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Abstract 

 

Numerical Modeling of Impacts of Cleat Spacing 

and Formation Dip on Geologic Storage of Carbon 

Dioxide in Coal Beds 

 

Chang-Soo Kim 

School of Earth and Environmental Sciences  

The Graduate School 

Seoul National University 

 

Carbon dioxide emission into the atmosphere is considered as the 

cause of global warming and geologic storage of carbon dioxide is one of 

the most effective and safe way to reduce carbon dioxide concentration. 

There are several types of formation for geologic storage of carbon 

dioxide and coal beds receive attention due to its high efficiency of storage 

and additional production of methane which can reduce the 

implementation cost of geologic storage of carbon dioxide. In this study, a 

series of numerical simulations using a multi-dimensional thermo-

hydrogeological-chemical numerical model is performed to analyze 
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migration and adsorption of fluids (carbon dioxide, methane, and 

groundwater) and to estimate the influences of the cleat spacing and the 

formation dip on them due to geologic storage of carbon dioxide in coal 

beds. A conceptual model of simulation is based on Samcheock coal field 

which is the largest coal field in Korea to consider features of domestic 

coal field. 

The results of the numerical simulations show that fluids flow in the 

coal cleat is impacted by the variation of cleat spacing and formation dip. 

The results of a series of numerical simulations show that up to the 88% of 

carbon dioxide are adsorbed in the matrix regardless of variation of cleat 

spacing or formation dip. And most of injected carbon dioxide migrates 

and are adsorbed to the top boundary of coal beds. Methane and 

groundwater are pushed to the outside from injection well by carbon 

dioxide, and some methane is adsorbed again in the carbon dioxide 

adsorbed area. The results of sensitive analysis of cleat spacing show that 

spatial distribution of carbon dioxide, methane and groundwater are 

impacted by change of cleat spacing. According to decreasing of cleat 

spacing, the more carbon dioxide and methane flows up to the boundary of 

coal beds, and the influenced areas of carbon dioxide increase. Results of 

sensitive analysis of formation dip show that flows of fluids are 

significantly affected by formation dip. Carbon dioxide and methane flow 

rapidly in the direction toward surface. Velocities of carbon dioxide and 
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methane flow are drastically increased according to increasing of 

formation dip. As a result, some methane and carbon dioxide moves out of 

the domain.  

Results of this study show that a multi-dimensional thermo-

hydrogeological-chemical numerical model is useful to predict complex 

migration and adsorption mechanism of fluids due to geologic storage of 

carbon dioxide. And results of this study are expected to contribute to 

establish reasonable and effective plan of geologic storage of carbon 

dioxide. 

 

Keywords: carbon dioxide, geologic storage, coal beds, enhanced coal 

bed methane, numerical modeling, cleat spacing, formation dip 
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1. Introduction 

Greenhouse gases such as methane, ozone and carbon dioxide are 

considered as main cause of the global climate change which is one of the 

most important global issues. Especially, carbon dioxide (CO2) is a main 

culprit of greenhouse effect due to a large amount of emission. Many 

researches are being conducted to reduce the emission of carbon dioxide 

into the atmosphere and to mitigate global warming. 

Carbon Capture and Storage (CCS) is regarded as one of the most 

efficient and safe way to reduce emission of CO2 by sequestrating it in the 

subsurface formation permanently (Metz et al., 2005) (Fig. 1). There are 

several types of reservoirs for carbon dioxide storage such as deep saline 

aquifers, oil or gas reservoirs and unmineable coal beds (Fig. 2). Geologic 

storage of carbon dioxide in coal beds is not investigated much yet, 

however coal bed is considered to be potentially appropriate reservoir for 

carbon dioxide sequestration due to its high storage capacity and 

additional methane production which can offset implementation costs. 

Enhanced coal bed methane (ECBM) recovery (Fig. 3) is an advanced 

technology of coal bed methane (CBM) which is conventional method to 

produce methane from coal beds and is more efficient way to methane 

production by injecting carbon dioxide, inert gases such as nitrogen, or 

mixture of them (Garnier et al., 2011). Currently, the purposes of CO2-

ECBM are not only methane production but also geologic storage of 

carbon dioxide. From the point of view of carbon dioxide sequestration, 

coal beds which do not contain methane are also good reservoir for storage. 
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Figure 1. Schematic diagram of CCS (CO2CRC, 2011). 
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Figure 2. Schematic diagram of the geologic storage of carbon dioxide (Cook, 1999).
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Figure 3. Schematic diagram of the ECBM recovery (Mazzotti, 2009). 
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Globally, researches about geologic storage of carbon dioxide such as 

estimation of carbon dioxide storage capacity, reservoir characterization, 

estimation of adsorption ability of carbon dioxide in coal bed, and 

migration of carbon dioxide are being conducting by many countries such 

as United States, China, Canada, Australia, Poland, Czech Republic and 

New Zealand (Law et al., 2002; Law et al., 2003; Bromhal et al., 2005; 

Wong et al., 2007; Gentiz and Bolen, 2008; Ross et al., 2009, Zarrouk and 

Moore, 2009; Wei et al., 2010; Busch and Gensterblum, 2011; Garnier et 

al., 2011; Weniger et al., 2012). On the domestic side, some researches 

about content, adsorption capacity and desorption time of methane in 

domestic coal bed have been conducted for coal bed methane recovery 

(Park, 2009) while researches for geologic storage of carbon dioxide have 

not been conducted yet. Thus, comprehensive researches about migration 

and adsorption of fluids (ground water, carbon dioxide and methane) 

considering the characteristics of the domestic coal beds are need for 

geologic storage of carbon dioxide. Domestic coal bed is composed 

mainly of anthracite and is tilted by folding action. Thus the study about 

the impacts of cleat spacing and formation dip on migration and 

adsorption of fluids in coal beds is needed. 

The objective of this study is to understand comprehensive 

mechanisms of fluid migration and adsorption in coal beds focused on 

geologic storage of carbon dioxide and to analyze impacts of the cleat 

spacing and formation dip on migration and adsorption of carbon dioxide, 
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methane and groundwater by using multi-dimensional thermo-

hydrogeological-chemical numerical model. 

