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Abstract: Coalbed methane (CBM) content is generally estimated using the isotherm theory between
pressure and adsorbed amounts of methane. It usually determines the maximum content of adsorbed
methane or storage capacity. However, CBM content obtained via laboratory experiment is not
consistent with that in the in-situ state because samples are usually ground, which changes the specific
surface area. In this study, the effect of the specific surface area relative to CBM content was investigated,
and diffusion coefficients were estimated using equilibrium time analysis. The differences in adsorbed
content with sample particle size allowed the determination of a specific surface area where gases can
adsorb. Also, there was an equilibrium time difference between fine and lump coal, because more
time is needed for the gas to diffuse through the coal matrix and adsorb onto the surface in lump coal.
Based on this, we constructed a laboratory-scale simulation model, which matched with experimental
results. Consequently, the diffusion coefficient, which is usually calculated through canister testing,
can be easily obtained. These results stress that lump coal experiments and associated simulations
are necessary for more reliable CBM production analysis.
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1. Introduction

Coalbed gas, coalbed methane (CBM), and coalbed natural gas are terms that refer to the
characteristic gases adsorbed in coal [1]. CBM development began in the San Juan basin in the
mid-1980s, and CBM production became a new industry in the oil and gas domain [2]. CBM is often
extracted from depths lower than conventional natural gas wells, and the methane storage capacity
in coal layers is 2–3 times higher than conventional gas reservoirs at the same depth and pressure.
Therefore, CBM is usually easier to develop than a traditional natural gas reservoir [3].

CBM is generated during the maturation of organic matter and by microbes residing in coal
seams [4]. CBM is composed of methane, with minor amounts of carbon dioxide and nitrogen [5].
Of the produced gas, 98% is adsorbed via van der Waals forces onto the surface of the organic
matter. The remaining 2% is compressed in natural cracks or dissolved during water formation [6].
The essential elements in determining gas content are the coal rank and the burial depth. Commonly,
a higher coal rank and increased depth denote higher gas content [7].

Typically, the internal surface area of coal, which has a significant impact on its ability to contain
methane, differs with coal rank and composition. The internal surface area in the coalbed, which greatly
affects the ability to contain CH4, usually varies according to the rank and composition of the coal; the
largest value is observed in bituminous coal, followed by anthracite. Among components, the largest
value is observed for vitrinite, and the smallest is observed for inertinite [8]. Also, physical changes
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cause differences in the amount of gas adsorbed. These primarily occur during the measurement of
gas content in laboratories. Specific surface area is one of the main parameters that undergo physical
changes. A smaller size of coal particle results in a larger internal surface area that the gas can adsorb
onto [9]. Beamish and O’Donnell [10] studied the change in gas content with the increase in surface
area by crushing bituminous coal to 250 mm. Zhang [11] suggested that the specific surface area
increases as the coal particle size becomes smaller since the amount of ash and moisture interfering with
gas adsorption decreases. Thus, a thorough understanding of all factors is essential for the accurate
determination of gas content in a CBM reservoir.

Furthermore, the mechanism of gas flow through the tight coal matrix and cleats is highly complex.
In particular, diffusional flow is dominant in the matrix due to low permeability. Therefore, the
diffusion coefficient is a crucial factor that dramatically affects gas flow. The diffusion coefficient is
roughly obtained from the sorption time in the canister test, which is time-consuming and costly.

In this study, adsorption experiments with various size fractions of coal were performed to
determine the effect of specific surface area on the amount of gas adsorbed. In this manner, the diffusion
flow of gas through coal with different particle sizes could be determined through the analysis of the
adsorption equilibrium time. Following this, a history matching technique was applied to calculate the
diffusion coefficient by combining the experimental results with the simulation results. This procedure
is believed to be more economical in terms of cost and time compared with canister test. It may also
serve to address the shortcomings of the indirect method and to provide a more accurate estimation
of CBM.

