
HAL Id: hal-01936519
https://hal.science/hal-01936519v1

Submitted on 27 Nov 2018

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépôt et à la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche français ou étrangers, des laboratoires
publics ou privés.

A Poromechanical Model for Coal Seams Injected with
Carbon Dioxide: From an Isotherm of Adsorption to a

Swelling of the Reservoir
S. Nikoosokhan, M. Vandamme, Patrick Dangla

To cite this version:
S. Nikoosokhan, M. Vandamme, Patrick Dangla. A Poromechanical Model for Coal Seams In-
jected with Carbon Dioxide: From an Isotherm of Adsorption to a Swelling of the Reservoir.
Oil & Gas Science and Technology - Revue d’IFP Energies nouvelles, 2012, 67 (5), pp.777-786.
�10.2516/ogst/2012048�. �hal-01936519�

https://hal.science/hal-01936519v1
https://hal.archives-ouvertes.fr


This paper is a part of the hereunder thematic dossier
published in OGST Journal, Vol. 67, No. 5, pp. 731-875

and available online here
Cet article fait partie du dossier thématique ci-dessous 

publié dans la revue OGST, Vol. 67, n° 5, pp. 731-875
et téléchargeable ici

Dossier edited by/Sous la direction de : E. Rosenberg
IFP Energies nouvelles International Conference/Rencontres Scientifiques d’IFP Energies nouvelles

Oil & Gas Science and Technology – Rev. IFP Energies nouvelles, Vol. 67 (2012), No. 5, pp. 731-875
Copyright © 2012, IFP Energies nouvelles

Pore2Field - Flows and Mechanics in Natural Porous Media
from Pore to Field Scale

Pore2Field - Physique des écoulements en milieux poreux naturels :
de l’échelle du pore à l’échelle du réservoir

731 > Editorial

737 > Molecular Dynamics Simulation of Spontaneous Imbibition
in Nanopores and Recovery of Asphaltenic Crude Oils Using
Surfactants for EOR Applications
Simulations de dynamique moléculaire d’imbibition spontanée dans
des nanopores et pour la récupération d’huiles brutes asphalténiques
en utilisant des agents tensioactifs pour des applications d’EOR
M.R. Stukan, P. Ligneul and E.S. Boek

743 > Pore-Scale Flow Simulations: Model Predictions Compared
with Experiments on Bi-Dispersed Granular Assemblies
Simulation d’écoulements à l’échelle porale : comparaison
des prédictions du modèle et d’expériences sur mélanges de billes
de verre bi-disperses
A.-T. Tong, E. Catalano and B. Chareyre

753 > Characterization of Pore Geometry of Indiana Limestone in Relation
to Mechanical Compaction
Caractérisation de la géométrie des pores dans le calcaire
de l’Indiana en relation avec la compaction mécanique
Y. Ji, P. Baud, V. Vajdova and T.-f. Wong

777 > A Poromechanical Model for Coal Seams Injected with
Carbon Dioxide: From an Isotherm of Adsorption to a Swelling
of the Reservoir
Un modèle poromécanique pour l’injection de dioxyde de carbone
dans des veines de charbon : d’une isotherme d’adsorption
à un gonflement du réservoir
S. Nikoosokhan, M. Vandamme and P. Dangla

787 > Steady-State Two-Phase Flow in Porous Media: Review of Progress
in the Development of the DeProF Theory Bridging Pore to Statistical
Thermodynamics Scales
Écoulement diphasique stationnaire en milieu poreux : revue
des avancées sur les développements de la théorie DeProF reliant
l’échelle du pore à l’échelle de la thermodynamique statistique
M.S. Valavanides

805 > Transmissibility Corrections and Grid Control for Shale Gas Numerical
Production Forecasts
Corrections de transmissivités et contrôle des maillages pour
les simulations numériques de production en faible perméabilité
V. Artus and D. Fructus

823 > Integrating Data of Different Types and Different Supports into
Reservoir Models
Construction de modèles de réservoir contraints par des données
de natures différentes et caractéristiques d’échelles différentes
M. Le Ravalec, S. Da Veiga, R. Derfoul, G. Enchéry, V. Gervais and F. Roggero

841 > Evaluation of EnKF and Variants on the PUNQ-S3 Case
Évaluation de l’EnKF et des variantes du cas PUNQ-S3
R. Valestrand, G. Nævdal and A.S. Stordal

