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ABSTRACT: A series of numerical modeling is performed using a multi-phase thermo-hydro-chemical numerical
model to analyze integratedly behavior (flow, diffusion, adsorption) and storage mechanisms of fluids
(groundwater, carbon dioxide, methane) due to carbon dioxide injection in coal beds and to evaluate quantitatively
impacts of the cleat spacing on such behavior and storage mechanisms of fluids. In addition, the data of the Samcheok
Coalfield are analyzed and used in the numerical modeling to reflect the characteristics of the Korean coal beds.
The results of the numerical modeling show that the cleat spacing has significant impacts on carbon dioxide and
methane flow in the cleat and their diffusion and adsorption in the matrix. As a result, the temporal and spatial
distributions of enhanced coal bed methane recovery (ECBM) and adsorption trapping of carbon dioxide occur
differently depending on the cleat spacing. This arises because the porosity and intrinsic permeability of the cleat
and the shape factor of the matrix decrease as the cleat spacing increases. On the other hand, regardless of the cleat
spacing, most of injected carbon dioxide is adsorbed in the matrix right after the end of carbon dioxide injection
showing a very high efficiency of geologic storage of carbon dioxide in coal beds. This arises because the diffusion
rate in the matrix is fast enough for carbon dioxide to flow in the cleat flow and to diffuse in the matrix almost
simultaneously.
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7] 5 olitsteta F= AFY HY o] 314
AR AREo 2 o3 F25] Solgtom, ge AEs
E2 oo A2 o il FE O SIS At 2135t
(global warming)®} 7] % ¥ 3Kclimate change)2]

2 geloz of7] 31 9tk olol Al e $71F
51 2K(United Nations Framework Convention
of Climate Change, UNFCCC)& &3l &+ A%
o] gt 247tx wiE AES o FEetaen,
o|AbstetA A Eol Bt 74 /Y 9 Al gt
o] A Az 15 Folch oA = thgt
Hl=o] 27| A7EA Ol 5 SR o2k it
g HiEH Aol gt |7} e sirh= oA
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olilslgta AR St W o =M olildeta
A5 AP W2 ko oAk s A7 |7holl AA <t
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Z{(deep saline aquifers), 2= AL} SA| 7 F20 A
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9 A o] gl= e (unmineable coal beds) W
oA +HEL glom, YRoM= AFUZI A3
AT U ojitsletas X5 Aol tiet A7 AF 5
o|thMetz et al., 2005). 0|23t o] AkslEkA X5 AA;
i 2|50 S o Y 27] TAIQ] ERE
A3]U5-= AlQJsHH A ARSI AggolH, o] F
ol ATEhe AR ASE, A571A%)0] ula)
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3} ek Wg Sl S (enhanced coal bed meth-
ane recovery, ECBM) 7|¥-& B3] AAHE mghe =z
olitgleta 2|5 AP vl-8-& AT 4= ok A
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Z A Ao 2 FERE gt Metz et al., 2005).
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A 8% %71, 22 S48k 9 olksiekact ngke)
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2008; Ross et al., 2009; Zarrouk and Moore, 2009;
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Weniger et al., 2012). Bt Sfjollxl= g3 mgh
3J4=(coal bed methane recovery, CBM)E $|3t =i
A0 7N 71 dS Bk el miee] ¥,
T2 2 g AR 5= ARt ARl (<l, Cheong
et al., 2002; Park et al., 2005; Koh et al., 2008; Park,
2009)7F UA|RE oJakslerA 2|5 ARe] T4
AeS W A4 5 Aol tisl 243 es o
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g 2|5 Al gt 2] 2y A AEgE
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MEZ(coal bed)2 Ay A2 FAH 71F
(matrix) 2} 71 Aol o] MojZl F9l T (cleat) 2 o] F
oA Stk 7182 Wiel EAsh= T3] B2 Al
TH(micropore) 2.2 QI3 2 FIEN YL 1
FEFASE 7HH, olalsigtael vgkn 22 &
A(fluid) &) #1734 (reservoir) G3H gt vh o] T
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dynamic trapping) ¥} -23f 2&(solubility trapping)
= AX FFHO 2 FE EE(mineral trapping)e|
ofsl AAHERE AlRlETke ge) ARl )8 ol4t
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al., 2002).
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1, G2 71419 | E2Fs(Langmuir adsorption
capacity, Langmuir volume), p= 7|2 W 7]4]¢] ¢
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4 AEY 71A7F 2 == 7ol dsliAl= 71A419]
5ol wet BAA 2 FAo] o]Foix]7] wize] 7]
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CHArri et al., 1992; Hall et al., 1994; Law et al., 2002).
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Table 1. Statistics of geologic characteristics of coal beds in the Samcheok Coalfield.

