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I. INTRODUCTION

Sequestration of CO2 in deep unmined coal seams
is currently under development for improved recov-
ery of coalbed methane (ICBM) as well as perma-
nent storage of CO2. Recent studies have shown that
CO2 displaces methane by adsorbing more readily
onto the coal matrix compared to other greenhouse
gases, and could therefore contribute towards reduc-
ing global warming. In order to carry out a more ac-
curate assessment of the potential of ICBM and CO2
sequestration, field based numerical simulations are
required. Existing simulators for primary CBM
(coalbed methane) recovery cannot be applied since
the process of CO2 injection in partially desorbed
coalbeds is highly complex and not fully understood.
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ABSTRACT

Sequestration of CO2 in deep unmined coal seams is currently under development for
improved recovery of coalbed methane (ICBM) as well as permanent storage of CO2.
Recent studies have shown that CO2 displaces methane by adsorbing more readily onto the
coal matrix compared to other greenhouse gases, and could therefore contribute towards
reducing global warming. In order to carry out a more accurate assessment of the poten-
tial of ICBM and CO2 sequestration, field based numerical simulations are required. Exist-
ing simulators for primary CBM (coalbed methane) recovery cannot be applied since the
process of CO2 injection in partially desorbed coalbeds is highly complex and not fully
understood. The principal challenges encountered in numerical modelling of ICBM/CO2
sequestration processes which need to be solved include: (1) two-phase flow, (2) multiple
gas components, (3) impact of coal matrix swelling and shrinkage on permeability, and (4)
mixed gas sorption. The objective of this part I of this two-part paper series is to develop
a two-phase, multi-component CH4-CO2 simulator for use in the assessment of CO2-ICBM
recovery and CO2 sequestration potential of coal seams. The developed formulation was
tested and compared to model the improved coalbed methane (ICBM) recovery with pure
CO2 injection using a published data.
Key words: adsorption, desorption, improved recovery of coalbed methane (ICBM), CO2
sequestration

The principal challenges encountered in numerical
modelling of ICBM/CO2 sequestration processes
which need to be solved include: (1) two-phase flow,
(2) multiple gas components, (3) impact of coal ma-
trix swelling and shrinkage on permeability, and (4)
mixed gas sorption.

This part I of this two-part paper series describes
the development of a compositional simulator for im-
proved recovery of coalbed methane and CO2 se-
questration. The new features that describe the com-
plex process of CO2 injection are implemented here.
The developed formulation was tested and compared
to model the improved coalbed methane (ICBM) re-
covery with pure CO2 injection using a published data.
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cubic equation (for PR EOS):
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Eq. (5) can be solved analytically for a maximum of
three real roots, where the largest root is vapor com-
pressibility factor, and two remaining roots are with-
out physical significance. Gas molar density and its
derivatives are determined using following equations:
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Desorption Term

Sorption isotherm equation is used to define the
relationship between the flow in the matrix system
(where flow is controlled by concentration gradients)
and the flow in the cleat system (where flow is con-
trolled by pressure gradients). The calculation of dif-
fusion/sorption term (qd) in this simulator is based on
the pseudo steady-state model (King et al., 1986).
This model allows it to be included as an extra rate
term in the flow equations, hence, it simplifies the
calculation and computer storage requirements. To-
tal gas desorption from matrix system to the cleat
system can be written as follows:
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i
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where,  qdi of each component is calculated by:
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where:
s = shape factor (dimensionless),
t = time step (days),
Vii = volume of gas adsorbed (component i) per-

unit volume of the reservoir (lbmol/ton),

Qi = diffusion constant of component i (days),

VEi = volume of gas adsorbed (component i) per-
unit volume of the reservoir in equilibrium at

gas pressure pg (lbmol/ton), and defined by
the extended Langmuir isotherm.

II.  MODEL COMPARISONS

The developed formulation described in the pre-
vious section was tested and compared to model the
improved coalbed methane (ICBM) recovery with
pure CO2 injection. Data used for this comparison
study is taken from a published paper (Law. D.H.-
S., van der Meer, L.G.H. and Gunter, W.D., 2002).
In the published paper, there are five simulators par-
ticipated in the comparison study, they are: (1) GEM,
Canada; (2) ECLIPSE, UK; (3) COMET 2, USA;
(4) SIMED II, Australia; and (5) GCOMP, USA. In
this study, results from our simulator (LEMIGAS,
Indonesia) will be included in this comparison study
(Syahrial, 2005).

