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Abstract Numerical simulations on the performance of
CO, storage and enhanced coal bed methane (ECBM) re-
covery in coal beds are presented. For the calculations,
a one-dimensional mathematical model is used consisting
of mass balances describing gas flow and sorption, and
a geomechanical relationship to account for porosity and
permeability changes during injection. Important insights
are obtained regarding the gas flow dynamics during dis-
placement and the effects of sorption and swelling on the
ECBM operation. In particular, initial faster CH4 recov-
ery is obtained when N, is added to the injected mixture,
whereas pure CO; allows for a more effective displace-
ment in terms of total CHy recovery. Moreover, it is shown
that coal swelling dramatically affects the gas injectivity, as
the closing of the fractures associated with it strongly re-
duces coal’s permeability. As a matter of fact, injection of
flue gas might represent a useful option to limit this prob-
lem.
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Notation

A Cross sectional area [m?]

b Langmuir equilibrium constant [1/Pa]

b*  Langmuir equilibrium constant (swelling)) [1/Pa]
c Gas phase concentration [mol/m?]

C1 Effective pressure coefficient [1/Pa]

C,> Swelling coefficients [—]

F Molar flow rate [mol/day]

GIP Original Gas In Place [mol]

i Component i

1 Amount injected [mol]

k  Permeability [m?], 1 mD = 9.869233 x 10~'® m?
km Mass transfer coefficient [1/s]

kij Interaction parameter (Peng Robinson) [-]

L  Coal bed length [m]

n Adsorbed phase concentration [mol/m3]

n*  Equilibrium adsorbed phase concentration [mol/m’]
n® Saturation capacity per unit mass adsorbent [mol/g]
ne  Number of components [—]

P Gas phase pressure [Pa]

P, Confining pressure [Pa]

Pu Purity [%]

R Recovery factor [%]

s Volumetric swelling [-]

s  Saturation capacity (swelling) [-]

S Amount stored [mol]

t Time [s]

T  Temperature [°C]

u  Superficial fluid velocity [m/s]

v Interstitial fluid velocity [m/s]

w  Acentric factor (Peng Robinson) [—]

y Gas phase molar fraction [m3/mol]

Z Axial coordinate [m]
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Greek Letters

a  Swelling isotherm coefficient [m3/mol]
B Swelling isotherm coefficient []

£ Fractures (cleats) porosity [—]

Total porosity [—]

&p  Macropores porosity [-]

u  Dynamic viscosity [Pa.s]

ps  Coal bulk density [kg/m?]

1 Introduction

Over the next 20 years from now, natural gas will play a
key role in the power sector, mainly because of its availabil-
ity and its low carbon content with respect to oil and coal
(IEA 2009). At the same time, there is the need to develop
technologies where the produced carbon dioxide (CO;) is
captured and subsequently stored (Carbon dioxide Capture
and Storage, CCS), thus allowing the continued use of fos-
sil fuels, while reducing their impact on the increase of at-
mospheric CO, concentration (IPCC 2005). The increasing
need of natural gas has stimulated the exploration of the so-
called unconventional gas resources, namely tight sands, gas
shales and coal bed methane (CBM) (IEA 2009). Among
these, the latter is very attractive as the coal seams that have
retained the methane (CHy4) for million of years might be ex-
ploited as geological storage repositories for CO;. In fact, it
is well known from coal mining that significant amounts of
gas can be retained in these reservoirs both by adsorption on
the coal surface as well as by absorption into the coal’s solid
matrix (Rice 1993). Moreover, injection of CO; into the coal
seam would enhance the recovery of CHg4, as the former has
a stronger affinity to coal compared to the latter (White et al.
2005). This process is called Enhanced Coal Bed Methane
recovery, and, as for enhanced oil recovery, it allows in prin-
ciple offsetting the costs associated to the CCS operation
(Mazzotti et al. 2009). Moreover, the injection of flue gas
into a coal bed for ECBM recovery might be an attractive
alternative to pure CO, injection for several reasons. First,
flue gas is the combustion exhaust gas produced by power
plants, and it could therefore be directly injected, thus avoid-
ing the expensive capture step. Secondly, flue gas consists
of mostly nitrogen (87%) and carbon dioxide (13%); the
presence of the weakly adsorbing N, would allow keeping
the coal permeability sufficiently high (Bustin et al. 2008;
Durucan and Shi 2009). This option’s obvious drawback
would be the need to compress not only CO, but also ni-
trogen before injection.

Observations from the performed field tests evidence that
the interactions between the gas and the coal need to be
better understood if ECBM technology has to be deployed
at a commercial scale (Gunter et al. 2004; Reeves 2004,
Shi et al. 2008; van Bergen et al. 2009). Among these,
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gas sorption and swelling have complex effects on the dis-
placement dynamics, whose accurate description is essen-
tial for the development of reliable reservoir simulators used
to history match field test data obtained from ECBM field
tests. Input for these models are the results of laboratory
studies that have focused on the different aspects related
to CO, storage in coal seams, namely gas sorption (Bae
and Bhatia 2006; Day et al. 2008a; Pini et al. 2010), coal
swelling (St. George and Barakat 2001; Day et al. 2008b;
Ottiger et al. 2008) and permeability changes upon gas
injection (Wang et al. 2007; Mazumder and Wolf 2008;
Pini et al. 2009).