2. Materials and Methods

2.1. Gas Content Measurement

There are two standard ways of measuring gas content, a direct method and an indirect method.
The direct method measures the gas content of coal obtained during the drilling operation, and
measures the volume of desorbed gas, lost gas, and residual gas via canister desorption [12]. The direct
method is widely used in the petroleum industry for gas content estimation because it uses in situ
samples, and the diffusion coefficient can be calculated by sorption time analysis. For this reason, it is
considered to be a more reliable method than the indirect method. However, the direct method has the
following disadvantages: (1) it is difficult to calculate the amount of lost gas that occurs during the
core extraction from the underground to the surface; (2) the entire test process usually takes a long
time, from two weeks to four months; and (3) the measurement cost is high [13].

In contrast, the indirect method can measure the maximum gas content that can be adsorbed
onto the coal surface. It is generally analyzed using the sorption characteristics between coal and gas
and a sorption isotherm with pressure [14]. The indirect method usually takes less time, and results
are more easily obtained. However, it has the following disadvantages: (1) the physical properties of
coal such as ash, moisture, cleat, and pore structure can be altered when a coal sample is crushed to
appropriately sized pieces; (2) since the experiment is conducted using single-component gas, it cannot
be applied directly where multi-component gases are adsorbed. Therefore, there is an inconsistency
between experimental and in situ gas content.

2.2. Sorption Isotherm

Gas adsorption refers to the phenomenon of gas adherence onto a solid surface. The adsorbed
volume increases as pressure increases and temperature decreases. The isotherm theory is usually
used to explain adsorption characteristics.

An adsorption isotherm shows the relationship between the adsorbed volume and the pressure
when the adsorption equilibrium occurs at a specific temperature. Therefore, it is critical to analyze
the adsorption characteristics to accurately estimate the storage capacity [15]. Until now, many
previous studies applied the adsorption mechanism to different isotherm curves such as the Langmuir,
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Freundlich, and Brunauer–Emmett–Teller (BET) models. Among them, the Langmuir model is widely
accepted in the petroleum industry. In previous CBM studies, various sorption isotherm models were
tested using experimental data to find the best-fitted model, and it was found that the Langmuir
isotherm model showed the lowest absolute error and a better regression value for all cases [16].

The Langmuir model is derived from the assumptions that gas has single-layer adsorption on
a uniform sample surface, and the adsorption amount and the desorption amount are in a dynamic
equilibrium state. More precisely, the assumptions are as follows [17]:

One gas molecule is adsorbed onto a single adsorption site;
There is no interaction between the adsorbed molecules;
The adsorbed gas has the properties of an ideal gas.
The Langmuir equation can be written in the following form, described as shown in Figure 1:

Va =
VL × P
PL + P

, (1)

where VL is the maximum content of adsorbed gas, PL is the pressure at half VL, and Va is the total
adsorption content.
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2.3. Experimental Method

The indirect methods that measure the adsorbed volume of gas include volumetric measurement
and gravimetric measurement. The volumetric analysis calculates the quantities of adsorbed gas with
pressure. The gravimetric measurement is a calculation method achieved by directly checking the
mass change in a reactor at a constant pressure.

In this study, BELSORP high-pressure adsorption equipment, which applies the volumetric
method, was used for the measurement of adsorbed gas. A schematic diagram of the apparatus is
drawn in Figure 2. To calculate the adsorbed amount of gas, the gas amount remaining after adsorption
was subtracted from the injected amount, since the volumetric method could not directly estimate the
amount of adsorbed gas.

The volumetric method calculates the gas content of coal through four steps. With the adsorption
calculation equation, the volume of adsorption is estimated according to the equation of state using the
temperature and the equilibrium pressure obtained from the measurement.

The total number of moles of adsorbed gas is calculated using Equation (2), and the total volume
of adsorbed gas in each step is obtained using Equation (3) [18].

V(k) = V(k − 1) +
n× 22, 414

SW
, (2)



Energies 2019, 12, 3445 4 of 16

where V(k) is the gas volume at k step, n is the number of molecules of adsorbed gas, k is the adsorption
step, and SW is the sample weight.

n = n1− n2 + n3− n4, (3)

where n is the total number of molecules, and n1, n2, n3, and n4 represent each molecule of adsorbed
gas calculated according to each step.