Property Minimum Maximum Average
Depth [m] 11.50 1,979.50 438.30
Thickness of single coal bed [m] 0.09 18.70 1.39
Thickness of total coal beds [m] 0.10 32.30 4.37
Formation dip [°] 10.0 75.0 44.0

o] 5o ekl SARToR 4T ZolSth)
Ageto A Fogtoz Z4E oy F71EHAY
AR FA == F3FS Hltk(Laubach et al.,
1998).

AP ELA (Samcheok Coalfield)2 e @ AHE ] o]
sl 2 o) ehHo R o2zt oj4slot
2702 o|2o]H ZHRE L] HESIH, 0|5 4
W19 g 3%, WE719 $4%, T
%, EASE 9 093, Eetololar|o] FuE
2 PAE BekeE o] RYgon EHT O
3 4 EaE S0 9N PANNDEE 4
2 3ol AR Alejo] A2 The Wb 722
E4¢ Holng PSS VlEoR Hug
e BR A7 R o R LHFTHSeo of
al., 1979a, 1979b; Koh et al., 2008).

2 oz APlebo] A58 X1(Korea Resources
Corporation, 1990)2} 2114 212 (Cheong ef al., 2002)
£ Bgsto] Auio) Adskd SARE, 5, B4
ot A B4 ANk B4 2k e} 4
= B 438.30 m, @Y Ak FA= B 1.39 m,
T AJ3go] EASHE M) e e Bt 4T
m, AJekE0] AR W 440°0]CHE 1), ARk
TE 74 9 7E50] gt AR AfE= EASHA] ko,
olef] =i &7 KPark, 2012) AL X 2] £ (Laubach
etal., 1998; Su et al., 2001) ZALE B3l AR W 4
et3-0] Tk 714 (spacing) ] 9IS 1.0 x 10° ~ 1.0 x
10" mz AAslgon, ¢t 7 (aperture)2 1.0 x
10° m A3kt
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] 22 CMG-GEM (Computer Modelling Group-
Generalized Equation of State Model)o|t}. o] 4=
2] mdle Abe] vy 2] (equation of state, EOS)&

Jigkez ARAT WS d3sie, o) 33 B
d(dual porosity model)Z} t}i}e] 54| 75 L &
& 71419 ikt F2e 12 4= Ath(Computer
Modelling Group Ltd., 2010). Law et al. (2002)
CMG-GEM< =313t 5719 o E-2]-3feh4]
2] Hdlof thigt vl AFE 53l ol A 2E
59 N e BIsgon, 41 ndY s
M2Z F2 A BAE Btk 2= &2
Aol A= Peng and Robinson (1976)2] Arel| wF
4] (equation of state, EOS) @3} Kazemi ef al.
(1976)9] o]z ¥= Zd(dual porosity model)&
ARg3HE. o™, Darcy] W(4) (1)), Ficke] W2
(4] (8)) ¥ &#d Langmuir 5-=>&&H(extended
Langmuir isotherm) (4] (10))& o]-83}o] J&-5
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Fig. 1. Schematic diagram of the coal bed (modeling do-
main) and carbon dioxide injection well. the vertical ax-
is is exaggerated 100 times.
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Table 2. Initial conditions in cleat and matrix of coal bed.