One dimensional models have been shown to provide a
very useful understanding of the key mechanisms that affect
the storage and recovery process (Gilman and Beckie 2000;
Shi and Durucan 2003; Wang et al. 2007; Jessen et al. 2008;
Seto et al. 2009). One can distinguish up to four types of
pores in coal, namely cleats where gas and water are present,
macro- and mesopores where there is only free gas, and
micropores where adsorption takes place. The general as-
sumption is that the displacement of CH4 by CO; results
from a multistep process. The gas injected in the coal bed
diffuses from the fracture network through the matrix and
macropores and finally to the internal surface of the coal.
Here, partial pressure with respect to the adsorbed gas is re-
duced, causing desorption, and gas exchange takes place.
Finally, the desorbed gas diffuses back through the matrix
and micropores, out to the fracture network where it flows
to the production well (Gentzis 2000; Totsis et al. 2004).
This mass transfer can be described through a linear driv-
ing force model by lumping gas diffusion in the differ-
ent types of pore using a single mass transfer coefficient,
or the corresponding time constant (Bromhal et al. 2005;
Sams et al. 2005).

In a previous work, a model was derived that includes this
relatively simple description of mass transfer complemented
by the description of porosity and permeability changes in
the coal during injection. This model was successfully ap-
plied for describing pure gas injection experiments into coal
cores confined under an external hydrostatic pressure and
under simulated reservoir temperature and pressure condi-
tions (Pini et al. 2009).

In the present study, this model is extended to the multi-
component single-phase (gas) displacement in a coal seam
and numerical simulations estimating the performance of
CO, storage and ECBM recovery in coal beds are presented.
In particular, different ECBM scenarios involving the in-
jection of gas mixtures with different composition (from
pure Nj to pure CO») into a coal bed previously saturated
with methane are investigated. Moreover, emphasis will be
placed on the effects of the sorption-induced swelling on the
coal bed permeability and on its consequences on the CO,
storage operation itself.
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2 Modeling

The following assumptions are introduced in the develop-
ment of the model: (a) the system is isothermal; (b) all
the mechanical and physicochemical properties are con-
stant and homogeneously distributed; (c) the coal behaves
as an isotropic linear poroelastic medium; (d) single-phase
(gas) flow is considered. The latter assumption is justi-
fied by considering the situation where gas injection starts
at the end of the so-called primary recovery operation. In
fact, during primary recovery almost all the water originally
present in the reservoir is removed and the remaining frac-
tion can be safely considered immobile (Zhu et al. 2003;
Durucan and Shi 2009). In the following the two main com-
ponents that constitute the model are presented, namely the
mass balances accounting for gas flow and sorption, and the
stress-strain relationship for the description of porosity and
permeability changes during injection.

2.1 Mass balances

Coal reservoirs are fractured systems consisting of a low
permeability matrix and a high permeability fracture (cleat)
network. In this study, the coal total porosity ¢* is divided
into cleat porosity £ and macroporosity &, with the microp-
orosity being accounted for as combined with the solid ma-
terial, i.e.

ef=e+(—-eegp )

Since the sorption process is assumed to be the rate limiting
step, the gas concentration and pressure in the macropores
and in the fractures are set to be the same. For a system of
ne components, material balances are written for each com-
ponent i:

d(e*c;) A —eMm]  O(ucy)
ot + ot + 0z
i=1,...,n¢ 2)

=0,

where ¢; and n; are respectively the actual gas and adsorbed
phase concentration of component i, u is the superficial ve-
locity, and ¢ and z are time and space coordinates. Note that
in (2) axial dispersion is neglected, as in this study the situa-
tion is considered of continuous injection, where a pressure
gradient of about 4 MPa across the coal seam exists for the
whole duration of the operation. Under such conditions, dif-
fusive effects in the fractures are negligible and the flow is
dominated by convection. An conservative analysis of the
Peclet number, i.e. the ratio of the characteristic time for
convection to the characteristic time for diffusion, supports
this conclusion; for the conditions applied in this study and a
diffusion coefficient of 10> m?/s, the resulting Peclet num-
ber takes a value of at least 600, i.e. much larger than one,
a situation under which axial mixing can be safely neglected.

A linear driving force model is used to describe the sorp-
tion rate of component i through the coal’s matrix, i.e.

L1 = &")n;]

a7 = (1 — &%kmi(n} —ny),

i=1,....,nc (3)
where kp; is the mass transfer coefficient of component i.
The driving force for gas sorption is given by the differ-
ence between the equilibrium adsorbed phase concentration
of component i, n:k and the actual concentration of compo-
nent i in the adsorbed phase, n;, the former being described
by an equilibrium adsorption isotherm, i.e.