The value of n for each step can be calculated as described below (Figure 2).
The experimental apparatus used for measuring the adsorption volume is divided into two parts

at the location of valve C: a reference volume area Vs, and a dead volume area Vd.
At the (k − 1)th point equilibrium, the amount of gas that did not adsorb onto the sample but

remained in the gas phase, n1, is expressed as follows:

n1 =
Pe(k − 1)

× (Vs + Vd)

R× Te(k − 1) ×Z
(
Pe(k − 1)

) . (4)

At the (k − 1)th point measurement, the amount of gas inside Vs after the C valve is closed is
expressed in Equation (5), where Te(k − 1) is the absolute temperature at Pe(k − 1), Pe(k − 1) is the measured
pressure when the internal pressure in Vs and Vd is at equilibrium at the (k − 1)th step, and R is the
ideal gas constant (8314.102965 kPa·cm3

·mol−1
·K−1.

n2 =
Pe2(k − 1)

×Vs

R× Te2(k − 1) ×Z
(
Pe2(k − 1)

) . (5)

The amount of gas inside Vd after the (k − 1)th point measurement can be expressed as follows:

n1− n2 (6)

At the (k)th point measurement, the amount of gas administered into Vs, n3, is given by

n3 =
Pi(k) ×Vs

R× Ti(k) ×Z
(
Pi(k)

) , (7)

where Ti(k) is the absolute temperature at Pi(k), Pi(k) is the measured pressure when the internal pressure
in Vs and Vd is at equilibrium at the (k)th step.

At the (k)th point equilibrium, the amount of gas that did not adsorb onto the sample but remained
in the gas phase, n4, is expressed by

n4 =
Pe(k) × (Vs + Vd)

R× Te(k) ×Z
(
Pe(k)

) , (8)

where Te(k) is the absolute temperature at Pe(k), and Pe(k) is the measured pressure when the internal
pressure in Vs and Vd is at equilibrium at the (k)th point.

Equation (6) is used to calculate the number of gas molecules remaining in Vd at the (k − 1)th

point before the new gas is injected, while Equations (7) and (8) calculate the number of gas molecules
adsorbed at the (k)th point after the new gas is injected.

Commonly, gas compressibility has to be corrected to capture real gas behavior; hence, the virial
coefficient (Equation (9)) was applied using the gas property database from the NIST (National Institute
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of Standards and Technology) chemistry web-book (https://webbook.nist.gov) [19]. Details of the
experimental procedure were provided by Kim et al. [20].

Z = 1 + B(P)ρ+ C(P)ρ2 + D(P)ρ3, (9)

where Z is a compressibility factor, p is the equilibrium pressure, and B(P)p, C(P)p, and D(P)p are the
second, third, and fourth virial coefficients, respectively.
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Figure 2. The process of the volumetric method.

Since conventional reactor experiments only allow a small volume of powdered coal to be used, a
new reactor which can hold a lump coal sample was newly manufactured for the test. This reactor
had the following characteristics: (1) a maximum pressure of 7000 kPa and a maximum temperature
of 343.14 K are achievable; (2) various sample sizes can be used with a guide to minimize the dead
volume. It was possible to measure the gas content of a sample up to 6 cm long on each side (Figure 3).
In Figure 3, the left and right reactors have different coal particle sizes. For the left side (a), a coal size
of only 1 to 2 cm is possible. For the right side (b), various sizes of coal can be used from 1 to 6 cm.
This reactor was also designed to perform not only adsorption and desorption experiments, but also
other applications such as CBM production (gas + water).

https://webbook.nist.gov
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3. Results and Discussion

3.1. Sample Preparation

The experiment used two coal samples (coal sample group A and coal sample group B) that were
obtained from CBM fields located in Indonesia and Australia. The rank types of coal included lignite,
bituminous coal, and anthracite; in some cases, bituminous coal and anthracite were subdivided as
sub-bituminous or semi-anthracite by carbonization degree. To check the contents of fixed carbon,
volatile matter, and moisture, proximate analysis was performed. Then, the data were converted to
ASTM (American Society for Testing Materials) scale using the Parr formula, shown in Equations (11)
and (12) (Table 1) [21].