 

2. Features of coal bed 

 

2.1. Coal beds as reservoirs of carbon dioxide 

Coal bed consists with coal matrix and cleat which is natural fractures 

observed in nearly all coal beds. Dual porosity is used to consider quite 

different characteristics of matrix and cleat (Warren and Root, 1963; 

Kazemi et al., 1976) (Fig. 4). Cleat is the conduit of fluid flow rather than 

reservoir due to its high permeability and low porosity. Typically, there are 

two types of cleat face cleat which is extended through coal beds and butt 

cleat which is end at intersections with face cleat (Laubach et al., 1998) 

(Fig. 5). In the cleat set, the distance between cleat and neighboring cleat 

is referred as cleat spacing and the width of cleat is referred as cleat 

aperture. Matrix is the reservoir of gas due to its high porosity and low 

permeability. Gases such as methane, nitrogen and carbon dioxide is 

adsorbed at the micro pore of matrix surface which of diameter is typically 

0.5 ~ 1 nm. The area of surface is large due to this small pore size, and 

ranges 200 ~ 290 m2/g (Zulkarnain, 2005). Thus, coal bed reservoir could 

have larger ability to store carbon dioxide than other reservoirs like gas 

reservoirs. Geologic storage of carbon dioxide in coal beds has also 

advantage in injection depth. Generally, CO2 is injected in the storage 

formation at depth below about 800 m for supercritical phase of carbon 
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Figure 4. Schematic diagram of dual porosity model (Warren and Root, 1963). 
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Figure 5. Schematic diagram of coal matrix and cleat (Shi and Durucan, 2003). 
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dioxide, but geologic storage of carbon dioxide in coal bed can be 

conducted at relatively shallower depth than other reservoirs. In many 

reservoirs like sandstone reservoir, cap rock integrity is the most important 

requirement for sealing, but coal bed is less sensitive with sealing capacity 

of cap rock. 

 

2.2. Fluid migration and trapping mechanisms 

 

2.2.1. Flow through the cleat 

Injected carbon dioxide flows through cleat network by pressure 

gradient and goes up by buoyancy force due to the lower density of carbon 

dioxide than groundwater.  

The matrix is too impermeable to allow fluid flow, thus cleat is 

actually the sole pathway for transfer in coal bed reservoir. Flow 

mechanism of the fluids through fracture is descripted by Darcy’s law 

(Darcy, 1856) as follows (Fig. 6a): 
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where Q  is the flow rate, k  is the permeability, m  is the viscosity, p  

is the pressure, r  is the density, and g  is the gravity acceleration. 

Permeability and porosity of cleat are key parameters of flow  
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Figure 6. Schematic diagram of methane flow dynamics in (a) desorption, (b) diffusion, 

and (c) gas flow through the cleat of coal beds (Remner et al., 1996). 
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mechanism, and they are determined by cleat spacing and cleat aperture. 

Snow (1968) suggested following relationships when only one fracture set 

exists as follows: 

s
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where k  is the permeability, n  is the porosity, b  is the cleat aperture, 

and s  is the cleat spacing. 

In this study, three orthogonal fracture sets which have same properties 

are assumed to consider isotropic hydrogeological properties of cleat. 

Then permeability and porosity are determined by cleat spacing and 

aperture according to equation as follows: 
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where k  is the permeability, n  is the porosity, b  is the cleat aperture, 

and s  is the cleat spacing. 
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2.2.2. Diffusion through the pore of the matrix 

The difference of concentration leads to diffusion of gas components 

for equilibrium state. In coal bed, material transfer mechanism between 

matrix and cleat is diffusion, because flow in matrix is too impermeable to 

allow the fluid flow. The transfer in dual porosity system has been studied 

by several researchers. The diffusion rate is determined by Fick’s first law 

as follows (Fig. 6b): 
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where 'q  is the diffusion rate, A  is the Area, c  is the concentration, 

and D  is the diffusion coefficient. 

Shape factor is important to determine diffusion rate between coal 

matrix and fracture system. Many researchers (Warren and Root, 1963; 

Kazemi et al., 1976; Coats, 1989; Lim and Aziz, 1995) have suggested 

equations for shape factor. Kazemi et al. suggested the equation as follows 

(1976): 
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where subscript x , y , and z  denote the direction of coordinate, s  is 
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the shape factor, s  is the cleat spacing, and N  is the number of fracture 

sets. 

In this study, following equation is used to calculate cleat spacing 

because three orthogonal fracture sets which have same cleat spacing are 

assumed: 

 

2

12

s
=s            (8) 

 

where s  is the shape factor, s  is the cleat spacing. 

 

2.2.3. Adsorption at the surface of the matrix 

Adsorption is physical trapping mechanism between gas molecules 

and matrix by van der Waals force. Adsorption is the most important 

trapping mechanism in coal bed reservoir because up to 95% of methane is 

stored by adsorption. Carbon dioxide has stronger affinity to coal matrix, 

thus injected carbon dioxide is stored at coal matrix surface and expels 

methane (Fig. 6c). Langmuir isotherm shows the quantity of adsorbed gas 

at certain pressure. The quantity of adsorption is a function of pressure, 

and there has been proven that the more carbon dioxide is adsorbed than 

methane at the given pressure. The function between the pressure and the 

adsorption quantity for single phase fluid is expressed as follows: 
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where V(p)  is the gas contents at p , LV  is the Langmuir volume, Lp  

is the Langmuir pressure and p  is the gas pressure. The Langmuir 

volume is the volume at the state of fully saturated gas, and the Langmuir 

pressure is the gas pressure at half of the Langmuir volume. 

Above equation shows that the adsorbed gas contents will decrease 

according to the reduction of the gas pressure. In the case of CBM 

recovery method, reduction of the gas pressure by pumping well detaches 

methane from coal by this mechanism. When injecting CO2 or N2, the case 

of ECBM, there is more than two gases in coal bed, therefore extended 

Langmuir isotherm equation is needed (Arri et al., 1992; Hall et al., 1994): 
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where iw  is the moles of adsorbed component i  per unit mass or rock, 

max,iw  is the maximum moles of adsorbed component i  per unit mass or 

rock, iB  is the Langmuir pressure constant, igy  is the molar fraction of 

the adsorbed component i  in the gas phase and p  is the gas pressure. 

 

2.3. Porosity and permeability change 
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The porosity is not constant due to the gas pressure and the adsorption. 