« ni°b;yi P :
ni_psl—i—PZ?C:lbjyj’ i=1,...,n¢ “4)
where n} is the adsorbed concentration of component i in
the solid material per unit volume coal, ps is the adsorbent
bulk density, y; is the gas molar fraction and P is the pres-
sure; n{° and b; are the saturation capacity per unit mass
adsorbent and the Langmuir equilibrium constant of com-
ponent i, respectively.

The superficial velocity u is given by Darcy’s law:

k (0P

U=ve=—— (—) 5)
w\ 9z

where v is the interstitial velocity, k the permeability and u

the dynamic viscosity.

2.2 Stress-strain relationship

A stress-strain constitutive equation is required to describe
the mechanical behavior of the coal bed during the injection
operation. The fluid pressure in the coal bed plays a decisive
role in determining the stress situation of the reservoir, thus
affecting markedly the porosity and the permeability of the
porous medium (Gray 1987; Cui et al. 2007).

First, fractures are closed or widened, depending on
whether the effective pressure on the rock (defined as the
lithostatic overburden minus the fluid pressure) is increased
or reduced. Secondly, upon gas sorption the coal swells thus
reducing the fracture openings. In the case of coal such
an equation has been shown to take the following general
form (Gilman and Beckie 2000; Shi and Durucan 2004,
Bustin et al. 2008):

3

£ (i) = exp[~C1(Pe — P) — Cas] ©)
ko €0

where P is the gas pressure, P. is the confining pressure
(lithostatic overburden), s is total swelling, and C| and C;
are coefficients that depend on coal properties. The subscript
0 refers to an arbitrarily chosen initial state. In this study,
the reference values of porosity and permeability apply to
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an unstressed coal in contact with a non-swelling gas at at-
mospheric pressure. It is worth pointing out, that the exper-
imental validation of (6) has been recently reported for high
pressure gas injection experiments on coal cores confined by
an external pressure (Pini et al. 2009).

Several studies have shown that coal swelling can be
effectively described by a Langmuir-like equation (Levine
1996; Palmer and Mansoori 1998; Shi and Durucan 2004,
Cui et al. 2007; Pini et al. 2009). In an analogous way as for
sorption of gas mixtures, an extended Langmuir equation is
applied to coal’s swelling:

sXbYy; P

TIr Py by

S i=1,...,nc (7)

with 57 and b} being the corresponding isotherm parame-
ters. To preserve the physical connection between sorption
and swelling, (7) and (4) are combined to obtain an equation
expressing the total swelling as a function of gas sorption,
allowing therefore to account for the kinetic of the swelling
process through the sorption rate given by (3):

e e .B.n.
s = ZS,‘ = 712_:i:1 alﬂlnl (8)

e -
i=1 Zj=1 it

where the parameters «; and f; are functions of the Lang-
muir parameters of the sorption and swelling isotherms, i.e.

bi—bS
al:pgnoobl, lzl,...,nc (9a)
ST
bSs>®
Bi=—"— i=1,....,n (9b)
T b —b ¢

Note that (8) is valid for 0 < n; <n?°.

3 Solution procedure

The problem is defined by (1)—(6) and it is completed by
the following constitutive equations: (a) the Peng-Robinson
EOS, needed to relate gas density to pressure and tempera-
ture (Peng and Robinson 1976) and (b) a relationship for the
gas mixture viscosity following the method of Wilke (Reid
et al. 1987). Initial and boundary conditions are defined as
follows:

Initial conditions: at?z=0, ¢;=c, 0<z<L

n; = n?, 0<z<L

Boundary conditions: atz =0, ¢; = cinj, t>0
atz=L, P=Pyy, t >0

The orthogonal collocation method has been applied to dis-
cretize in space the partial differential equations (Villadsen
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and Michelsen 1978; Morbidelli et al. 1983). The result-
ing system of ordinary differential equations has then been
solved numerically using a commercial ODEs solver (in For-
tran).

3.1 Parameters estimation

An extensive set of experimental data for the sorption,
swelling and permeability behavior of an Italian coal from
the Sulcis Coal Province (Sardinia, Italy) has been pro-
duced and published (Ottiger et al. 2006; Ottiger et al. 2008;
Pini et al. 2009). With reference to the present work, the
measured sorption and swelling isotherms of CO;, CH4 and
N, have been fitted by the Langmuir model and they are
shown in Fig. 1. Note that prior fitting the measured excess
sorption isotherms have been converted to absolute sorption

T =45°C

coal:|
-
o

*
|

n. [mmol/g

—_

0.5

Pressure [MPa]

(a) Sorption isotherms

0.05

T =45°C co

0.04

0.03

s, [-]

0.02

0.01

5
Pressure [MPa]

(b) Swelling isotherms

Fig. 1 Langmuir sorption (a) and swelling (b) isotherms at 45°C as
a function of pressure for CO; (solid line), CHy (dashed line) and Nj
(dotted line) for a coal from the Sulcis coal province
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Table 1 Langmuir constants for the sorption and swelling isotherms
for the coal considered in this study