Dry, Mm− f ree FC =
FC− 0.15 S

100− (M + 1.08 A + 0.55 S)
× 100%, (10)

Dry, Mm− f ree VM = 100−Dry, Mm FC, %, (11)

where FC is fixed carbon, S is sulfur, M is moisture, A is ash, and VM is volatile matter.
Coal sample group A had 2.66% natural moisture and 11.46% ash. On the other hand, coal sample

group B had 1.2% inherent moisture and 18.53% ash. This shows that coal sample group B had a lower
level of natural moisture and a higher portion of ash compared to coal sample group A. As a result of
the analysis, since both samples of coal existed on the ground for a long time, but not underground,
it was judged that contents of inherent moisture and ash were low. Therefore, we determined that the
two coals were sub-bituminous considering gross calorific value.

Each coal sample was ground into six sizes: 180–252 µm, 253–508 µm, 0.5–1 mm, 2–4 mm, and 2 cm
cubes (Figure 4). Then, a mortar was used to crush the small pieces of coal. After cleaning the coal
samples with distilled water, a centrifuge was used to remove impurities from the coal samples. As a
result of the centrifugation, the soil in the coal and tiny branches were separated. Then, the samples
were kept at a temperature of 45 ◦C for three days.
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In general, the adsorption experiments are performed in a dry ash-free (DAF) state. However,
in this study, experiments were not carried out in a DAF state because it was impossible to remove
ash and inherent moisture from the lump coal. Therefore, all experiments were carried out on an
air-dried basis. To prevent the penetration of moisture from the air into the coal, samples were sealed in
containers and stored in a temperature chamber at 45 ◦C prior to experiments for more than one week.

Table 1. Proximate analysis of the samples.

Title Coal Sample Group A Coal Sample Group B

Inherent moisture (air-dried basis) (wt.%) 2.66 1.20
Ash (air-dried basis) (wt.%) 11.46 18.53
Volatile matter (air-dried basis) (wt.%) 42.68 25.38
Fixed carbon (air-dried basis) (wt.%) 43.20 54.89
Volatile matter (dried basis) (wt.%) 44.38 25.91
Fixed carbon (dried basis) (wt.%) 44.16 55.56
Volatile matter (dry ash-free, DAF) (wt.%) 49.15 30.33
Fixed carbon (DAF) (wt.%) 50.85 69.67
Gross calorific value (air-dried basis) (MJ/kg) 27.84 27.84
Gross calorific value (dried basis) (MJ/kg) 28.59 27.75
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3.2. Analysis of Adsorption Characteristics According to the Particle Size

The CH4 adsorption content, dependent on the particle size of coal, was measured with
high-pressure sorption measuring equipment. Both coal samples had different VL values according
to the particle size of the samples (Table 2). Coal sample A(b), which was the second smallest coal
particle size in coal sample group A, showed the highest VL of 22,295.85 cm3/kg. In contrast, coal
sample A(f), which had the largest coal particle size, had the lowest VL of 8670.62 cm3/kg. Thus, there
was a three-fold difference in VL values between the two samples (Figure 5).

Unlike coal sample group A, coal sample group B had the highest VL of 20,809.44 cm3/kg in the
smallest coal particle size, sample B(a), and the largest coal particle size sample B(f) had the lowest
VL of 12,000.53 cm3/kg (Figure 6). These results relate to an increase in the specific surface area and a
reduction in ash contents during coal crushing [22]. Coal sample group B had a lower content of volatile
matter and a higher content of fixed carbon than coal sample group A. Shan et al. [23] suggested that
fixed carbon has a positive effect on the adsorption of CBM, while the volatile matter has an adverse
impact. For this reason, when the particle size of coal was identical, more gas was adsorbed onto coal
sample group B, because there was more fixed carbon, which had a positive effect on the adsorption.
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Table 2. Langmuir factors of CH4 depending on the sample particle size.

Sample
Group

Coal
Particle Size

(a)
180–254 µm

(b)
254–508 µm

(c)
0.5–1 mm

(d)
1–2 mm

(e)
2–4 mm

(f)
2-cm Cube

A
VL (cm3/kg) 20,809.44 22,295.85 15,607 12,005.53 10,765.40 8670.62

PL (kPa) 1086.76 2545.86 2556.53 2370.44 3371.62 3108.35

B
VL (cm3/kg) 20,809.44 19,508.75 17,341.25 15,607 13,571.22 12,005.53

PL (kPa) 1233.72 1120.04 2047.85 2009.12 2191.64 1749.51

At the same time, the aggregation of coal particles was found to have an impact on VL. Gas was
not able to be sufficiently adsorbed for the powdered samples and caused a VL reduction because of
this effect. This was observed in both powder types of coal sample groups A and B, but especially in
coal sample group A. While coal sample A(a) was expected to have the highest adsorption value, coal
sample A(b) had the highest VL value. This result was found to be related to the aggregation of fine
particles in the reactor; the crushed particles were clustered together and attached to the wall of the
reactor after the test.