857 > Application of Hierarchical Matrices to Linear Inverse Problems
in Geostatistics
Application des matrices hiérarchiques aux problèmes d’inversion
linéaire en géostatistique
A.K. Saibaba, S. Ambikasaran, J. Yue Li, P.K. Kitanidis and E.F. Darve

©
G

et
ty

 I
m

ag
es

, a
rt

ic
le

 D
O

I:
 1

0.
25

16
/o

gs
t/2

01
20

48

IFP Energies nouvelles International Conference
Rencontres Scientifiques d’IFP Energies nouvelles

http://ogst.ifpenergiesnouvelles.fr/articles/ogst/abs/2012/05/contents/contents.html
http://ogst.ifpenergiesnouvelles.fr/articles/ogst/abs/2012/05/contents/contents.html


Oil & Gas Science and Technology – Rev. IFP Energies nouvelles, Vol. 67 (2012), No. 5, pp. 777-786
Copyright c 2012, IFP Energies nouvelles
DOI: 10.2516/ogst/2012048

Pore2Field - Flows and Mechanics in Natural Porous Media from Pore to Field Scale
Pore2Field - Physique des écoulements en milieux poreux naturels : de l’échelle du pore à l’échelle du réservoir

A Poromechanical Model for Coal Seams Injected
with Carbon Dioxide: From an Isotherm

of Adsorption to a Swelling of the Reservoir
S. Nikoosokhan, M. Vandamme and P. Dangla∗

Université Paris-Est, Laboratoire Navier (UMR 8205), CNRS, École des Ponts ParisTech, IFSTTAR, F-77455 Marne-la-Vallée - France
e-mail: saeid.nikoosokhan@enpc.fr - matthieu.vandamme@enpc.fr - patrick.dangla@ifsttar.fr

∗ Corresponding author

Résumé — Un modéle poromécanique pour l’injection de dioxyde de carbone dans des veines de
charbon : d’une isotherme d’adsorption à un gonflement du réservoir — L’injection de dioxyde de
carbone dans des veines de charbon profondes peut augmenter la quantité de méthane récupérée de ces
veines. Ce processus de production de méthane est appelé CO2-ECBM (Enhanced Coal Bed Methane).
La veine est un milieu poreux dont le réseau poreux est constitué de fissures et des pores de la matrice de
charbon (ces pores pouvant être aussi petits que quelques Angströms). Pendant le processus d’injection,
les molécules de CO2 sont adsorbées dans les pores de la matrice de charbon, ce qui la fait gonfler. Un
tel gonflement conduit, dans les conditions de confinement qui prévalent sous terre, à une fermeture du
système de fissures de la veine réservoir et par conséquent à une baisse de l’injectivité. Dans ce travail,
nous développons un modèle poromécanique qui, à partir d’une utilisation d’isothermes d’adsorption
dans des simulations à l’échelle du réservoir, permet d’estimer les variations d’injectivité de la veine
réservoir au cours du temps pendant le processus d’injection.
Le modèle pour la veine réservoir est basé sur des équations poromécaniques qui prennent explicite-
ment en compte l’effet de l’adsorption sur le comportement mécanique d’un milieu microporeux. Nous
considérons la veine réservoir comme un système à double porosité (fissures et porosité du charbon),
pour lequel nous dérivons un ensemble d’équations constitutives linéaires. Le modèle nécessite en
entrée l’isotherme d’adsorption sur le charbon du fluide considéré. Inversement, le modèle permet de
transformer une isotherme d’adsorption en un gonflement ayant un sens à l’échelle macroscopique de
la veine réservoir.
Les paramètres du modèle sont calibrés sur des données expérimentales d’adsorption sur des charbons.
Des simulations d’injection de dioxyde de carbone dans une veine de charbon sont exécutées avec un
logiciel aux éléments et volumes finis développé en interne. Ainsi, les variations de taux d’injection
pendant le processus d’injection sont obtenues. L’influence de la compressibilité de la matrice de
charbon sur ces variations est discutée.