Table 3 Thermodynamic properties of CO,, CHs and Nj for the
Peng-Robinson EOS

Sorption isotherm Swelling isotherm Fluid T¢ P w kij
n® [mol/g]  b; [Pa'] s -] b [Pa~ 1] (K] [MPa]  [-] N» CH;y CO,
CO, 249x1073 125x107%  490x1072  3.80x 1077 No 126.192  3.396 0.0372 0 0.031 —0.02
CH; 156x1073 626x1077 233x1072 3.47x1077 CHy4 190.56 4.599 0.0114 0.031 O 0.103
N, 152x 1073 140x1077  1.70x 1072 5.19x107%  CO, 30413 7377 0.224 —0.02  0.103 0
Table 2 Constants Cy (Pa~') and C; of (6) as obtained from different Table 4 Input parameters for the model
permeability models
Property Value
Reference C G
Temperature, 7' [°C] 45
Gilman and Beckie (2000) % (liLlKEf Coal seam length, L [m] 100
Shi and Durucan (2004) (SIC_f‘lj) (lefg) Cr.o'ss sectional area, A [m?] 1
Bustin et al. (2008) Kg(l)?—]v—\)) 3(1315;{1(80 In?t%al pressure, Po. ['MPa] 1.5
Initial gas composition (% CHy) 100
Pini et al. (2009) ?(Csz %;(}?( Initial unstressed permeability, kg [mD] 10
Initial unstressed cleat porosity, go [%] 8
isotherms by assuming a constant value for the adsorbed ~ Macropore porosity, £, [%] 2
phase density, i.e. 36.7 mol/L, 42.1 mol/L and 47.1 mol/L Coal bulk density, p; [kg/m’] 1356.6
for CO,, CHy and Ny, respectively. Values for the fitted pa- ~ Mass transfer coeff., km; [s7'] 107
rameters are reported in Table 1. Sorption time, 7 [days] 12
In principle, the parameters C; and C; in (6) can be es- Injection pressure, Pinj [MPa] 4
timated based on mechanical properties only, under the as-  Production pressure, Poy [MPa] 0.1
sumption of a specific simplified stress situation of the coal
bed (Bustin et al. 2008). However, the history matching with
field data or with laboratory experiments often requires the ~ 1able 5 Parameters for the permeability relationship (6)
introduction of additional fitting parameters (Gilman and  p,.. v oer  Shiand Bustinetal.  This study
Beckie 2000; Shi and Durucan 2004; Pini et al. 2009). In Durucan?® (2008) Case A Case B
Table 2 are reported the relationships for the constants C;
and C for these situations. With the known definition of the v 0.35 0.3 0.26 0.26
bulk modulus, i.e. K = Ey/[3(1 — 2v)], it can be seen that Ey [GPa] 2.62-2.90 3.00 1.12 1.12
for all models, the input parameters are the two coal elas- . 1 0.001-0.004  0.0023 0.08 0.08
tic prope?rties, name,l.y the Young’s modulus Ey and .Pois— Ci[GPa~'] 116-290 _ _ _
son’s ratlg v, respectwe?y. In the model proposed by Fillman Ce ] 3 _ 4676 4676
and Beckie (2000), Ey is some analogous of Youpg s mod- e B B 06222377 2.5
ulus for a fracture, whereas in the model by Shi and Du-
rucan (2004), Cr is defined as the fracture compressibility. Cy[GPa~!] 187.4-468.5  128.1-323.0 225.7 225.7
Both parameters can be found by fitting them to experimen-  C; [-] 467.6-1293.9 197.0-496.9 33.6-128.4 1344

tal data. In an analogous way, in the model by Pini et al.
(2009), which is also used in this study, experiments with a
non-adsorbing (and non-swelling) gas, were used to obtain
values for C., whereas experiments with an adsorbing gas
were then used to estimate the values for the coefficient Cg
(see next section for details).

Finally, the parameters needed for the Peng-Robinson
EOS are given in Table 3.

3.2 Model evaluation

A situation representative for a coal bed lying at 500 m
depth is described, whose properties are those of the Ital-

4Refs. Shi and Durucan (2004, 2006); Shi et al. (2008)

ian coal of the Sulcis Coal Province (Sardinia, Italy). The
input parameters used for the model calculations are sum-
marized in Tables 4 and 5. The coal bed permeability has
been chosen to match typical values for coal seams, which
usually lie between 1 and 10 mD (Gilman and Beckie 2000;
White et al. 2005). For all the species a constant mass trans-
fer coefficient of 1075 s~ ! has been chosen, correspond-
ing to a sorption time constant T = 1/ky; of about 1.2
days, in agreement with values typically used in reservoir

@ Springer



894

Adsorption (2011) 17:889-900

simulators (Bromhal et al. 2005; Shi and Durucan 2005;
Shi et al. 2008) and obtained from experiments performed
under similar conditions (Pini et al. 2009). The injection
pressure (P, = 4 MPa) is chosen to be slightly lower than
the hydrostatic pressure corresponding to the coal seam
depth (50 MPa) and the pressure at the production well is
kept constant at a value of Poy = 0.1 MPa. Moreover, at
the beginning of the injection, the reservoir pressure (100%
CH,) is lower than the hydrostatic pressure and takes a value
of Py = 1.5 MPa, as might occur after the coal bed primary
production.

