'Choose a proper model, based on the research of CO,
displacement mechanics.

v'Find the key parameters affecting £, using AHP
method.

v'Develop the calculating methodology for E, considering
the possible range of the parameters.

v'Experimental case study.

=




Tahle 2. List of Homogeneous Models

Ref Dapth, kroaz at
Homogeneous Models m P, MPa T, °C S S Structure k. Jky Q, tondyr
Madian - [1 n/yr) 7338 739 75 0187 05265 Flat 0.108 1
[Median Case)
Madian — (4 tanslyr) 2338 234 75 0.187 0.5265 Flat 0.108 4
Madian — (2 tons/yr} 2338 239 75 0.187 0.5265 Flat 0.108 2
« Samples: =
a p cS: Madian — (0.4 tanjyr) 2338 239 75 0.197  0.5285 Flat 0.108 04
Madian — (0.2 tan/yr) 2338 239 75 0.187 0.5265 Flat 0.108 0.2
. . Madian — (0.1 taniyr) 2338 239 75 0.187 0.5265 Flat 0.108 0.1
1 t lt f Median - Dome 2338 239 75 0187 0.5285 Dame 0.108 1
Slmu a lon re Su S O Madian - Anticlire 2338 pric R 76 0.197 0.6265 Anticling 0.108 1
. . Median - 5% Inclina 2338 239 75 0187 0.5285 5% incline 0.108 1
Storage CapaCIty 1n Meadian - 10° Incling 2338 239 75 0187 0.5265 10%incline 0,108 1
Madian - Quartar 2338 239 75 0187  0.5265 1/4 Dome  0.108 1
. o o Darme
Madian — Half Dome 2338 239 75 0187 05265 1/2 Dome 0108 1
different conditions =720 So S N A e
Quarter Dama
Shallow - High Tamp. BG5 9.2 45 0187 0.5265 Flat 0.108 1
Shallow — Mid Tamg. Bs5 92 38 0187 0.5285 Flat 0.108 1
Shallow — Low Temp. 895 9.2 33 0187 0.5265 Flat 0.108 1
Median — High Temp. 2338 239 92 0.187 0.5265 Flat 0.108 1
Median — Low Temp. 2338 239 82 0187 0.5265 Flat 0.108 1
Deep — High Temp. 3802 38.8 141 0.187 0.5265 Flat 0.108 1
Deep — Mid Temp. 3802 38.8 113 0.187 0.5265 Flat 0.108 1
Deep — Low Temp. 3802 38.8 a2 0.187 0.5265 Flat 0.108 1
° Methodolo . Median — k Jk, 0.01 2338 219 75 0187  0.5285 Flat 0.01 1
gy . Median — k/Jk, 0.05 2338 239 75 0.187 0.5265 Flat 0.05 1
Median — k Jk, 0.1 2338 239 75 0187 0.5265 Flat 0.1 1
1 c c h Median — k Jk, 0.25 2338 238 75 0.187 0.5265 Flat 0.25 1
1 &Ila YtIC I I leraI'C y Median — k/Jk, 0.5 2338 238 75 0.187 0.5265 Flat 05 1
Median — & Jk, 1 2338 238 75 0.187 0.5265 Flat ] 1
PrO cess AHP Median - k Jk, 2 2338 239 75 0187 05265 Flat 2 1
Meadian — kJk, 4 2338 239 75 0.187 0.5265 Flat 4 1
Madian - Basal 2338 239 75 0.284 0.5448 Flat 0.1 1
Sandstone
Madian — Calmar 2338 239 75 0.638 01871 Flat 0.1 1
Meadian - Cardium 1 2338 239 75 0.37% 0.2678 Flat 0.1 1
Meadian - Cardium 2 2338 239 75 0187 0.5285 Flat 0.1 1
Meadian - Ellerslie 2338 238 75 0.658 0.1158 Flat 0.1 1
" cags hina Australia Geological Storage of G0z Median - Viking 2 2338 238 75 0.423 0.2638 Flat 0.1 1
i I = R _
: 20 i A % Bl i Median — Viking 1 2338 238 75 0.558 03318 Flat 0.1 1




2.3 Evaluation Criterion of £ E

L,

9
Recommend value for E, E, = ZEV,,- W,

Score
Ke 0.05-0.10 | 0.20-025 | 0.30-0.35 | 0.40-0.45 | 0.55-0.65 | Weight
Paramet
T, % 0-20 20-55 55-60 60-75 75-100 | 0.185
1500-
h, m <800 >3500 800-1500 | 30003500 | oo 0.13
T,C >20 10-20 5-10 2-5 <2 0.005
TG,'C/m >0.033 | 0.026-0.033 | 0.024-0.026 | 0.02-0.024 | <0.02 | 0.025
S %o >174 60-174 50-60 8-50 <8 0.01
S . <02 0.2-0.3 0.3-0.5 0.5-0.65 >0.65 | 0.18
- >0.6 0.5-0.6 0.35-0.5 0.2-0.35 <02 | 0.125
Ik >0.25 0.1-0.25 0.05-0.1 | 0.01-0.05 | <0.01 0.21
G, ton/yr <0.1 0.1-0.3 0.3-0.6 0.6-1 1-2 0.13
\ 4