Many previous studies described the effect of coal aggregation with an increase in compressive
load. Furthermore, this phenomenon intensified with the reduction in coal particle size and its moisture
content, as well as the rise in ash content. However, these results varied depending on the type of
coal [24]. Consequently, a smaller particle size of coal led to more gas being adsorbed due to the
increase in surface area.

3.3. Equilibrium Time Analysis in the Adsorption Process

In the indirect method, gas is artificially adsorbed onto coal in the laboratory. Sufficient time is
needed to achieve an equilibrium condition for gas to adsorb onto the coal surface. If the equilibrium
time is not enough, the reliability of the experiment diminishes because the test finishes without
complete adsorption. Also, crushed coal and lump coal might have different equilibrium times, since
diffusion rarely occurs with small particles. Our motivation was based on the fact that, if the equilibrium
time varies with coal particle size, it can still be possible to estimate the effects of gas diffusion in
an alternative way. Therefore, an accurate equilibrium time measurement was required, and it was
measured when the pressure variation was less than 0.1%. Figure 7 shows the adsorption equilibrium
time with the particle size of coal sample group A. Through samples A(b) to A(e), the difference was
negligible and, thus, they are all represented as A(e). As Figure 7 demonstrates, less equilibrium
time was required for adsorption onto a smaller coal sample at a low pressure range (<1400 kPa); the
results of sample A(a) can be explained by the difference in equilibrium time of adsorption due to the
rearrangement of the aggregated particles as pressure increased. However, these differences were
seen only at low pressures. Conversely, when pressure was higher than 1400 kPa, the samples had
almost the same equilibrium time, which can be verified by the similar slopes between the samples
with smaller particle sizes. These results mean that there was no particular tendency for adsorption,
and adsorption time was almost identical from A(a) to A(e).

However, in the case of the lump coal sample A(f), it took a long time to achieve an equilibrium
condition. In particular, the slope of the adsorption time was different compared to the powdered
samples. More specifically, it took 9000 s, which is about three times longer than for the other powdered
samples. This situation occurred because more time was needed for the gas to diffuse through the coal
matrix and adsorb onto the surface. Also, we believed that we could obtain diffusion coefficients from
the adsorption analysis of lump coal. Therefore, the diffusion coefficient, which is usually calculated
through the canister test, can be more accurately obtained using the history matching technique as
described in the next section.
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3.4. Model Description

A reservoir simulation was carried out using the results of sample B, using the same size of coal
as in the experiment, to determine the diffusion coefficient via the indirect method. The significant
assumptions were as follows:

1. The sample was homogeneous and isotropic;
2. The interval of each cleat was equal;
3. Gravity force and the stress of the cleat system were ignored;
4. The gas diffusion coefficient was constant.

CBM is notably different compared to a conventional gas reservoir. The methane is in a near-liquid
state and is adsorbed inside pores within the coal matrix. The open fractures in the coal (cleats) can
also contain free gas or can be saturated with water. The system is called a “dual-porosity reservoir”,
which is characterized by a complex interaction between the coal matrix and cleat system coupled with
the adsorption/desorption process. Fluid movement in a lump of coal is controlled by diffusion from
the coal matrix to the fracture and by Darcy flow in the fracture (cleat) system. The reservoir pressure
is decreased upon producing gas from the cleats. This causes the gas to desorb from the coal matrix at
the matrix/cleat interfaces, creating a methane concentration gradient across the coal matrix. The gas
diffuses through the matrix and is released into the cleat system.