Two cases have been investigated, which differ in the
value of the parameter C> in (6), to highlight the effect of
the permeability variation on the gas flow dynamics during
the ECBM process. For “Case A”, the values for the parame-
ter Cs ; obtained for each component i from the experiments
reported in Pini et al. (2009) have been used to calculate Cy
defined as the weighted average among the three component,
ie. Cs =), Cs,ix;, with x; being the fractional swelling
(si/s). Values of Cs; used for CO2, CH4 and N, are 0.623,
1.480 and 2.337, respectively. For “Case B”, a four times
larger value Cs; has been set for CO, and has been used
also for all other components. For this reason, we will re-
fer to this situation as the strong swelling case. The value of
these parameters are summarized in Table 5. For the sake of
comparison, they are reported together with values given in
other studies using a similar stress-strain relationship for the
permeability. It is worth pointing out that the initial poros-
ity values used in this work are much larger than those from
other studies. This is mainly due to the fact that the refer-
ence condition (0) is different: in our study it refers to a un-
stressed state (no confinement, no fluid pressure), whereas
in the other studies it refers to the initial reservoir condition,
thus taking into account also the overburden stress.

As quantitative indicators to compare the outcomes of the
different ECBM simulations, the following variables are de-
fined (i =CHy):

GIP = AL[e*c) + (1 — e")n?] (10a)
A [Tuci |,—p dt
R, = Ao ucile=r dt (106)
GIP
puy = —Cil=t (10¢)

n
21 € le=t

where GIP is the initial gas in place, R; is the current value
of the fraction of CH4 recovered and Pu; is its current pu-
rity. In the case of CO,, the following variables are intro-
duced (i =CO»):

t
I = A/ uc; | d (11a)
0

@ Springer

L
S; = Af [s*ci +1 - 8*)ni]dz (11b)
0
with /; and S; being the current amount injected and stored
in the coal bed, respectively.

4 Results
4.1 Permeability behavior

By assuming that methane is completely displaced by the
injected gas, the changes in permeability can be analyti-
cally estimated with (6) only. Figure 2 shows the obtained
variations in permeability under different injection schemes
(from pure CO; to pure Ny) for Cases A and B. In both
cases the confining pressure (P.) has been kept constant at a
value of 10 MPa. In the figure, the predicted injection curves
are compared to the primary recovery scenario (pure CHy,
dashed line), for which the coal bed situation before start-
ing gas injection is marked with a circle. The vertical dotted
line at 4 MPa represents a theoretical abandonment scenario,
where, at the end of the ECBM operation, the coal seam has

0.25

0.2

x° ;ﬂ‘//%y
s

0.05]  Pure co,

inj

0 . . :
0 1 2 3 4 5
Pressure [MPa]
(a) Case A - weak swelling
10°

0 1 2 3 4 5
Pressure [MPa]
(b) Case B - strong swelling

Fig. 2 Permeability ratio k/kp as a function of pressure P under
different injection scenarios (solid lines, Pure CO;, 80:20/CO;:N>,
50:50/CO;:N3, 20:80/CO2:Nj, pure Ny) for Case A (weak swell-
ing) (a) and Case B (strong swelling) (b). The dashed line corresponds
to the primary recovery scenario (pure CHy4) and the empty circle to the
initial condition in the reservoir
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been completely filled with the injected gas at a pressure
corresponding to the injection pressure. Qualitatively there
is no difference between Case A and B: pure CO, injec-
tion leads to the strongest reduction in permeability, whereas
addition of N to the mixture allows counteracting this ef-
fect. At constant pressure, the difference in the permeabil-
ity behavior among the different injection scenarios depends
on the extent of swelling of the coal, which is fluid depen-
dent. Because of the weak sorption and swelling of N> com-
pared to CHy and CO; (see Fig. 1), the injection of CO2/N»
mixtures induces less permeability reduction compared to
pure CO». For gas mixtures rich in Nj, permeability can be
even larger when compared to the initial situation. More-
over, due to the larger swelling constant (C3), in Case B the
changes in permeability are more pronounced compared to
Case A. In particular, in Case B permeability can either be
enhanced or reduced of about one order of magnitude, de-
pending on whether pure N> or CO; is injected. Finally,
in agreement with observation reported in previous stud-
ies, for Case A a characteristic minimum in permeability
can be clearly seen that is positioned at the so-called re-
bound pressure (Palmer and Mansoori 1998; Shi et al. 2008;
Pini et al. 2009). For Case B the rebound doesn’t appear in
the pressure range investigated due to the imposed stronger
swelling.