The CBM simulators that participate in this com-
parison study must have the following basic features:
- Darcy flow of gas and water in the natural frac-

ture system;
- Adsorption/desorption of two different gas com-

ponents (i.e., CH4+CO2) at the coal surface;
- instantaneously gas flow (i.e., diffusion) between

the coal matrix and the natural facture system;
- no coal matrix shrinkage/swelling due to gas des-

orption/adsorption;

Figure 1
Schematic diagram of radial grid system

used in problem set 1
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- no compaction/dilation of natural fracture system
due to stresses; and

- no non-isothermal adsorption due to difference in
temperatures between the coalbed and the in-
jected CO2.
There are two problems set selected for this com-

parison: the first problem set deals with a single well
test with CO2 injection (see Figure 1) and the second
problem set deals with ICBM recovery process with
CO2 injection in an inverted five-spot pattern (see
Figure 2). A complete description of the two problem
sets is given in Appendixes A, B and C. The coalbed
characteristics are the same for both problem sets.
The problems selected for comparison are intended
to exercise many of the features of CBM simulators
that are practical and theoretical interest and to iden-
tify areas of improvement for modeling of the ICBM
process.

IV.  RESULTS

Problem Set 1

Figure 3 shows a comparison of a well bottom-
hole pressure as a function of time indicating the four
operating stages of the single well test: (1) CO2 in-
jection stage; (2) pressure falloff stage; (3) gas pro-
duction stage; and (4) pressure buildup stage. It can
be seen that during injection period, the bottom-hole
pressure increases above the original pressure, but it
is still below maximum pressure (15,000 kPa) that
can damage the reservoir. Then, during shut-in pe-
riod for 45 days, the bottom-hole pressure decreases
to the level of about 8000 kPa. The last period of
62.5 days, the bottom-hole pressure will reach to the
level before the well was produced.

Figure 4 shows comparison of CH4/CO2 produc-
tion rates as function of time. During the gas produc-
tion stage (60 – 120 days), the injected CO2 near the
well is produced first with high rate. This can be un-
derstood since CO2 is a strongly absorbable gas, so
once it penetrates to the few grid blocks around the
well, it remains on those blocks with high concentra-
tion. This high rate period is short and CO2 produc-
tion rate declines rapidly as CO2 around the well is
depleted which corresponds to the decline of the pro-
duction CO2 composition. On the other hand, CH4
production rate remains rather constant throughout
the gas production stage.  This similar situation can
be also described by production gas compositions for

CH4/CO2 as function of time as shown in Figure 5.
This single well test is a typical standard test that

normally taken in conventional oil and gas wells dur-
ing discovery and development stages. The test is
carried out by observing the bottom-hole pressure as
a function of time and it is used to determine reser-
voir characteristics, such as: average reservoir pres-
sure; drainage area; well productivity; reservoir per-
meability and skin factor. However, as coalbed res-
ervoir always has low porosity and permeability, time
required for the well to reach transient period (i.e.,
period when reservoir characteristics can be deter-
mined) is longer than that required for conventional
sandstone reservoirs. It is believed that pressure re-
sponses during the test will be affected by well-bore

Figure 2
Schematic diagram of rectangular grid

system used in problem set 2

Figure 3
Problem set 1 – well bottom-hole pressure
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storage effects. This simulator can give rough esti-
mate time for how long a well should be produced or
shut-in for reaching the transient period.

Problem Set 2

Figure 6 shows comparison of CH4 production
rates for the primary CBM and CO2-ICBM recov-
ery processes as functions of time indicating the en-
hancement of CH4 production due to CO2 injection.
In general, the enhancement of CH4 production re-
mains until CO2 breakthrough occurs at the producer

after approximately 60 days (this approximate break-
through time can be clearly viewed from Figure 8).
During the initial primary CBM, the typical “nega-
tive decline” in CH4 production rate due to “pumped-
out” of water is not observed in this case because of
presence of an initial gas saturation of 0.408. On the
other hand, the initial decline of CH4 production rate
in CO2-ICBM recovery process is due to mobile wa-
ter is being displaced from the injector to the pro-
ducer.

It is appropriate to mention here that we are asked

Figure 5
Problem Set 1 – Production gas compositions

for CH4 and CO2

Figure 7
Problem set 2 – Effect of desorption time

constant to the CH4 production rate

Figure 4
Problem set 1 – CH4 and CO2 production rates

Figure 6
Problem set 2 – CH4 production rate for

primary CBM and CO2-ICBM recovery
processes for full 5-spot pattern
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to run the problems set by mimicking instantaneously
gas diffusion between the coal matrix and the natural
fracture system . To do this, we do sensitivity studies
by running the model with different desorption time
constants. This can be understood since not all simu-
lators participated in the comparison study implement
desorption term as an extra term in their formula-
tions, instead, some of them just mimicking the gas
diffusion by assumption that desorbed gas could be
described as the dissolved gas in matrix. This assump-
tions is being used in ECLIPSE and COMET 2 simu-

lators. Our simulator, however, implementing the rate
of desorbed gas by non-equilibrium pseudo-steady
state formulation, where the gas diffusion is strongly
affected by the desorption time constant. Therefore,
we do sensitivity studies for obtaining the desorption
time constant that really represent instantaneously
gas diffusion between the coal matrix and the natu-
ral fracture system. We found that tQi = 0.1 day is
quite appropriate to represent the cases. Figure 7
shows effect desorption time constant to the enhance-
ment of CH4 production due to CO2 injection. There-