Abstract — A Poromechanical Model for Coal Seams Injected with Carbon Dioxide: From an
Isotherm of Adsorption to a Swelling of the Reservoir — Injecting carbon dioxide into deep unminable
coal seams can enhance the amount of methane recovered from the seam. This process is known as CO2-
Enhanced Coal Bed Methane production (CO2-ECBM). The seam is a porous medium whose porous
system is made of cleats (small natural fractures) and of coal pores (whose radius can be as small as
a few angström). During the injection process, the molecules of CO2 get adsorbed in the coal pores.
Such an adsorption makes the coal swell, which, in the confined conditions that prevail underground,
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induces a closure of the cleat system of the coal bed reservoir and a loss of injectivity. In this work,
we develop a poromechanical model which, starting from the knowledge of an adsorption isotherm and
combined with reservoir simulations, enables to estimate the variations of injectivity of the coal bed
reservoir over time during the process of injection.
The model for the coal bed reservoir is based on poromechanical equations that explicitly take into
account the effect of adsorption on the mechanical behavior of a microporous medium. We consider
the coal bed reservoir as a dual porosity (cleats and coal porosity) medium, for which we derive a set
of linear constitutive equations. The model requires as an input the adsorption isotherm on coal of
the fluid considered. Reversely, the model provides a way to upscale an adsorption isotherm into a
meaningful swelling of the coal bed reservoir at the macroscopic scale.
The parameters of the model are calibrated on data on coal samples available in the literature. Reser-
voir simulations of an injection of carbon dioxide in a coal seam are performed with an in-house finite
volume and element code. The variations of injection rate over time during the process of injection are
obtained from the simulations. The effect of the compressibility of the coal matrix on those variations
is discussed.

NOMENCLATURE

ε Volumetric strain of reservoir (-)
εu Volumetric strain of reservoir during

immersion (-)
εm Volumetric strain of coal matrix (-)
η Viscosity of CO2 (Pa.s)
μm Molar chemical potential of fluid in coal matrix

(J.mol−1)
ν Poisson’s ratio of reservoir (-)
σ Volumetric confining stress (Pa)
φc Lagrangian porosity associated to cleat system (-)
φc0 Lagrangian porosity associated to cleat system

in state of reference (-)
ϕc Variation of Lagrangian porosity associated

to cleat system (-)
b Biot coefficient of reservoir (-)
btan

m Tangent Biot coefficient associated to coal
matrix (-)

C Coupling coefficient (-)
E Young modulus of reservoir (Pa)
ei j Deviatoric strains (-)
f Helmholtz free energy of microporous coal per

unit volume of undeformed reservoir (J.mol−1)
G Shear modulus of reservoir (Pa)
k Permeability of coal (m2)
K Bulk modulus of reservoir (Pa)
Km Bulk modulus of coal matrix (Pa)
Ks Bulk modulus of solid skeleton (Pa)
N Biot modulus of reservoir (Pa)
nads Molar concentration of fluid in coal matrix

per unit volume of undeformed coal matrix,
i.e., adsorption isotherm (mol.m−3)

nads
0 Adsorption isotherm of fluid in coal matrix

kept at constant volume (mol.m−3)

nm Molar concentration of fluid in coal matrix per
unit volume of undeformed reservoir (mol.m−3)

pa Adsorption-induced pressure (Pa)
pc Pressure of fluid in cleats (Pa)
pm Thermodynamic pressure of fluid in coal

matrix (Pa)
si j Deviatoric confining stresses (Pa)
Vb Molar volume of bulk fluid (m3.mol−1)

INTRODUCTION

Geological sequestration of carbon dioxide in coal seams is
an environmentally appealing method to reduce the amount
of greenhouse gas emissions. Producing methane from deep
coal seams while sequestrating CO2 (a process known as
CO2-ECBM (Enhanced Coal Bed Methane), in which CO2

is injected in one well and methane is withdrawn from
another well) increases the economic viability of such a
method. Laboratory isotherm measurements for pure gases
have demonstrated that a given mass of coal can adsorb
approximately twice as many moles of CO2 as of CH4 [1]:
for each carbon atom extracted with a molecule of methane
from the coal bed reservoir, two carbon atoms can therefore
be injected with molecules of carbon dioxide into the coal
bed reservoir, thus leading to a green energy cycle. More-
over, coal beds can accommodate ten to thirty-five years of
anthropogenic CO2 emissions (at their current rate of emis-
sion of almost 27 Gt per year) [2]. Recently, some large-
scale projects (e.g., the Allison pilot project in the United
States [3]) have been undertaken. Although a decrease in the
rate of injection is classically observed over time upon filling
of a reservoir, in the case of the Allison pilot project this
rate decreased faster than expected during the first months
of injection of carbon dioxide (see Fig. 1). In order to mit-
igate this issue, one can inject carbon dioxide at a higher
pressure or over longer periods of time but such alternatives
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Figure 1

Variations in injectivity in a CO2 injected coal bed at the
Allison unit in the San Juan basin (adapted from [3]).

can put the economic viability of the process at stake. After
about a year in the Allison pilot project, the rate at which
carbon dioxide was injected was observed to increase back
(see Fig. 1). Being able to model such variations of injec-
tivity over the injection process is a prerequisite for energy
companies to evaluate the economic viability of their CO2-
ECBM projects. The coal bed reservoirs, the depth of which
ranges from 300 m to 1.5 km, are naturally fractured. Such
reservoirs are composed of cleats (small natural fractures
usually spaced by a few centimeters from each other) and
of the coal matrix.