In the following, ECBM simulations results are presented
for which the permeability behavior just described has been
used as an input to the model. First, some important char-
acteristic features of gas displacement and storage during
ECBM recovery are shown for the case of pure CO; in-
jection (Sect. 4.2). Then, a number of ECBM schemes in-
volving the injection of CO,/N; gas mixtures with different
composition are investigated and compared in terms of per-
formance of the ECBM/CO; recovery operation (Sect. 4.3).
For the sake of better clarity, Case A has been assumed for
the simulations presented in Sect. 4.2 and 4.3. Finally, the
effect of swelling is investigated and a comparison between
Cases A and B is shown in Sect. 4.4.

4.2 ECBM with pure CO,

The two main peculiarities of the ECBM recovery process
are that the adsorption/desorption mechanism taking place
controls the displacement dynamics and that gas sorption is
responsible for gas storage in coal seams. Figure 3a shows
a snapshot of the composition profiles of CO; (solid line)
and CHy (dashed line) in the coal bed at two different times
(16 and 83 days), whereas Fig. 3b shows the corresponding
pressure profiles. It can be seen that injection of pure CO»
displaces the CHy through a relatively sharp front, due to
the higher adsorptivity of the former compared to the lat-
ter. Therefore as the preferentially adsorbing CO, propa-
gates through the coal bed, no CHy is left behind. Moreover,

>
0.2 0.4 0.6
z/L
(a) Composition profiles

' \
— 3 [
©
o
2 2
o

1 \

0 0.2 0.4 0.6 0.8 1
z/L

(b) Pressure profiles

Fig. 3 ECBM with pure CO; injection (Case A): composition pro-
files (a) and pressure profiles (b) along the coal seam axis calculated at
two different times during CHy displacement by pure CO; injection

300 .
CO2 5 g
250 breakthrough

200

150

Stored 002 [kmol]

100

50

free gas

0 ~100 200 300
Injected CO2 [kmol]

Fig. 4 Amount of CO; stored as a function of the amount of CO> in-
jected in the coal bed during CHy4 displacement by pure CO; injection
(Case A). The amount of CO; stored in the reservoir is further classi-
fied as free gas (dotted line) and adsorbed gas (gray line)

the shape of the composition profiles remains constant in
time, whereas the one of the pressure profiles varies slightly
and shows a characteristic bending at the position of the dis-
placement front; the reason for this can be attributed to gas
volume changes associated with the adsorption/desorption
process.

Figure 4 shows the amount of CO» stored in the coal bed
(Sco2), as a function of the amount of CO» injected (Ico2).
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It can be seen that as long as breakthrough doesn’t occur the
amount of gas stored in the coal bed equals the amount of
gas injected, as it should be just from the point of view of
mass conservation (dashed line). However, at breakthrough
the curve bends and reaches a constant value as adsorption
has also reached equilibrium and the coal is saturated. The
time (or amount of gas) needed from breakthrough to reach
this point depends on the value of the mass transfer coef-
ficient in (3) and takes a value of zero when local equilib-
rium between fluid and adsorbed phase is assumed (Zhu et
al. 2003). Finally, it can be seen that indeed the amount of
CO; adsorbed (gray line) accounts for the majority of the
storage (black line), whereas the contribution of gas storage
in the fractures and in the macropores (dotted line) is minor.

4.3 Effects of injected gas composition

Figure 5 shows the composition profiles of CO,, CHy and
N, along the coal bed axis after 42 days for three differ-
ent injection scenarios: pure CO» (a), 50:50/CO,:N; (b) and
pure Nj (c). It can be seen that, differently from the sharp
front described in the previous section, when pure N3 is in-
jected the displacement front is much smoother, with the
N, moving faster than CH4 and overtaking it. Again, this
can be attributed to the adsorption behavior of the gases
involved, as in this case the injected component (N») ad-
sorbs less than the displaced component (CHy4). Injection

N2 . CH4 vvvvv .
> 05 sl
CO ’—’ﬂ— llllllll
A .-
- (b)
) I
1F T
N,
= 0.5 _.: ST e '” V
CH, .-
T (c)
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0 0.2 0.4 0.6 0.8 1
z/L

Fig. 5 Composition profiles of CO,, CH4 and N, along the coal
bed axis for three different injection scenarios: pure COy (a),
50:50/CO;:N> (b) and pure N> (c)
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of a CO2/N; mixture results in the appearance of both the
above mentioned effects, as shown in the central figure.
In particular, at the CO,/CHy front the N is enriched in
the fluid phase, the latter being the least adsorbing compo-
nent.

Figure 6 shows the flow rates of CO,, CHs and N> at the
production well corresponding to the three different scenar-
ios just described. It can be seen that when pure CO; is in-
jected, the CHy recovery is completed as CO; breakthrough
takes place, because of the characteristic displacement be-
havior described above. On the contrary, gas mixtures con-
taining N, show an early breakthrough of Nj. In the case of
50:50/C0O;:N> injection, this results in a produced stream of
CHy polluted with N», until CO, breakthrough occurs. It is
worth noting that in all cases, the initial rapid decrease in
the rate of produced CHy is due to the opening of the pro-
duction well that leads to a decrease of the pressure from
the initial value (1.5 MPa) to the imposed boundary con-
dition (0.1 MPa). From a practical point of view, the end
of the operation in the case of pure CO; injection is deter-
mined by the CO; breakthrough, whereas in the case of pure
N> injection it will depend on the purity of the produced
CHy.