Palmer and Mansoori (1996) described the changing mechanism of the 

permeability in coal beds. Assuming that the coal matrix is 

uncompressible, increase of the pressure leads to increase of fracture 

porosity. On the other hand, decrease of the pressure also means that more 

gases are adsorbed at the matrix surface, and volume of matrix is extended 

(i.e., swelling), and it reduces porosity and permeability of the fracture 

(Fig. 7). 

Although change of porosity and permeability is general phenomenon 

of coal beds, it is not considered in this study to focus migration and 

trapping mechanisms of fluid in simplified simulation model. 

 

3. Study area: Samcheok coal field 

Samcheok coal field is the largest domestic coal field. And Ordovician 

Joseon supergroup, Triassic Pyeongan supergroup, Cretaceous 

sedimentary rocks and volcanic rocks, and these intrusive igneous rocks 

are distributed in Samcheok coal field. Joseon supergroup is composed of 

Yangdeok group and Daeseokhoeam group. Pyeongan supergroup which 

covers Joseon supergroup by unconformity is composed of Carboniferious 

Manhang formation, Permian Janseong formation, Hambaeksan formation, 

Dosagok formation, Gohan formation, and Triassic Donggo formation (Fig. 

8). The overall geological structure of Samcheok coal fields is regulated 

by the ENE-WSW direction thrust fault set made by Songlim orogeny at 

Triassic period and NNE-SSW direction strike-slip fault set made by 
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Figure. 7. Effect of pore pressure on coal permeability (Palmer and Mansoori, 1996).
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Figure. 8. Geological map and cross-sectional diagram of Samcheok coal field (KIGAM, 

2008). 
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Bulguksa disturbance at late Cretaceous period. In addition, the local 

geological structure is influenced by fold structure due to thrust fault. 

Dextral strike-slip faults occurred in late Cretaceous period cut the 

existing geological distribution and structure. These faults and fold 

structures represent different orientations and have different structural 

features between eastern and western region bounded by Hambaeksan 

great fault (Korea Institute of Geoscience and Mineral Resources, 2008). 

The domain of coal bed using 323 borehole data of Samcheok coal 

field (Korea Resources Corporation, 1972, 1975, 1977, 1980, 1982, 1984, 

1985, 1986, 1987, 1988, 1989, 1990) is conceptualized to consider 

domestic coal beds. Samcheok coal beds are generally separated into 

several layers, and average thickness of each layer is 1.39 m. In same 

borehole data, sum of average thickness of layer is 4.37 m and average 

depth is 412.90 m. In this study, thickness and depth of coal beds are 

regarded as 4 m and 500 m, respectively. Average formation dip of 

Samcheok coal field is about 44°, minimum formation dip is 10° and 

maximum formation dip is 75° (Korea Institute of Geoscience and 

Mineral Resources, 2002). In this study, under 30° of formation dip which 

is smaller than average dip is used because reasonable implementation of 

geologic storage of carbon dioxide. Results of the statistical analysis are 

summarized in Table 1 and results of histogram analysis are presented in 

Fig. 9, 10, 11 and 12. 
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Table 1. Statistics of coal beds depth, thickness and formation dip. 

 

 
Minimum Maximum Average 

Depth [m] 11.50 1979.50 438.30 

Thickness of single layer [m] 0.09 18.70 1.39 

Thickness of total layer [m] 0.10 32.30 4.37 

Formation dip [°] 10 75 44 
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Figure. 9. Histogram analysis of single coal layer thickness in Samcheock coal field.
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Figure. 10. Histogram analysis of whole coal layer thickness in Samcheock coal field.
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Figure. 11. Histogram analysis of coal layer depth in Samcheock coal field.
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Figure. 12. Histogram analysis of coal layer dip in Samcheock coal field. 
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4. Numerical model 

The multi-dimensional thermo-hydrogeological-chemical numerical 

model used in this study is CMG-GEM (Computer Modelling Group Ltd., 

2010) which is based on integral finite difference method (IFDM). CMG-

GEM is a multidimensional equation-of-state (EOS) compositional 

simulator which can simulate important mechanisms of coal beds such as 

dual porosity, multiphase fluid flow, diffusion, and adsorption (Table 2). 

This simulator can be run in explicit, fully implicit and adaptive implicit 

mode for time-stepping scheme. Whichever mode is selected, variables for 

the blocks where wells are perforated are always solved fully implicitly. 

CMG-GEM uses AIMSOL which is a state-of-the-art linear solution 

routine based on incomplete Gaussian Elimination as a preconditioning 

step to a GMRES iteration. The quasi-Newton successive substitution 

(QNSS) method is used to solve the nonlinear equations associated with 

the flash calculations. 

In this study, equation of state model suggested by Peng and Robinson 

(1976) is used to predict the phase equilibrium compositions and densities. 

And dual porosity model suggested by Kazemi et al. (1976) are used to 

calculate shape factor. As a time-stepping scheme, Fully implicit method is 

used to simulate complicated mechanisms of coal beds. 

 

5. Numerical simulation setups 

The coal bed is conceptualized as a three-dimensional rectangular  
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Table 2. Features for modeling of CBM recovery process (Law et al., 2002). 
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parallelepiped modeling domain with a thickness of 4 m (length in the z 

direction is 4 m) and an area of 4 × 106 m2 (length in the x and y directions 

are 2,000 m), and it is located at depths between 498 m and 502 m from 

the ground surface (Fig. 13).  

The boundary conditions of top and bottom are set to no-flow 

boundary to consider underlying and overlying shale layers which are 

impermeable. Injection well is located at center of domain and carbon 

dioxide is injected at the lowest grid block of injection well. The modeling 

domain is discretized into 26,244 grid blocks. Grid blocks have constant 

length of 1 m in the z direction and various length from 10 m at the center 

of the domain to 40 m outward in the x and y directions. The 

hydrogeological properties of cleat are assumed to be isotropic and 

homogeneous.  

Cleat spacing and aperture data of domestic coal beds is difficult to 

obtain due to lack of measured data. Thus, various references (Laubach et 

al., 1998; Su et al., 2001) and empirical data are used to determine cleat 

spacing and aperture. Generally, cleat spacing has a range of 1.0 × 10-3 m 

~ 1.0 × 10-1 m in domestic coal beds while a range of 2.0 × 10-3 m ~ 5.0 × 

10-2 m is considered in this study because reasonable injection of carbon 

dioxide. Cleat aperture is considered as 1.0 × 10-5 m. Permeability and 

porosity in cleat and shape factor are calculated by these cleat spacing and 

aperture. 