Here, we describe the fracture block governing equations for the dual-porosity approach to
modeling naturally fractured reservoirs [25]. These equations are an extension of that derived for
single-porosity systems described by Nghiem and Li [26]. In the dual-porosity matrix-diffusion model,
the solute cannot move globally through the rock matrix. The matrix simply acts as a one-dimensional
source or sink for diffusion between the adjacent fractures. Thus, the diffusion coefficient applies to the
flow from the matrix to the fracture.

� Dual porosity formulation—matrix blocks:

ϕim = −τigm f −
V
∆t

(
Nn+1

i −Nn
i

)
m
= 0 i = 1, . . . , nc;

ϕpm =
nc∑

i=1
Nn+1

im −∅n+1
m

(
ρgSg

)n+1

m
= 0

(12)
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� Dual porosity formulation—fracture blocks:

ϕi f = ∆Ts
g f ys

ig f

(
∆pn+1

− γs
g∆D

)
f
+ qn+1

i + τigm f −
V
∆t

(
Nn+1

i −Nn
i

)
m
= 0 i = 1, . . . , nc;

ϕp f =
nc∑

i=1
Nn+1

i f −∅n+1
f

(
ρgSg

)n+1

f
= 0

(13)

In these equations, Ni, i = 1, . . . , nc + 1 are the moles of i per unit of gridblock volume.
The subscript i with i = 1, . . . , nc corresponds to the hydrocarbon components. D is the diffusion
coefficient from the matrix to the fracture. τigm f is the matrix–fracture transfer in the gas phase
for component i. The subscripts n and n + 1 denote the old and current time levels, respectively,
and the superscript s refers to n for explicit blocks and to n + 1 for implicit blocks. The subscript f
and m correspond to the fracture and matrix, respectively. Many authors performed studies using
dual-porosity systems [27–31]. We also utilized this system with two-phase flow to describe gas flow
from the matrix to the fracture.

A Cartesian grid system was applied to build a core model. To represent the cleat network with
a face and butt cleat, the total core area (2 × 2 cm2) was divided into 10 × 10 grids in the I- and
J-directions, and cleat spacing was selected as 0.2 cm in the I-, J-, and K-directions according to the
electron microscope images (Figure 8). A detailed description of the model is listed in Table 3.
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Table 3. Initial parameter settings in the base model.

Input Parameters Values

Coal volume (cm3) 8.00
Grid dimension 10 × 10 × 10
Matrix porosity 0.017

Fracture porosity 0.005
Matrix permeability (mD) 0.01

Fracture permeability (mD) 4.00
Fracture spacing I (cm) 0.20
Fracture spacing J (cm) 0.20
Fracture spacing K (cm) 0.20

Cleat compressibility (1/kPa) 2.00 × 10−6

Coal Density (kg/cm3) 1.43 × 10−3

Diffusion coefficient (cm2/s) 3.50 × 10−10

Langmuir pressure (CH4) (kPa) 3500
Langmuir volume (CH4) (cm3/kg) 12,920
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To simulate the laboratory system accurately, one imaginary injection well was installed, and
the recorded experimental data (cell pressure, temperature, gas injection rate) were converted to
simulation input data. The measured pressure was selected as an objective function in the history
matching. The Langmuir isotherm, which was determined in the lump coal experiment, was used
to model adsorption and desorption in coal. In the case of porosity, the dead volume was measured
using helium in the experimental process, and the porosity was estimated indirectly. The permeability
was measured by core analysis. GEM software (reservoir simulator for compositional, chemical, and
unconventional reservoir modeling) from CMG (Computer Modelling Group) was used to conduct the
simulation. Table 3 lists the initial parameters of the base model.

