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ABSTRACT: A series of thermo-hydrological numerical modeling is performed to predict and analyze
quantitatively groundwater flow, carbon dioxide flow, and heat transport in an adjacent area of injection well
and a target formation due to carbon dioxide injection. Based on these results of numerical simulations, a sensitivity
analysis for the injection efficiency is performed under various environments, conditions, and properties, and
the major variables, which impact significantly on the operation design for geologic injection of carbon dioxide,
are evaluated. The results for environments of the target formation and injection scheme indicate that the depth
and initial temperature of the target formation and ratio of injection pressure to initial pressure have significant
effects on the injection efficiency of carbon dioxide. The results for thermal properties of the target formation
show that the injection efficiency of carbon dioxide is not sensitive to the solid density, specific heat, and heat
conductivity of the target formation. The results for hydrological properties of the target formation reveal that
the injection efficiency of carbon dioxide primarily depend on the intrinsic (absolute) permeability, and it varies
according to the relative permeability, which is influenced by other hydrological properties. The injection rate
and injectivity of carbon dioxide increase significantly as the intrinsic permeability and van Genuchten’s exponent
of the target formation increase, whereas they decrease slightly as the porosity and the residual gas saturation
of the target formation increase. However, they are most insensitive to variations in the residual water saturation
and van Genuchten’s gas-entry pressure of the target formation. These results of the numerical simulations and
sensitivity analyses can be utilized as a reasonable and practical guideline for evaluating the injection efficiency
or performance of carbon dioxide of the target formation, designing the injection facilities, and determining the
injection scheme.
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"ol Sl A% k0] 9 Aol Lol 444
3t (Thomas, 1981). oJ7]o|A FUHo=HE A
®) WolA Qi A% e 4R Fedo] o o
29 ol A2) WS e A|o) gl o
ot whebd 27] A% 94 SrE o gss s
B} olelet oliisiEks £UBT FUEE 7
71T i 259 39 BEL EE gAY
Q) sejshd @ A7seke 54 5o o5 2
g},

ojieteta FYUES AR o] 2 RE HE d
oA gl A% k9] G Aolrt AW 245 571
3}A]2HThomas, 1981) o€ S7He A1 2ol
A BE ekl 797 EE U7
o] hao] QgL Fleat % ok wetA 7]
9 AF FA & i) =9 49 vle2 o4k
sleka Q) Fol @ 2ol weba Agts]ojof
sttt 9 o= 9] == van der Meer (1996)9]
o5} 15 km A= 9] 2|20] thsto] oF 2464714
7153ttt T3 USEPAE A5l FUsk= fAll

g dukAQl 7120 2 1.3~1.88F AR v} 9l
S, USEPA9] 2|5 3¢ Ao} =2 T3 (underground
injection control program)ef 2|5} Thd 2] ok
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Table 1. Representative thermo-hydrological proper-
ties of the sandstone aquifer.

Property Value
Porosity [%] 5.0
Intrinsic permeability [m’] 1.020 x 107
Solid density [kg/m’] 2.675 % 10°
Specific heat [J/kg: C] 915.0
Heat conductivity [W/m- C] 2.720
Residual water saturation 0.150
Residual gas saturation 0.050
van Genuchten's (1980) hydraulic parameters
Gas-entry pressure [Pa] 1.887 x 10*
Exponent 0.457

Number of grid elements : 7,220

Fig. 1. Schematic diagram of the sandstone aquifer
(modeling domain), CO, injection well, and grid ele-
ments used in the numerical simulations. The vertical
coordinate axis z is exaggerated 20 times.
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Likapsbe =
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495 13t oo wEkA 7] AF 44
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Sttt 27 A5 A4 4 2 2= 717 4t AF
gie} & FAF AL o83t AHAEI I Y
&4 9 2x = 5oy (iso-enthalpic) AL o]
L5t AP SFATHEE 2). 27] A|2(Case B)-2 A=
ZA} 0.0200~0.4000C /meHKIGAM, 2005), Z|&
2= 15.0C ¢l 9ol A% 45.0~75.0C 2] HEo
A G4 7HA] S SRR 2). 1L

Table 2. Initial and injection pressures and temperatures for different cases. Cases A-3, B-3, and C-2 have same

configuration with the base case.