Researches for methane adsorption and diffusion coefficients of 

domestic coal beds are conducted by Korea Institute of Geoscience and  
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Figure13. Schematic diagram of the coal bed (modeling domain) and injection well for 

base case. (x:y:z=1:1:100) 
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Mineral Resources (2002, 2005, 2008). But coefficients of carbon dioxide 

are also needed because multicomponent of gas is considered in this study. 

Thus, adsorption coefficient (Wong et al., 2007; Balan and Gumrah, 2009; 

Dutta et al., 2011) and diffusion coefficient (Saghafi et al., 2007) are 

obtained from various references(Table 3). 

Coal cleat and matrix are assumed to be initially saturated by 

groundwater and gas mixture with 98% of methane and 2% of carbon 

dioxide, respectively. The initial condition of temperature is set equal to 

30℃. The initial condition of pressure is set to each grid blocks 

considering 1.01 × 105 Pa of atmospheric pressure and 9.81 × 103 Pa/m of 

pressure gradient (Table 4). A pure carbon dioxide is injected with 1,475 

m3/day (1,000 ton/year)of injection rate for 10 years (total amount of 

injected carbon dioxide is 10,000 ton), and period of numerical simulation 

is 100 years including injection period.  

At first numerical simulation, sensitivity analysis is performed for 

impacts of cleat spacing on the migration and adsorption of fluids with 

various cleat spacing of 2.0 × 10-3 m (Case A-1), 1.0 × 10-2 m (Case A-2), 

and 5.0 × 10-2 m (Case A-3). Cleat aperture is set equal to 1.0 × 10-6 m for 

all cases. Table 5 shows permeability of cleat, porosity of cleat and shape 

factor which are calculated from cleat spacing and aperture.  

At second numerical simulation, gas migration, adsorption and leakage 

are analyzed with various formation dip of 0° (Case B-1), 10° (Case B-2), 

20° (Case B-3) and 30° (Case B-4). 
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Table 3. Properties of coal bed matrix and cleat for base case (case A-2 or case B-1). 

 

Properties Matrix Cleat 

Porosity 4.7 × 10-2 3.0 × 10-3 

Permeability [m2] 9.87 × 10-17 1.67 × 10-14 

Cleat spacing [m] 
 

1.0 × 10-2 

Cleat aperture [m] 
 

1.0 × 10-5 

Langmuir volume of CH4 [Pa] 2.11 × 10-2 
 

Langmuir volume of CO2 [Pa] 3.56 × 10-2 
 

Langmuir pressure of CH4 [Pa] 2.56 × 106 
 

Langmuir pressure of CO2 [Pa] 1.77 × 106 
 

Diffusion coefficient of CH4 [m
2/sec] 5.72 × 10-10 

Diffusion coefficient of CO2 [m
2/sec] 2.99 × 10-10 

Shape factor [1/m2] 1.2 × 105 
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Table 4. Initial conditions of coal bed matrix and cleat. 

 

Initial condition Matrix Cleat 

Water saturation 0.00 1.00 

Gas saturation 1.00 0.00 

Mole fraction of CH4 0.98 0.02 

Mole fraction of CO2 0.98 0.02 

Pressure (at 500 m depth) [Pa] 1.26 × 106 4.91 × 106 

Temperature [°C] 30 30 
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Table 5. Calculated hydraulic properties and shape factor of coal bed cleat for case A 

with change of cleat spacing.  

 

Properties Case A-1 Case A-2 Case A-3 

Cleat spacing [m] 2.0 × 10-3 1.0 × 10-2 5.0 × 10-2 

Cleat aperture [m] 1.0 × 10-5 1.0 × 10-5 1.0 × 10-5 

Porosity 1.5 × 10-2 3.0 × 10-3 6.0 × 10-4 

Permeability [m2] 8.33 × 10-14 1.67 × 10-14 3.33 × 10-15 

Shape factor [1/m2] 3.0 × 106 1.2 × 105 4.8 × 103 
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6. Results of numerical simulations 

 

6.1. Base case 

Carbon dioxide is injected through the cleat and flows through the 

cleat network. Fluid flow in the cleat is governed by density difference 

which is the cause of buoyancy force and fluid pressure gradient in the 

cleat. Fluid flow in the vertical direction is governed by both buoyancy 

force and pressure gradient while fluid flow in the horizontal direction is 

only governed by pressure gradient in the cleat. 

In the early stage of injection, flows of fluids are mainly governed by 

buoyancy force rather than pressure gradient, thus carbon dioxide flows up 

toward top boundary of the coal beds. After 5 days since the start of the 

injection, carbon dioxide reaches top boundary of coal beds and spreads 

out in the horizontal direction due to impermeable upper layer. Then, 

carbon dioxide starts to flow in the horizontal direction at bottom and 

middle of coal beds.  

During the injection period, pressure of the cleat increases from 5.02 × 

106 Pa to 5.10 × 106 Pa at near the bottom of the injection well. Carbon 

dioxide flows through the cleat of the coal beds by the influences of both 

buoyancy force and pressure gradient.  

In the area saturated by carbon dioxide, carbon dioxide moves from 

the cleat to the pore of the matrix by diffusion due to the higher 

concentration in the cleat than that of the matrix, while methane moves 

from the pore of the matrix to the cleat.  
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Carbon dioxide in the pore of the matrix is adsorbed to the surface of 

the matrix and detaches methane. Then concentration of carbon dioxide in 

the pore of the matrix is lower than that of the cleat, and diffusion of 

carbon dioxide and methane between the cleat and the pore of the matrix 

is repeated until carbon dioxide is fully adsorbed.  

The area saturated by carbon dioxide is widened while methane is 

pulled out from the center of domain due to the injection of carbon dioxide. 

As a result, after 10 years since the start of carbon dioxide injection, the 

influenced radius of carbon dioxide saturation in the top and the bottom of 

the cleat is 225 m and 65 m, respectively. This result shows that most of 

carbon dioxide exist the top of the coal beds. Thus influenced area of 

carbon dioxide should be considered at the top of the coal beds. Most of 

methane also exists at the top of the coal beds, and the location of methane 

saturated more than 0.001 is from 45 m~ 125 m where the outside of the 

area of saturated by carbon dioxide.  

In the saturated area of gases (carbon dioxide and methane), each gas 

is diffused into the pore of the matrix. This diffusion results in increase of 

fluid pressure of the matrix. Thus the area that pressure of the matrix is 

higher than other area is similar as gas saturated area.  