3.5. Simulation Results

Firstly, the base simulation was performed to investigate the diffusion coefficient and other
reservoir properties. The primary constraint was the flow rate, which was identical to the actual
experiment. The injection scenario was designed as an injection fall-off test, and the average period
of shut-in was 2500 s after the 300 s of injection. The error between the base model and the actual
experiment was around 73%. Many parameters had uncertainty because of the lack of sample properties,
and sensitivity analysis was performed to determine the priorities among parameters for the history
matching and to understand the interaction effects between each property. RSM (response surface
methodology) was used for sensitivity analysis by utilizing the nine parameters listed in Figure 9.
In total, 180 cases and a proxy model were also established for more accurate analysis. The quadratic
model and the Sobel method were used to calculate the importance (sensitivity) of the parameters
affecting the objective function and the interaction between parameters. A large importance means
that increasing or decreasing the parameter value leads to a significant change in the objective function
(e.g., well bottom-hole pressure). The interaction effect is an index indicating whether or not there is a
relationship between parameters; if it has a value of 0, there is no relationship.
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In Figure 9, the most sensitive parameter was the diffusion coefficient, which had 33% sensitivity
and dominantly affected the gas flow in the coal. Next, matrix permeability was shown to have a
high sensitivity (26.40%). Also, the sensitivities of fracture porosity and fracture permeability (23.44%
and 22.20%, respectively) showed that they dominantly affected the gas flow in the cleat structure.
The above parameters also had substantial interaction effects with other parameters. These phenomena,
which appeared in the results of the interaction effect analysis, are shown in Figure 10. Notably, the
interaction effect between the diffusion coefficient and the fracture porosity was 29.75%. Thus, we
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determined that the diffusion coefficient is a crucial factor in gas flow through the coal. Meanwhile,
the compressibility, the matrix porosity, and the fracture spacing were found to have relatively low
sensitivity because of the small size of the core sample. Accordingly, the diffusion coefficient, the
matrix permeability, the fracture porosity, and the fracture permeability were selected as the main
parameters for the history matching.Energies 2019, 12, x FOR PEER REVIEW 14 of 17 
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History matching was carried out to achieve reasonable values for each parameter. Of the
300 cases, three different cases were run, and the error rate of the final history-matched case was
approximately 2.9% (Figure 11). We determined that this error rate occurred due to the small size of the
sample and the assumptions of the model, such as homogeneous medium and isotropic permeability.
The diffusion coefficient calculated by the history matching was 2.66 × 10−10 cm2/s, which is reasonable
compared with the typical value calculated from experiment studies [32–34]. The cleat properties,
fracture permeability and fracture porosity, were adjusted from 4 mD to 23.85 mD, and from 0.005 to
0.15 because of the large number of cleats compared to the area of coals. The other properties showed
small changes. Through this procedure, we found that a relatively accurate diffusion coefficient can
be calculated by implementing adsorption experiments and simulation techniques without canister
testing. Table 4 lists the parameters of the history-matched model.
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Table 4. History-matched parameters.

Matched Parameters Values

Cleat compressibility (1/kPa) 2.40 × 10−5

Matrix porosity 0.01
Fracture porosity 0.15

Matrix permeability (mD) 0.11
Fracture permeability (mD) 23.85

Fracture spacing I (cm) 0.24
Fracture spacing J (cm) 0.17
Fracture spacing K (cm) 0.20

Diffusion coefficient (cm2/s) 2.66 × 10−10

4. Conclusions

This study presented the adsorption and diffusion characteristics of CBM using the indirect method
of measurement and reservoir modeling. The difference in adsorption content of CH4 depended on the
particle size measured with a high-pressure sorption measuring equipment. We used both powdered
and lump samples and analyzed factors affecting VL such as aggregation, ash and moisture content,
and specific surface area. As sufficient time is necessary to achieve equilibrium conditions, adsorption
time analyses were also conducted.

In conclusion, a smaller coal particle adsorbs more gas due to the increase in surface area. Lump
samples had the lowest gas content because they contained ash and moisture. Adsorption isotherms
showed different characteristics. Also, when the coal particle size decreased, the content of moisture
and ash, which negatively affects adsorption, was reduced, leading to an increase in the amount
of adsorbed gas. With regard to adsorption equilibrium time, a smaller coal particle took less time.
Furthermore, the lump sample had a different slope because it needed more time to diffuse through
the matrix. Therefore, to derive more accurate CBM characteristics that are similar to the actual site,
the history-matching technique was applied to optimize coal properties. According to the sensitivity
analyses, cleat properties and the diffusion coefficient had a great influence on fluid flow in coal.

Consequently, it is possible to measure the diffusion coefficient, which was previously measurable
only using the direct method. However, more lump coal experiments and associated simulations are
necessary for a more accurate CBM production analysis. With additional data, it is believed that the
processes derived from this study could overcome the shortcomings of the indirect method.
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