Figure 8
Problem set 2 – CO2 and total gas production

rates for full 5-spot pattern

Figure 9
Problem set 2 – Injection

bottom-hole pressure

Figure 10
Problem set 2 – Production gas
compositions for CH4 and CO2

Figure 11
Problem set 2 – CO2 distributions as CO2

mole fraction in gas phase in natural
fracture system
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fore throughout this study we use tQi  = 0.1 day as
desorption time constant.

Figure 8 shows comparisons of CO2/total gas
production rates as function of time. It can be seen
that all simulators predict an initial decline of total
gas production rate (i.e., mainly CH4 production rate)
at the beginning of CO2 injection. This period of de-
clined gas production rate is short (i.e., our simulator
predict 2.1 days) and mainly due to relative perme-
ability effects. This can be described that shortly af-
ter CO2 injection, mobile water in coalbed is displaced
from the injector towards the producer that reduces
gas relative permeability around the producer. After
majority of the mobile water is produced, the gas rela-
tive permeability around the producer increases which
corresponds to the increase in CH4 production rate.
After reaching the minimum decline, the CH4 pro-
duction rate increases again and reaches a maximum
value after approximately 8.1 days.

Figure 9 shows comparisons of injection bottom-
hole pressure as functions of time. Under the condi-
tion of constant CO2 injection rate, injection bottom-
hole pressure declines initially as mobile water is be-
ing displaced around the injector and gas injectivity
increases. After the decline, the injection bottom-hole
remains rather constant until CO2 breakthrough at
the producer after approximately 60 days, then the
injection pressure gradually increases. This is because
after CO2 breakthrough, the injected CO2 channels
through towards the producer with only very little being
adsorbed at the coal surface (i.e., acting as a weakly
adsorbable gas). In general, under the condition of
constant injection rate, injection pressure for a weakly
adsorbable gas (e.g., N2) is higher than that for a
strongly adsorbable gas (e.g., CO2).

Figure 10 shows a comparison of production gas
compositions for CH4/CO2 as a function of time. Af-
ter CO2 breakthrough occurs at the producer after
approximately 60 days production, CH4 composition
decreases sharply as the production rate of CO2 in-
creases. This indicates great sweep efficiency in the
5-spot pattern for CO2 injection, as there is little CH4
left to produce.

And, finally Figure 11 shows a comparison of CO2
distribution as the CO2 mole fraction in the gas phase
in the natural fracture system after 30, 60 and 90
days. The contour plots represent a ¼ of the 5-spot
pattern with injector located at the upper left-hand
corner and the producer located at the lower right-

hand corner. It can be seen here that the CO2 distri-
bution confirms the good sweep efficiency with CO2
injection.

V.  CONCLUSIONS

We agree with the published paper said that in
general, there is very good agreement between the
results from the different simulators. The differences
between the predictions from different simulators may
result for a variety of reasons:
- possible different initialization procedure (e.g., initial

gas in-place),
- possible slightly different PVT properties for pure

gas used,
- possible different dual porosity approach in the

simulators,
- handling of wells (e.g., ¼ well in 5-spot pattern),
- tolerance of the convergence of iterations; and
- selection of numerical control parameters.

The first two simple problem sets can be used as
baseline for different CBM simulators when they
participate in the comparison of more complex test
problems. At this time the comparison study on more
complex test problems is ongoing and our CBM simu-
lator (LEMIGAS) is participating in that comparison
study. The second part of this paper series will dis-
cuss impact of matrix shrinkage/swelling on the pro-
duction performance on primary and improved
coalbed methane (ICBM) recovery with pure CO2
injection.
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The individual component isotherm parameters
used to compute storage capacity when multiple gas
species are present. The computation is based upon
extended Langmuir isotherm theory. The extended
Langmuir isotherm relationship is listed as following:
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where:
Gsi :  multi-component storage capacity of compo-

nent i, in-situ basis
GsLi : single component  Langmuir storage capac-

ity of component i, dry,  ash-free basis
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APPENDIX A
COALBED CHARACTERISTICS

The dry, ash-free isotherm parameters shown in
Table A-1 is used to estimate the in-situ storage ca-
pacity as a function of pressure, ash content, and in-
situ moisture content using the Langmuir relationship:

  
L

weasLs pp
pww1GG


       (A-1)

where:
Gs :  gas storage capacity
GsL :  dry, ash-free Langmuir storage capacity
wa :  ash content, weight fraction
wwe : equilibrium moisture content, weight fraction
p :  pressure
pL :  Langmuir pressure

Coal seam thickness 9 m 29.527 ft
Top of coal seam 1253.6 m 4112.8 ft
Absolute permeability 
of natural fracture
Porosity of natural fracture system 0.001 0.001
Effective coalbed compressibility 1.45´10-7 kPa-1 1.0´10-6 psia-1

Initial Reservoir Conditions
Temperature 45°C 113°F
Pressure (assumed uniform from top to bottom) 7650 kPa 1109.5 psia
Gas saturation (100% CH4) 0.408 0.408
Water saturation 0.592 0.592
Water Properties at 45°C (113°F)
Density 990 kg/m3 61.8 lb/ft3

Viscosity 0.607 cp 0.607 cp
Compressibility 5.8´10-7 kPa-1 4.0´10-6 psia-1

Pure Gas Adsorption Isotherm at 45°C (113°F)
Average in-situ coal density 1434 kg/m3 89.5 lb/ft3

Average in-situ moisture content (by wt.), wwe 0.0672 0.0672
Average in-situ ash content (by wt.), wa 0.156 0.156

Field Units

3.65 mD 3.65 mD

Coalbed Properties SI Units
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pLi or pLj: single  component  Langmuir pressure of
component i or j

yi or yj : mole  fraction  of  component i or j in the
free gas (vapor) phase

nc : number of components
p : pressure of the free gas phase

Relative Permeability Data

The relative permeability relationship shown in
Table A-2 is based upon the relationship published by
Gash. No effect of temperature or hysteresis on the
relative permeability is considered and the capillary
pressures are assumed to be zero.

APPENDIX B
PROBLEM SET 1

Problem Set 1:  Single Well CO2 Injection Test

Grid System

- Cylindrical (r-q-z) grid system = 29´1´1 (Figure 1)
- Area = 160 acres
- Radius = 454 m (1,489.5 ft)
- r-direction = Table B-1
- q-direction = Dq = 360°
- z-direction = Dz = 9 m (29.5 ft)

Operating Conditions

- Well location : (i =1, j =1, k =1)
- Well radius (2 7/8" well) =

0.0365 m (0.11975 ft)
- Well skin factor = 0
- 15-day CO2 injection period (0

- 15 days) :
- CO2 injection rate (full

well) = 28,316.82 sm3/d
(1´106 scf/d)

- Maximum bottom-hole
pressure = 15,000 kPa
(2,175.6 psia)

- 45-day shut-in period (15 - 60
days) :
- Well shut-in for pressure

falloff
- 60-day production period (60 –

120 days) :

Table A-2
Relative permeability relationship

Table A-1
Dry, ash-free Langmuir isotherm parameters

- Maximum gas production rate (full well) =
100,000 sm3/d (3.5315´106 scf/d)

- Minimum bottom-hole pressure = 275 kPa
(39.883 psia)

- 62.5-day shut-in period (120 – 182.5 days) :

- Well shut-in for pressure buildup

APPENDIX C – PROBLEM SET 2

Problem Set 2a :  5-Spot Primary CBM Recov-
ery Process

Grid System

- Rectangular (x-y-z) grid system = 11´11´1 (Figure
2)

- Area = ¼ of a 2.5 acres pattern
- Pattern half width = 50.294 m (165 ft)
- x and y-direction = Table C-1
- z-direction = Dz = 9 m (29.5 ft)

Sw krw krg Sw krw krg

1.000 10.000 0.0000 0.500 0.0880 0.2160
0.975 0.8140 0.0035 0.450 0.0670 0.2530
0.950 0.7310 0.0070 0.400 0.0490 0.2950
0.900 0.6010 0.0180 0.350 0.0350 0.3420
0.850 0.4900 0.0330 0.300 0.0240 0.4010
0.800 0.3920 0.0510 0.250 0.0150 0.4660
0.750 0.3120 0.0700 0.200 0.0070 0.5370
0.700 0.2510 0.0900 0.150 0.0020 0.6270
0.650 0.2000 0.1180 0.100 0.0013 0.7200
0.600 0.1540 0.1470 0.050 0.0006 0.8350
0.550 0.1160 0.1800 0.000 0.0000 10.000

 Langmuir Pressure  kPa  psia  kPa  psia  kPa  psia
 P L  4688.5  680  1903  276  27241  3951
 Dry, Ash-Free Langmuir  m3/kg  scf/ton  m3/kg  scf/ton  m3/kg  scf/ton
 Volume, G SL  0.0152  486  0.0310  993.8  0.0150  482

Methane Carbon Dioxide Nitrogen
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