Higher pressure of the matrix means that more carbon dioxide and 

methane can be adsorbed according to Langmuir isotherm curve. Only 

methane exists in the methane adsorbed area because existence of carbon 

dioxide means that methane is desorbed from the surface of the matrix. 

Total amount of carbon dioxide is 8,836 ton which is about 88.4% of the 
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total injected carbon dioxide. This result shows that most of the carbon 

dioxide is stored by adsorption. 

After the end of the injection, pressure of fluids in the cleat decreases 

and recoveries the level of the initial condition. It means that fluid flow by 

pressure gradient almost disappears and fluid flow in the vertical direction 

by buoyancy force is remains. Thus carbon dioxide and methane flow up 

toward the top boundary of the coal beds, meanwhile some of them moves 

into the pore of the matrix by diffusion. And little amount of carbon 

dioxide is desorbed from matrix near the injection well, because decrease 

of pressure in the cleat leads to decrease of matrix pressure. 

As a result, after 100 years since the start of carbon dioxide injection, 

the influenced radius of carbon dioxide saturation in the top is 205 m, and 

carbon dioxide barely exists in the bottom of the coal beds. The influenced 

area decreases after the end of the injection, because the more carbon 

dioxide moves into the matrix. At the same time, the range which methane 

exists is 85 m~ 205 m from the injection well in the radial direction.  

Pressure of the matrix also decreases with decreasing of pressure of 

the cleat while still remains higher than initial condition. It shows that the 

more gas is adsorbed at the surface of the matrix due to adsorption of 

carbon dioxide. Spatial distribution of pressure of the matrix is not too 

much changed after the end of the injection. However, pressure of the 

matrix slightly decreases near the bottom of the injection well, and slightly 

increases at the top of coal beds and far from the injection well.  

Carbon dioxide adsorption is determined by pressure of the matrix 
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according to the Langmuir isotherm curve. Thus some carbon dioxide is 

desorbed from matrix near the bottom of the injection well, flows up 

through the cleat and is adsorbed the top of the coal beds. Some methane 

is also adsorbed far from the injection well after the end of the injection. 

As a result, the total amount of adsorbed carbon dioxide is 8,876 ton. It 

shows that about 40 ton of carbon dioxide is adsorbed after the end of the 

injection. This result shows that most of the carbon dioxide is adsorbed 

during the injection period. 

 

6.2. Influences of cleat spacing: Case A 

Hydrogeological properties of the coal cleat (porosity and 

permeability) and shape factor are changed by variation of cleat spacing. 

Thus migration and adsorption of fluids are changed with various cleat 

spacing due to the comprehensive effect of these properties. 

Bottom hole pressure is higher than initial pressure of cleat during 

injection period, and reduces to similar value of initial pressure of cleat 

after the end of the injection . Bottom hole pressure of cases are about 5.07 

× 106 Pa (Case A-1), 5.29 × 106 Pa (Case A-2), and 6.34 × 106 Pa (Case A-

3) during injection period. It leads pressure gradient in the cleat with 

various cases (Fig. 14). 

Spatial distribution of pressure in the cleat after 10 years and 100 years 

from the start of the injection is illustrated in Fig. 15 Pressure of cleat in 

the vicinity of the injection well increases due to injection of carbon 

dioxide through the cleat. Pressure in the cleat increases from 5.00 × 106 ~  
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Figure 14. Temporal change of bottom hole pressure for Case A.
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Figure 15. Spatial distributions of pressure in the cleat with a quarter of a domain for (a) 

Case A-1 after 10 years, (b) Case A-1 after 100 years, (c) Case A-2 after 10 years, (d) 

Case A-2 after 100 years, (e) Case A-3 after 10 years, and (f) Case A-3 after 100 years 

since the start of CO2 injection. 
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5.02 × 106 Pa to 5.03 × 106 Pa (Case A-1), 5.10 × 106 Pa (Case A-2), and 

5.37 × 106 Pa (Case A-3) during the injection period, and decreases to 

initial condition after 3 years (Case A-1), 5 years (Case A-2), and 20 years 

(Case A-3) from the end of carbon dioxide injection. Pressure of the cleat 

for the case A-3 is larger than other cases because permeability of the cleat 

decreases by increasing of cleat spacing. Although decreasing of porosity 

reduces the increase of pressure in the cleat because it leads to fast 

increasing of saturation and relative permeability of carbon dioxide, 

pressure increasing is more sensitive about permeability change than 

porosity change. 

Spatial distribution of carbon dioxide saturation in the cleat after 10 

years and 100 years since the start of carbon dioxide injection is illustrated 

in Fig. 16 Carbon dioxide reaches to upper boundary of domain after 6 

days (Case A-1), 5 days (Case A-2), and 1 day (Case A-3) from the start of 

carbon dioxide injection. In case A-3, the velocity of carbon dioxide in the 

cleat is fastest, because the pressure difference is higher than other cases. 

And range of carbon dioxide spreading is various for the various cases. 

The influenced radiuses of carbon dioxide saturation after 10 years since 

the start of carbon dioxide injection are 265 m (Case A-1), 225 m (Case A-

2), and 165 m (Case A-3) in the top of the coal beds, while 15 m (Case A-

1), 65 m (Case A-2), and 105 m (Case A-3) in the bottom of the coal beds 

(Table 6). It shows that influenced areas of carbon dioxide saturation 

decrease in the top of coal bed while increase in the bottom of coal bed by 

increasing of cleat spacing. It is because that the flow in the vertical 
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Table 6. Influenced radiuses of carbon dioxide adsorption in the matrix and saturation in 

the cleat after 10 years since the start of the injection for case A. 

 

 
Case A-1  Case A-2  Case A-3 

 
10 years 100 years  10 years 100 years  10 years 100 years 

Influenced area of 

CO2 saturation 
265 265 

 

205 205 

 

165 55 

Influenced area of 

CO2 adsorption 
205 265 

 

165 225 

 

165 165 
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Figure 16. Spatial distributions of saturation of carbon dioxide in the cleat with a quarter 

of a domain for (a) Case A-1 after 10 years, (b) Case A-1 after 100 years, (c) Case A-2 

after 10 years, (d) Case A-2 after 100 years, (e) Case A-3 after 10 years, and (f) Case A-3 

after 100 years since the start of CO2 injection. 