Case Value Case 1 Case 2 Case 3 Case 4 Case 5

Case A Depth [m] 1,000 1,250 1,500 1,750 2,000
Initial pressure [Pa] 976 x10°  1.22x10" 147x10" 1.71x10"  1.96x 10
Initial temperature [ C] 40.6 47.0 534 59.8 66.2
Injection pressure [Pa] 146 %107 1.83x107 220x107 257x10" 2.94x 10
Injection temperature [ C] 31.2 33.1 34.6 35.6 36.5

Case B Thermal gradient [Pa] 0.0200 0.0256 0.0300 0.0350 0.4000
Initial temperature [ 'C] 45.0 53.4 60.0 67.5 75.0

Case C Pressure ratio 1.25 1.50 1.75 2.00 -
Injection pressure [Pa] 1.83x 107 220x107  257x10" 293 x 10’ -
Injection temperature [ C] 329 34.6 35.5 36.3 -

Table 3. CO; density, dynamic viscosity, and kinematic viscosity under various CO; injection pressures and temper-

atures for Cases A and C.

Case Value Case 1 Case 2 Case 3 Case 4 Case 5
Case A CO; density [kg/m’] 835.7 861.9 883.8 903.7 920.9
CO; dynamic viscosity [Pa's] 7.86 x 10° 839 x10° 8.88x10° 9.35x10° 9.78 x 107
CO; kinematic viscosity [m*/s] 9.40 x 10°  9.74x10®*  1.00x 107 1.03x 107 1.06 x 10”
Case C  CO; density [kg/m’] 862.9 883.8 904.1 921.2 -
CO, dynamic viscosity [Pa's] 8.42x10° 8.88x10° 9.36x10° 9.79x 10 -
CO, kinematic viscosity [m*/s] 9.75x 10®* 1.00x 107 1.04x 107  1.06 x 107 -
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1.020 x 10™ ~ 1.020 x 10" m*9] M $JoA] ThAl 7}
A B8 VASIAKE 5). 3B} NHFA
= Kim (2009)9] A7l s 54 9 34 2
HES 7R 1 WUE PRt BT A%
2= EBE (Case 1) 0.07~0.279] WA A 717]
BE LSl I 7k Z3ke(Case ])=
0.02-0.09¢] oAl A 741 H9-2 Tefetect
(35). T 710] ARS H9ale Bt fa) A
(unsaturated hydraulic parameter)+=van Genuchten
(1980)9] =S THSIRIL o]nff Gas-entry pres-
sure(Case K)+= 676~30,656 Pa2] H oA Al 7}X]|
Z9-E Exponent (Case L)+&= 8.257 x 102 ~ 6.269 x
1072} W90l Tl 714 92 Zkz mestct
(3 5). T} £719] ASE BARE ) ARgElE 2
Aol 23k, A 7k ZoHe 9l £33} 7 A
T2 Y ojitstea 9 XSl g 54 A
271 A9 £A5HR] ow, Carsel and Parrish
(1988)7}F A A3k QukHol ATkE o] 9 gt A
ol AMg-SHRT

g A T B4 F LA
A& vh(geologic media)7t FAHIE FHAIT=
598 FFslet Aoz A ujAY Fxo o3
2REH, FA9 Edole SHAY gholth D4
(single phase)®] #A4] frEollA= LFFAs7t
< I A4S FeAS7E He v o (mult

Table 4. Thermal properties of the sandstone aquifer for different cases. Cases D-2, E-2, and F-2 have same thermal

properties with the base case.

Case Property Case 1 Case 2 Case 3
Case D Solid densty [kg/m3] 2,638 2,675 2,794
Case E Specific heat [J/kg: C] 870.0 915.0 984.0
Case F Heat conductivity [W/m- C] 1.985 2.720 5.176

Table 5. Hydrological properties of the sandstone aquifer for different cases. Cases G-3, H-3,1-2, J-2, K-2, and L-3

have same hydrological properties with the base case.

Case Property Case 1 Case 2 Case 3 Case 4 Case 5
Case G Porosity [%] 3.0 4.0 5.0 6.0 7.0
Case H Intrinsic permeability [m’] 1.020 x 10" 3.162 x 10" 1.020 x 10™* 3.162 x 10™* 1.020 x 10™°
Casel Residual water saturation 0.07 0.15 0.27 - -
CaseJ Residual gas saturation 0.02 0.05 0.09 - -

Case K Gas-entry pressure [Pa] 676 18,865 30,656 - -
Case L Exponent 8.257 x 107 2.695x 10" 4.565x 10" 5417 x 10" 6.269 x 10"
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Fig. 2. Spatial distribution of (a) and (b) CO; pressure, (c¢) and (d) temperature, and (e) and (f) CO; saturation for
base case after 1 year (left column) and 10 years (right column) since the start of CO» injection. The vertical coordinate
axis is exaggerated 20 times for figs. (a) and (b) and 5.6 times for figs. (¢) to (f).
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Fig. 3. Temporal changes in (a) CO> injection rate and
(b) CO; injectivity for base case.
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Fig. 4. Temporal changes in CO, pressure at the bottom
of the injection well for constant injection rate case.
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