These concepts can be better visualized with the help
of Figs. 7a and 7b, where the produced gas quality (in
terms of CHy purity) (a) and the amount of CH4 recov-
ered (b) are shown as a function of the cumulative amount
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Fig. 6 Flow rates of CO,, CH4 and N; at the production well as a
function of time for three different injection scenarios: pure CO; (a),
50:50/CO;:N> (b) and pure N>
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Fig.7 Enhanced coal bed methane recovery: CHy4 purity (a) and CHy
recovery (b) as a function of the amount of injected gas for differ-
ent ECBM schemes with different injection compositions (Pure CO»,
80:20/C0O;:N>, 50:50/C0O;:N3, 20:80/CO;,:N; and pure Ny)

of gas injected for different ECBM injection scenarios. Note
that since for these simulations a constant injection pres-
sure (Pinj =4 MPa) boundary condition was imposed, the
use of the cumulative gas injection as the x-coordinate in-
stead of time is more appropriate. It can be clearly seen
that addition of Ny into the injected gas results in an in-
creased pollution of the methane produced, due to overlap-
ping between the N, injection front and the CH4 desorp-
tion front described previously. In the case of pure CO,,
the produced gas is pure CHy until completion of the re-
covery process. Moreover, with respect to the amount of
CHy4 recovered, injection of N»-rich gas mixtures allows for
a faster initial CH4 recovery compared to the case where
pure CO; is injected. However, the total CHy recovery is
achieved earlier with increasing CO, content in the feed,
as shown by the crossover appearing at large CHy recov-
ery values. This behavior can be explained by the very ef-
fective CHy4 displacement achieved with CO; (due to its
larger adsorptivity compared to both CH4 and N»). Results
that show a similar crossover have been observed by as-
suming constant porosity and permeability and by applying
the method of characteristics to obtain analytical solutions
of gas transport during ECBM recovery (Zhu et al. 2003;
Seto et al. 2009). Here, the slower initial recovery observed
when CO»-rich mixtures are injected was attributed to a re-
duction in the local flow velocity caused by the removal of
CO> from the fluid (mobile) phase.

0.12

0.1

Pure CO2

0 1 2
Time [days]

Fig. 8 Permeability ratio k/ko at the injection well as a function
of time for Case B (strong swelling) for different ECBM schemes
with different injection compositions (Pure COj;, 80:20/CO;:N»,
50:50/C0O;:N>, 20:80/CO,:N; and pure N»)

4.4 Effects of swelling and permeability

Field tests have shown that CO, injection yields to in-
jectivity problems caused by the reduction in permeability
(Gunter et al. 2004; Reeves 2004; van Bergen et al. 2006).
Moreover, it is expected that the main loss in permeability is
confined around the injection well, where the CO, concen-
tration is the highest. Figure 8 shows the permeability ratio
k/ ko at the injection well (z = 0) as a function of time for
Case B during the first 4 days of injection. For pure CO3,
the initial permeability takes a value of about 4.4 mD and
after 4 days permeability has dropped down to 0.4 mD, cor-
responding to a reduction of about one order of magnitude.
For pure N>, the situation is reversed, with almost a doubling
of the initial permeability value. The situations where a gas
mixture is injected lie between these two limiting cases.

This reduction in permeability can have serious effects
on the ECBM operation itself. Figure 9a and 9b show the
amount of CO; injected in the coal bed as a function of time
for the different ECBM schemes for the situations where
swelling is weak (Case A) and strong (Case B), respectively.
For Case A, it can be seen that the obtained curves are fan-
ning out; this result is not surprising as the use of a CO»-
rich mixture clearly leads to an increased amount of CO; in-
jected. However, for Case B the difference between the four
injection scenarios is much smaller compared to Case A. In
other words, the increase in the CO; feed concentration is
not reflected into a corresponding larger amount of CO; in-
jected, and this is particularly evident for the pure CO; case
when compared to the 80:20/CO;:N; case. An interesting
scenario arises from these results: even if the goal is to max-
imize the storage of CO», it could be more effective to inject
a mixture of CO»/N> instead of pure CO,.
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Fig. 9 Amount of CO; injected as a function of time for Case A
(weak swelling) (a) and Case B (strong swelling) (b) for different
ECBM schemes with different injection compositions (Pure CO»,
80:20/C0O;:N3, 50:50/CO;:N7 and 20:80/CO;:N»)