Parameter Cleat Matrix
Water (groundwater) saturation S, 0.999999 0.000001
Gas (CH4+CO,) saturation S, 0.000001 0.999999
Mole fraction y of CHy 0.98 0.98
Mole fraction y of CO, 0.02 0.02
Pressure (at 500 m depth) 7 [Pa] 491 x 10° 1.26 x 10°
Temperature 7[C] 30.0 30.0

FHoE F90] 75320 x 10° ~ 50 x 10°m o] 2 WSFA7|HA A3 ) 4 75, St g
o)z HAstgt. wehd A EBHE 498~502 m  F2o] g3t g 747 9]
Azof IX|8h= FAZF4 mo| L 7k2eF N27F 2z ek o] uf) ARSRE 37 Q] @ 74 Fk SollA $3F
2,000 mQl F|SHA| 5S¢ Bdly] gPo2 FH(Case 2)S UAE E4 2HYoA diE F$-
case) =2 A3 E]-
AAH(END S EETAR A5, AdF)ez Hadck 2+
SR glow, vl SHS Meto] faks] AFE  (4)<+4] (5) ¥ *‘ (7)% 1-‘10}01 247k Aake g
FEFAT 2 7149 FE Aee

AU x| BEY GO ShE FAE B A

= Roz syt oSl FURS £ B o e 1

F2+2 1.0 x 10° m& 7}
ase 2, Case 3)H= 2]

23 G99 Tl fAIstH, Hetd 1m ol 4 & 39 A Ho] Utk & 34 HopAly] 4

Aol oliisteras sl Ao® ARsiAn.  wde) g3

A HEE FHL F 20244709 ARE olitslE  Hl, 7|H 9 FE A

2 254, ©ho] 11§ Equl
= 625H) 2o 7} et :Lﬂl

Qlom, A9 =3 vk Zol= 1A FHO 10 o W 44| 9) E3}x (saturation) 2} A B4

moj|A FYHoZRE HojHA 40 m7HA] $7}  (relative permeability) 3Al=
skaL #X‘ W dol=1mz ddsiti(a2d 1). Az} 7128k Law et al. (2002)0] A|QFat 3 Fe)

S W fA 23k 27 2oz EE O ARE ARSI 7oA ©E W A AL
FpAlol] digh 2= W o]g dX(hysteresis) 9]
5122} 0.0001% 9] 7| 2) Za}elo] glom, 7|Fe  ma melsha gkon], mAIT gk (capillary
98% 2] Wetx} 2% 9] ojAtsletAZ EFlEo] 9= pressure)2 022 7143}t @
Aoz 7M. e W A4 4o 271 24 I ARESAS E G4 F3 ] it £

2 A OI-ri 100% (Eot Z&s3HA1= 99.9999% 2] X

S AR 02 B}

Gash (1991)¢] =4

kel 7)de) 338

2 1.01 x 10° Pa2] t}7]¢t7} 9.81 x 10° Pa/m2] &
¢t Fulj(hydrostatic pressure gradient)E 31&
stol AgH0 2 e 1] Zxjo] 217k Holslgl
o, A& 27| 2AL30.0CE ZE Az}o| #
A3t Fofstark(E 2). 714 ) §3E AR =
7] 242 45 Langmuir S2H5-241(4] (10)9
o3} ARetgion, 59 AEel B el
S2F 7Fs ] Aol sigshe &l 71A171 98% 2
gkt 2% 9] o] ibslead] g EAsks RS
=7l

AFolA Heks Tyt 7189 42 A3t
HHas 2 TH4E e RO i
k. 2237 &d 7442 2.0 x 107 m (Case 1), 1.0
x 10% m (Case 2) @ 5.0 x 107 m (Case 3)& 258

&= (Saghafi et al., 2007; Wong et al., 2007; Balan
and Gumrah, 2009; Dutta et al., 2011) 255 Ao
2 G5 HE g A SHATHE 3)

o] AkBFERA= 1,000 ton/year (3171 x 107 kg/sec)
o] A3t F=%E(injection rate) 2 107+ % 10,000
tono] FYEoH, £3] B 7|7k ¢ 7|3k
109-S 23tste] 100 0]

a

£ 2da #m

61 B U 7H 7S
_FUd olisiaE B 85 dug F
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Table 3. Material properties of cleat and matrix of coal bed.