41

direction by buoyancy force is constant for every case, but the 

omnidirectional flow by pressure gradient varies depending on cases. The 

larger amount of carbon dioxide reaches to the upper boundary of the coal 

bed by decreasing of the cleat spacing, because the amount of carbon 

dioxide flows in the horizontal direction is smaller than other cases. This 

result shows that the influenced area by carbon dioxide is widen by 

decreasing of cleat spacing. 

After the end of the injection, carbon dioxide in the cleat goes up by 

buoyancy force. The influenced radiuses of carbon dioxide saturation 

decrease to 265 m (Case A-1), 205 m (Case A-2), and 55 m (Case A-3) 

after the end of the injection (Table 6). The quantity of reduced carbon 

dioxide is largest for the Case A-3. This result shows that sensitivities 

about gas saturation increase by increasing of cleat spacing, because 

porosity of the cleat and total amount of carbon dioxide is smallest for the 

case which has the largest cleat spacing.  

Spatial distributions of methane saturation in the cleat after 10 years 

and 100 years since the start of carbon dioxide injection are illustrated in 

Fig. 17. Methane exists outside of area saturated by carbon dioxide. The 

more methane exists in the bottom and middle of the coal beds by 

increasing of the cleat spacing because the flow of carbon dioxide in 

horizontal direction increases by increasing of the cleat spacing. After the 

end of the injection, like carbon dioxide, methane flows up by buoyancy 

force and moves into the pore of the matrix by diffusion. 

Spatial distributions of pressure in the matrix after 10 years and 100  
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Figure 17. Spatial distributions of saturation of methane in the cleat with a quarter of a 

domain for (a) Case A-1 after 10 years, (b) Case A-1 after 100 years, (c) Case A-2 after 

10 years, (d) Case A-2 after 100 years, (e) Case A-3 after 10 years, and (f) Case A-3 after 

100 years since the start of CO2 injection. 
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years from the start of carbon dioxide injection are illustrated in Fig. 18 

The pattern of spatial distribution of pressure in the matrix is similar as 

gas saturation for each case. And maximum values of pressure in the 

matrix are similar with that of the cleat. Pressure in the matrix is higher for 

the case which has larger cleat spacing. 

Spatial distributions of carbon dioxide adsorption in the matrix after 10 

years and 100 years since the start of carbon dioxide injection are 

illustrated in Fig. 19 The influenced radiuses of carbon dioxide adsorption 

after 10 years from the start of carbon dioxide injection are 265 m (Case 

A-1), 225 m (Case A-2), and 165 m (Case A-3) in the top of the coal beds, 

while 15 m (Case A-1), 75 m (Case A-2), and 125 m (Case A-3) in the 

bottom of the coal beds (Table 6). This result shows that the quantity of 

adsorbed carbon dioxide in the top of the coal beds decreases by 

increasing of cleat spacing.  

Fig. 20 shows that methane is desorbed near the injection well and 

adsorbed outside of carbon dioxide. The patterns of distribution are 

determined by carbon dioxide flow for each case. Thus most of methane 

also exists in the top of the coal beds. 

Temporal distributions of cleat pressure, matrix pressure, water 

saturation, gas saturation, carbon dioxide saturation, methane saturation, 

carbon dioxide adsorption and methane adsorption according to variation 

of cleat spacing at injection point are illustrated at Fig. 21-28. 

The total amounts of adsorbed carbon dioxide are 8,800 ton (Case A-1), 

8,836 ton (Case A-2), and 8,817 ton (Case A-3). After the end of the 
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Figure 18. Spatial distributions of pressure in the matrix with a quarter of a domain for 

(a) Case A-1 after 10 years, (b) Case A-1 after 100 years, (c) Case A-2 after 10 years, (d) 

Case A-2 after 100 years, (e) Case A-3 after 10 years, and (f) Case A-3 after 100 years 

since the start of CO2 injection. 
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Figure 19. Spatial distributions of adsorbed carbon dioxide in the cleat with a quarter of a 

domain for (a) Case A-1 after 10 years, (b) Case A-1 after 100 years, (c) Case A-2 after 

10 years, (d) Case A-2 after 100 years, (e) Case A-3 after 10 years, and (f) Case A-3 after 

100 years since the start of CO2 injection. 
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Figure 20. Spatial distributions of adsorbed methane in the cleat with a quarter of a 

domain for (a) Case A-1 after 10 years, (b) Case A-1 after 100 years, (c) Case A-2 after 

10 years, (d) Case A-2 after 100 years, (e) Case A-3 after 10 years, and (f) Case A-3 after 

100 years since the start of CO2 injection. 
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Figure 21. Temporal distributions of cleat pressure for Case A. 
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Figure 22. Temporal distributions of matrix pressure for Case A. 



49

 

 

 

 

 

Figure 23. Temporal distributions of water saturation for Case A. 
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Figure 24. Temporal distributions of gas saturation for Case A. 
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Figure 25. Temporal distributions of carbon dioxide saturation for Case A.
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Figure 26. Temporal distributions of methane saturation for Case A. 
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Figure 27. Temporal distributions carbon dioxide adsorption for Case A. 
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Figure 28. Temporal distributions of methane adsorption for Case A. 
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injection, it increases to 8,856 ton (Case A-1), 8,876 ton (Case A-2), and 

8,853 ton (Case A-3). This results show that the total amount of carbon 

dioxide is not significantly affected by change of cleat spacing. And stored 

carbon dioxide by adsorption is up to 88% for all cases (Fig. 29). 

 

6.3. Influences of formation dip: Case B 

Formation dip is important factor of fluid flow through the cleat. The 

results of sensitive analysis show that flow of carbon dioxide and methane 

are significantly affected by formation dip due to buoyancy force. 

Bottom hole pressure of cases are about 5.29 × 106 Pa (Case B-1), 5.28 

× 106 Pa (Case B-2), 5.29 × 106 Pa (Case B-3), and 5.32 × 106 Pa (Case B-

4) during injection period (Fig. 30). This result shows that bottom hole 

pressure is not significantly affected by formation dip, and it means 

changes of pressure in the cleat for each case are similar. The maximum 

changes of pressure of fluid in the cleat are 9.56 × 101 Pa (Case B-1), 6.54 

× 101 Pa (Case B-2), 5.01 × 101 Pa (Case B-3), and 5.30 × 101 Pa (Case B-

4) during injection period (Fig. 31). It shows that pressure of the cleat 

tends to decrease by increasing of cleat spacing except case B-4, however 

the difference is not significant.  