5 Discussion

Gas is retained in coal seam primarily by the mechanism
of gas sorption. The results presented in Sect. 4.2 show that
indeed gas sorption accounts for more than 95% of the to-
tal amount of CO; stored in the coal bed. Moreover, since
the density of gas in the adsorbed state is higher (liquid-
like) compared to its corresponding equilibrium density in
the gas phase, adsorption represents a more efficient way
of storage than gas compression. It is usually assumed that
at similar depth and pressure, coal beds may contain 2—4
times the amount of gas contained in a conventional gas
reservoir (McElhiney et al. 1993). From the point of view of
coal bed gas production, this gives rise to typical production
curves that are characterized by low production pressures in
order to allow for significant gas desorption to take place
(Schraufnagel 1993). A similar concept can be applied to
CO, storage in coal seams: a significant reservoir pressure
loss has to occur before gas desorption from the coal matrix
can actually start; this is particularly true for a Langmuir-like
isotherm, which has been shown to provide an effective de-
scription of gas sorption in coal (Pini et al. 2010). Moreover,
the gas release from the coal matrix is controlled by the des-
orption rate, which for some deep coal beds is determined by
sorption times as high as 70 days (McElhiney et al. 1993).
In this context, gas sorption represents therefore an obstacle
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to gas leakage from these geological formations. This con-
clusion is supported by observing that coal bed methane can
be produced today, even if it has been generated during the
seam formation, a process which might have taken millions
of years.

The recovery of the CH4 that is naturally present in the
coal bed is achieved through an in situ adsorption/desorption
process. In Sect. 4.3 different injection scenarios have been
investigated, including the injection of pure CO;, pure N; or
mixtures into a coal bed previously saturated with methane,
the latter being attractive as it would allow injecting flue gas
directly without the expensive CO, capture step. With re-
spect to the recovery of the original gas in place, interesting
results have been obtained in terms of purity and production
rate, which could be understood by looking at the specific
adsorption behavior of each component on the coal. When a
component is chosen that adsorbs more than methane, such
as CO,, the initial recovery is slower, but the displacement is
more effective, thus allowing for a faster total recovery. On
the contrary, the less adsorbing N; allows for a fast initial
CHjy4 recovery, despite its earlier breakthrough that pollutes
the produced CH4. From a practical point of view therefore,
if one is interested in the recovered methane as a fuel or
a technical gas, there is a clear trade-off between the in-
cremental methane recovery that can be achieved and the
quality of the produced gas. However, if the goal is that of
storing CO» that has been captured, then the amount of CO»
that can be injected and stored in the reservoir is of primary
importance.

The volume change of the coal associated with gas sorp-
tion can change substantially the picture just described. It
was shown in Sect. 4.4 that the strong permeability reduction
caused by the swelling of the coal when exposed to CO, has
serious implications on the performance of an ECBM oper-
ation. In particular, the simulation results for Case B show
that the use of a mixture with composition 80:20/CO,:N»
allows injecting (and therefore storing) a similar amount of
CO; as when pure CO; is used. The swelling and the re-
sulting closing of the fractures will initially affect the region
close to the injection well, where the CO, is the highest,
therefore impeding the exploitation of the whole coal bed
volume. In agreement with observations from previous sim-
ulation studies (Durucan and Shi 2009), the results obtained
in this work disclose new routes towards several attractive
options aimed at tackling the injectivity problem just de-
scribed and that need to be further investigated. These in-
clude the use of flue gas as a way of keeping the permeabil-
ity sufficiently high, as well as the development of design
criteria in terms of configuration of injection and produc-
tion wells (multi-well pattern), as a way of maximizing CO,
storage and CHy recovery.
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6 Concluding remarks

In this study, the gas flow dynamics during ECBM re-
covery operations have been studied with the help of a
one-dimensional mathematical model, consisting of mass
balances describing gas flow and sorption, and a geome-
chanical relationship for the description of porosity and
permeability changes during injection. Simulation results
show that gas injection can indeed enhance methane recov-
ery. Moreover, when Ny is injected, an initially much more
rapid response in terms of methane recovery is observed,
whereas the strong adsorbing CO; yields for a more effec-
tive displacement and therefore for a faster total recovery of
methane. Coal swelling plays a major role in controlling the
ECBM recovery process: the closing of the fractures asso-
ciated with it strongly reduces coal’s permeability. In this
context, flue gas injection might represent an attractive op-
tion, as it would keep permeability sufficiently high, with the
constraint that the N injection front and the CHy4 desorption
front overlap so as the injected gas pollutes methane much
more than in the case of pure CO; injection. The results of
the present study suggest therefore that there is room for op-
timizing the ECBM process depending on whether the ob-
jective of the project is to maximize the CO; storage or the
methane recovery.

The 1-D description presented above provides a very use-
ful understanding of the key mechanisms that affect the
storage and recovery process. However, the 1-D model pre-
sented in this study has to be extended to a 3-D domain, if
the goal is to history-match field tests data. Moreover, efforts
in this direction should account for the presence of water in
the coal bed (multiphase flow), for the complexity of the
coal’s pore structure that impacts also mass transfer mecha-
nisms, and finally for the heterogeneity in the chemical and
mechanical properties of the coal that is present at the reser-
voir scale. When considering innovative injection policies,
e.g. direct flue gas injection instead of injection of captured
CO3, a careful economic evaluation that includes the com-
pression costs has to be carried out. We believe that in this
context the availability of the characterization tools and pro-
tocols exploited here and of the 1-D model presented in this
work will play an important role.
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