Property

Cleat
(Case 1, Case 2, Case 3)

Matrix
(Case 1, Case 2, Case 3)

Spacing s [m]

Aperture b [m]

Porosity n

Intrinsic permeability & [m’]

Shape factor o [1/m’]

Diffusion coefficient D of CH4 [m*/sec]
Diffusion coefficient D of CO, [m2/sec]
Langmuir volume G, of CH4 [m’/kg]
Langmuir volume G; of CO, [m’/kg]
Langmuir pressure p, of CHy [Pa]

Langmuir pressure p, of CO; [Pa]

2.0% 107, 1.0 x 107, 5.0 x 107
1.0 x 107
1.5%107,3.0x 107, 6.0 x 10™
8.33x10™,1.67x10™,3.33 x 10"

47x%107°
9.87 x 1077
3.00 x 10°, 1.20 x 10°, 4.80 x 10°

5.72x10"°
2.99 x 1077
2.11 x 107
3.56 x 107
2.56 x 10°
1.77 x 10°

glo] Attt olatsheka 9] o]d FYA st
H(olatstgtart Y == AH) 24 @ W 27
HA e 5.02 x 10° Pao|ch. g 7170 F7}3%t
FE FA 7Bt FYA MR A GE W H
A gL z+zk oF 5,03 x 10° Pa (Case 1), 5.10 x
10° Pa (Case 2) @ 5.37 x 10° Pa (Case 3)7}%] ¢
A A3, Y = o1F 242 2F 3 (Case 1),
54 (Case 2) ¥ 20 (Case 3)7}A] o <& 725t
Tl 27] A e slEsta B Aol =
g3ttt o= @ 2HF o) whet Wt g d e 35
E 15FA 7108t & ©E 1HF0] F
7HE 9d o] FFEY LfEFASE st
a1 o] 2 Qe @ Wi fA el o wEA Ftst
o, 2 A7 9 Yf o]Atshetao] 5hEof T o
FHEFAISE © WEA 7187 gZelct. ]9t
ol &l W A4 4 B9 Zpol= T U o4t
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Fig. 2. Spatial distributions of saturation of carbon dioxide in cleat for (a) Case 1 after 10 years, (b) Case 1 after
100 years, (c) Case 2 (base case) after 10 years, (d) Case 2 (base case) after 100 years, (¢) Case 3 after 10 years,
and (f) Case 3 after 100 years since the start of carbon dioxide injection in a quarter of the modeling domain.
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Fig. 3. Spatial distributions of saturation of methane in cleat for (a) Case 1 after 10 years, (b) Case 1 after 100 years,
(c) Case 2 (base case) after 10 years, (d) Case 2 (base case) after 100 years, () Case 3 after 10 years, and (f) Case
3 after 100 years since the start of carbon dioxide injection in a quarter of the modeling domain.
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Fig. 4. Spatial distributions of adsorption of carbon dioxide in matrix for (a) Case 1 after 10 years, (b) Case 1 after
100 years, (c) Case 2 (base case) after 10 years, (d) Case 2 (base case) after 100 years, (¢) Case 3 after 10 years,
and (f) Case 3 after 100 years since the start of carbon dioxide injection in a quarter of the modeling domain.
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Fig. 5. Spatial distributions of adsorption of methane in matrix for (a) Case 1 after 10 years, (b) Case 1 after 100
years, (c) Case 2 (base case) after 10 years, (d) Case 2 (base case) after 100 years, () Case 3 after 10 years, and
(f) Case 3 after 100 years since the start of carbon dioxide injection in a quarter of the modeling domain.
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start of carbon dioxide injection.
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