Flow of fluids is significantly affected by buoyancy force rather than 

pressure gradient. Carbon dioxide is flows faster toward surface. After 2 

years since the start of the injection, carbon dioxide flows 190 m (Case B-

1), 230 m (Case B-2), 330 m (Case B-3), and 410 m (Case B-4) toward 

surface from injection well, while 190 m (Case B-1), 130 m (Case B-2), 
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Figure 29. Temporal change of cumulative carbon dioxide by injection and adsorption at 

matrix for Case A. 
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Figure 30. Temporal change of bottom hole pressure for Case B. 
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Figure 31. Spatial distributions of pressure in the cleat as seen from above for (a) Case B-

1 after 10 years, (b) Case B-1 after 100 years, (c) Case B-2 after 10 years, (d) Case B-2 

after 100 years, (e) Case B-3 after 10 years, (f) Case B-3 after 100 years, and (g) Case B-

4 after 10 years, (h) Case B-4 after 100 years since the start of CO2 injection. 
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110 m (Case B-3), and 90 m (Case B-4) in the lateral direction (Table 7, 

Fig. 32). It shows that flow of carbon dioxide toward surface increases 

drastically by increasing of formation dip while lateral flow decreases. 

Methane is squeezed out by carbon dioxide and flow toward surface (Fig. 

33). Flow of methane is faster than carbon dioxide and reaches after 6 

years 11 months (Case B-2), 3 years 8 months (Case B-3), and 2 years 6 

months (Case B-4) since the start of the injection. After the end of the 

injection, almost all carbon dioxide and methane move out of domain or 

into the pore of the matrix except base case. Especially most of methane 

disappears from domain within 6 months after the end of the injection. 

This results show that risk of leakage increased drastically by increasing 

of formation dip. 

The maximum changes of pressure of fluid in the matrix are 3.82 × 106 

Pa (Case B-1), 3.80 × 106 Pa (Case B-2), 3.79 × 106 Pa (Case B-3), and 

3.79 × 106 Pa (Case B-4) during injection period (Fig. 34). And 

distributions of pressure of the matrix are affected by carbon dioxide and 

methane saturation in the cleat. 

Spatial distributions of adsorbed carbon dioxide in the matrix after 10 

years and 100 years since the start of carbon dioxide injection are 

illustrated in Fig. 35. Adsorbed carbon dioxide reaches the boundary of 

domain for case B-4. And the area influenced by carbon dioxide is 

increases by increasing of formation dip. Methane is adsorbed outside of 

carbon dioxide adsorption area (Fig. 36). 

Temporal distributions of cleat pressure, matrix pressure, water  
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Table 7. Influenced range of carbon dioxide adsorption in the matrix and saturation in the 

cleat toward the ground surface and lateral direction after 2 years since the start of the 

injection for case B. 

 

 
Case B-1  Case B-2  Case B-3  Case B-4 

 

toward 

the 

surface 

lateral  

toward 

the 

surface 

lateral  

toward 

the 

surface 

lateral  

toward 

the 

surface 

lateral 

Influenced 

area of CO2 

saturation 

190 190 

 

305 130 

 

485 110 

 

725 110 

Influenced 

area of CO2 

adsorption 

190 190 

 

305 170 

 

325 110 

 

405 110 
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Figure 32. Spatial distributions of saturation of carbon dioxide in the cleat as seen from 

above for (a) Case B-1 after 10 years, (b) Case B-1 after 100 years, (c) Case B-2 after 10 

years, (d) Case B-2 after 100 years, (e) Case B-3 after 10 years, (f) Case B-3 after 100 

years, and (g) Case B-4 after 10 years, (h) Case B-4 after 100 years since the start of CO2 

injection. 
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Figure 33. Spatial distributions of saturation of methane in the cleat as seen from above 

for (a) Case B-1 after 10 years, (b) Case B-1 after 100 years, (c) Case B-2 after 10 years, 

(d) Case B-2 after 100 years, (e) Case B-3 after 10 years, (f) Case B-3 after 100 years, 

and (g) Case B-4 after 10 years, (h) Case B-4 after 100 years since the start of CO2 

injection. 
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Figure 34. Spatial distributions of pressure in the matrix as seen from above for (a) Case 

B-1 after 10 years, (b) Case B-1 after 100 years, (c) Case B-2 after 10 years, (d) Case B-2 

after 100 years, (e) Case B-3 after 10 years, (f) Case B-3 after 100 years, and (g) Case B-

4 after 10 years, (h) Case B-4 after 100 years since the start of CO2 injection. 
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Figure 35. Spatial distributions of adsorbed carbon dioxide in the cleat as seen from 

above for (a) Case B-1 after 10 years, (b) Case B-1 after 100 years, (c) Case B-2 after 10 

years, (d) Case B-2 after 100 years, (e) Case B-3 after 10years, (f) Case B-3 after 100 

years, and (g) Case B-4 after 10 years, (h) Case B-4 after 100 years since the start of CO2 

injection. 



65

 

 

 

Figure 36. Spatial distributions of adsorbed methane in the cleat as seen from above for 

(a) Case B-1 after 10 years, (b) Case B-1 after 100 years, (c) Case B-2 after 10 years, (d) 

Case B-2 after 100 years, (e) Case B-3 after 10 years, (f) Case B-3 after 100 years, and 

(g) Case B-4 after 10 years, (h) Case B-4 after 100 years since the start of CO2 injection. 
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saturation, gas saturation, carbon dioxide saturation, methane saturation, 

carbon dioxide adsorption and methane adsorption according to variation 

of formation dip at injection point are illustrated at Fig. 37-44. 

After 10 years since the start of the injection, total amounts of 

adsorbed carbon dioxide are 8,836 ton (Case B-1), 8,888 ton (Case B-2), 

8,973 ton (Case B-3), and 8,923 ton (Case B-4) for each case (Fig. 45). It 

shows that total amount of adsorbed carbon dioxide slightly increases by 

increasing of formation dip except case B-4(some carbon dioxide moves 

out from domain for case B-4). Adsorbed methane exists outside of the 

area occupied by carbon dioxide adsorption.  