2.3 Evaluation Criterion of E E=FE
9
Recommend value for E;, £, = ZEd,i Wy,
i=1
Score
Ke 0.20-035 | 0.35-0.50 | 0.50-0.60 | 0.60-0.70 | 0.70-0.80 | Weight
Paramete
7, % 0-20 20-40 40-60 60-80 80-100 0.09
h, m <800 >3500 800-1500 | 3000-3500 | 1500-3000 | 0.03
T,'C < 25 5-10 10-20 >20 0.01
TG,C/m <0.02 | 0.02-0.024 | 0.024-0.026 | 0.026-0.033 | >0.033 0.10
S, %0 >174 60-174 50-60 8-50 <8 0.005
S yirr >0.65 0.50.65 0.35-0.5 0.2-0.35 <0.2 0.22
Kicorg <0.2 0.2-0.35 0.35-0.5 0.5-0.6 >0.6 0.17
k, Ik, <0.01 0.01-0.06 | 0.06-0.08 | 0.08-0.25 >0.25 0.225
G, ton/yr 12 0.6-1 0.3-0.6 0.1-0.3 <0.1 0.15




E 2
Simulate | Calculate Simulate Calculate Simlil: 5,
Median-Flat 0.26 0.2605 0.58 0.5705 3
Median-1/4 Dome 0.28 0.2808 0.60 0.5930 0.1680 0.16654 -0.88%
Median-1/2 Dome 0.29 0.2926 0.61 0.6020 0.1769 0.1761 -0.43%
Median-3/4 Dome 0.38 0.3625 0.62 0.6110 0.2356 0.2215 | =5.99% _
Median-Dome 0.39 0.3718 0.64 0.6245 0.2496 0.2322 | _=098%
Median-Low Temp. 0.23 0.2303 0.52 0.5211 0.1196 0.1201 0.34%
Median-Mid Temp. 0.22 0.2252 0.58 0.5740 0.1276 0.1293 1.30%
Median-High Temp. 0.21 0.2203 0.63 0.5978 0.1323 0.1317 -0.46%
Cardium Sandstone 0.26 0.2603 0.59 0.5891 0.1534 0.1533 -0.04%
Basal Sandstone 0.32 0.2990 0.56 0.5583 0.1792 0.1669 -6.85%
Viking Sandstone 0.50 0.3921 0.31 0.4071 0.1550 0.1596 2.98%
Ellerslie Sandstone 0.56 0.4379 0.28 0.3486 0.1568 0.1527 -2.65%
Wabamun
Sandstone 0.45 0.4109 0.38 0.3986 0.1710 0.1638 -4.22%
Median- 0.01 0.48 0.3461 0.35 0.4641 0.1680 0.1606 -4.39%
Median- 0.05 0.32 0.3146 0.48 0.5204 0.1536 0.1637 6.59%
Median- 0.1 0.27 0.2701 0.58 0.5654 0.1566 0.1527 -2.48%
Median- 0.25 0.19 0.2115 0.64 0.5991 0.1216 0.1267 4.20%
Median-0.1ton/yr 0.16 0.1668 0.70 0.6554 0.1120 0.1093 -2.39%
Median-0.2ton/yr 0.18 0.1873 0.67 0.6329 0.1206 0.1185 -1.71%
Median-0.4ton/yr 0.19 0.2003 0.65 0.6179 0.1235 0.1238 0.21%
nyre L 026 0.2603 0.58 0.5804 0.1508 0.1511 0.18%




Research Approach

v'Choose a proper model, based on the research of CO,
displacement mechanics.

v'Find the key parameters affecting £, using AHP
method.

v'Develop the calculating methodology for £, considering
the possible range of the parameters.

v'Experimental case study.
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2.4 Experimental case study TEZ: fé

The relevant data for E assessment can be achieved by sample
analysis, data collection, injection test, etc.
For this study, we try to use the laboratory experimental data to do

the case study.
-- 47

1000 1.5x108  0.53 0.322 0.476 0.153

- 800 47 1.5x106  0.53 045 0.316 0475 0.150
- 1000 25 1.0x106  0.44 086 0.272 0.505 0.137

oy
02
.

- 1000 25 1.5x106  0.64 0.57 0.318 0.439 0.140
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