 

7. Conclusions 

A series of numerical simulations using a multi-dimensional thermo-

hydrogeological-chemical numerical model is performed to estimate 

migration and adsorption of fluids (carbon dioxide, methane, and 

groundwater) and to analyze the influences of the cleat spacing and the 

formation dip on them for geologic storage of carbon dioxide in coal beds. 

The results of a series of numerical simulations show that the 

migration and adsorption which are dependent on buoyancy force and 

fluid pressure gradient of the cleat are intensively affected by variation of 

cleat spacing and formation dip. Injected carbon dioxide is adsorbed at the 

surface of the matrix and the amount of it is up to the 88% of total amount 

of the injection regardless of the variation of cleat spacing or formation 

dip. However, spatial distributions of carbon dioxide saturation in the cleat  
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Figure 37. Temporal distributions of cleat pressure for Case B. 
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Figure 38. Temporal distributions of matrix pressure for Case B. 
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Figure 39. Temporal distributions of water saturation for Case B. 
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Figure 40. Temporal distributions of gas saturation for Case B. 
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Figure 41. Temporal distributions of carbon dioxide saturation for Case B. 
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Figure 42. Temporal distributions of methane saturation for Case B. 



73

 

 

 

 

 

Figure 43. Temporal distributions carbon dioxide adsorption for Case B. 



74

 

 

 

 

 

Figure 44. Temporal distributions of methane adsorption for Case B. 
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Figure 45. Temporal change of cumulative carbon dioxide by injection and adsorption at 

matrix for Case B. 
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and adsorption in the matrix are significantly different according to 

variation of cleat spacing and formation dip. 

During the injection period, injected carbon dioxide flows toward top 

boundary of coal beds and spreads through beneath of the boundary due to 

the impermeable upper layer. Methane detached from matrix and 

groundwater is pulled out by carbon dioxide. Most of carbon dioxide 

exists in the top of coal bed and the distribution of fluids is carbon dioxide, 

methane and groundwater in the order from the injection well. After the 

end of the injection, some carbon dioxide and methane in the cleat are 

adsorbed at matrix and the amount of them correspond to about 0.5% of 

adsorption amount during the injection period. 

In the case of various cleat spacing (case A), the more carbon dioxide 

and methane flows up to the boundary of coal bed and the influenced areas 

of carbon dioxide saturation and adsorption increase according to 

decreasing of cleat spacing. After 100 years since the start of the injection, 

influenced radiuses of carbon dioxide saturation in the cleat are 265 m 

(Case A-1), 205 m (Case A-2), and 55 m (Case A-3). At the same time, 

influenced radiuses of carbon dioxide adsorption in the matrix are 265 m 

(Case A-1), 225 m (Case A-2), and 185 m (Case A-3). It means that wider 

area of coal bed is needed to store same amount of carbon dioxide 

according to decrease of cleat spacing. 

In the case of various formation dip (case B), velocities of carbon 

dioxide and methane flow in the cleat is significantly increased according 

to increase of formation dip. After 2 years since the start of the injection, 
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influenced ranges of carbon dioxide saturation in the cleat are 190 m (Case 

B-1), 230 m (Case B-2), 330 m (Case B-3), and 410 m (Case B-4) in the 

direction toward surface , while 190 m (Case B-1), 130 m (Case B-2), 110 

m (Case B-3), and 90 m (Case B-4) in the lateral direction. At the same 

time, influenced ranges of carbon dioxide adsorption in the matrix are 190 

m (Case B-1), 310 m (Case B-2), 330 m (Case B-3), and 410 m (Case B-4). 

Methane is pulled out by carbon dioxide and moves out of domain after 6 

years 11 months (Case B-2), 3 years 8 months (Case B-3), and 2 years 6 

months (Case B-4) since the start of the injection. It means that the risk of 

leakage is significantly increased according to increase of formation dip. 

These results of numerical simulation show that thermo-

hydrogeological-chemical numerical model is useful for prediction and 

analysis of complicated migration mechanism of fluids due to geologic 

storage of carbon dioxide and can provide reasonable guideline for 

planning of geologic storage of carbon dioxide. 
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국   (Abstract in Korean) 

 

이산 탄소 출  지구 난  원인  손 히고 있 며 

이산 탄소 지  장    이산 탄소 농도를 감소하  한 

가장 효 이고 한 법  평가 고 있다. 탄  높  

장 능 과 부 인 탄 가스 생산  인한 용 감 효과 등  

장  인해 망한 이산 탄소 지  장 상 지  주목 고 

있다. 본 연구에 는 탄  내 이산 탄소, 탄  지하  이동과 

장 양상  분 하고, 이에 한 탄  단열 간격  지  경사  

향  평가하  하여 다상  열- 리- 학   모델  이용한 

일   모델링 연구가 행 었다. 국내 탄  특징  

하  하여 국내  탄 인 삼척 탄   모델링 상  

삼 다.  

 모델링 결과들  탄  내 체  이동이 단열 간격과 지  

경사에 해 크게 향   보여주는 면, 착  장 는 

이산 탄소  양  주입량  88% 이상이며 단열 간격과 지  경사  

변 에 크게 향  지  보여 다. 주입  이산 탄소는 

부분 탄  상부 경계를 향해 이동한 후 장 며, 그 과 에  

탈착  탄과 지하 는 이산 탄소에 해 주입 에  어지는 

향  나며 일부 탄  착  이산 탄소   역에  
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재 착 다. 단열 간격에 한 향  모델링 결과들  탄  내 

체  이동이 단열 간격에 향   보여주며 단열 간격이 

좁   많  양  이산 탄소  탄이 탄  상부 경계를 

향해 이동하고 이산 탄소  착 향 경이 커짐  보여 다. 지  

경사에 한 향  모델링 결과들  체  동이 지  경사에 

크게 향   보여 다. 이산 탄소  탄  지 면  향해 

르게 이동하며 그 속도는 지  경사가 증가함에 라 격하게 

증가하여 일부 이산 탄소  탄이 경계 외부  출 다.  

본 연구  결과들  다상  열- 리- 학  모델이 탄  내 

이산 탄소 지  장  복잡한 체 이동과 장 양상  하 에 

합함  보여주며, 합리 이고 효과 인 이산 탄소 지  장 계획 

립에 여할 것  다. 

 

주요어: 이산 탄소, 지  장, 탄 , 탄회 증진,  모델링, 

단열 간격, 지  경사 

 

학  번: 2011-20364 
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