The coal matrix itself is a porous medium with pores
ranging from the sub-nanometric size up to the micrometric
size. Coal is known to swell in the presence of carbon
dioxide or of methane [4, 5]. Actually, at a given pressure
of fluid, the replacement of methane as a pore fluid with
carbon dioxide leads to a net swelling of the coal matrix,
called the differential swelling. Such a differential swelling
is observed in coal bed reservoirs in which carbon dioxide
is injected [6]. Since underground reservoirs are confined
by the surrounding rocks, such a differential swelling leads
to a closure of the cleat system, which results in a decrease
of the permeability of the coal bed reservoir. Therefore, we
observe a coupling between the cleat-driven permeability
of the reservoir, the preferential adsorption of CO2 in coal
with respect to CH4 and the differential swelling of the coal
matrix. In the last decade, several authors proposed models
of reservoir in order to capture these coupled effects [7-10].

We recently developed a dual porosity model for coal bed
reservoirs, that explicitly takes into account surface adsorp-
tion in the coal matrix [11]. There, we applied derived con-
stitutive equations well suited for capturing surface effects in
porous media [12-14]. In contrast to what was done in that
paper, we here aim at deriving constitutive equations that

take into account the fact that coal is microporous: in such
micropores, adsorption occurs by pore filling more than by
surface covering and defining pore surface or pore volume
in an unambiguous manner is not possible.

In this paper, we propose a multiscale approach in which
the coal matrix is considered as a microporous medium.
Figure 2 displays the three scales considered in this study:
Figure 2a shows the scale of the coal bed reservoir into
which carbon dioxide is injected; a Representative Elemen-
tary Volume (REV) of this coal bed reservoir is displayed in
Figure 2b and consists of coal fractured by cleats; the scale
of the unfractured coal matrix in which CO2 molecules are
adsorbed is displayed in Figure 2c. The first section of this
study focuses on the derivation of the poromechanical dual
porosity model for a coal bed reservoir. In the following
section, the multiscale model is calibrated on experimental
results. Finally, we simulate an injection of carbon diox-
ide in coal bed reservoirs made of various typical coals. In
such simulations, the adsorption isotherms and the swellings
upon adsorption are used as inputs.

1 DUAL POROSITY MODEL FOR COAL BED RESERVOIR

The focus of this section is to derive the constitutive equa-
tions for a coal bed reservoir made of cleats and of a micro-
porous coal matrix.

Fluid molecules in the reservoir are located either in
the cleats or in the coal matrix. Molecules in the cleats are
assumed to be in a bulk state. In contrast, molecules in the
microporous coal matrix are not in a bulk state but are
said to be in an adsorbed state: in sub-nanometric pores
fluid molecules are interacting with the atoms of the solid
skeleton.

The general assumptions for our modeling are:
– the coal bed reservoir is homogeneous, isotropic, and its

mechanical behavior is linear;
– only isothermal conditions are considered;
– only the pure component case (i.e., carbon dioxide only)

is considered;
– fluid in the cleats is in thermodynamic equilibrium with

fluid in the coal matrix at all times (i.e., there is no kinet-
ics associated to a transfer of fluid from the cleats to the
coal matrix).

1.1 Derivation of Constitutive Equations

For now, for the sake of the derivation, the pressure pc (or
the molar chemical potential μc) of the fluid in the cleats
and the thermodynamic pressure pm (or the molar chemical
potential μm) of the fluid in the coal matrix are assumed
to differ from each other. Those two pressures will only be
equated at the end of the derivation.
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a) b) c)

Figure 2

Multi-scale model for a coal bed reservoir. a) Scale of reservoir. b) Scale of fractured coal. c) Scale of coal matrix.

We consider the system made of a REV of the coal bed
reservoir but without the fluid in the cleats. The Helmholtz
free energy of such a system per unit undeformed volume
of reservoir is noted f . Energy can be added to such a
system either by straining it with a volumetric (also called
‘hydrostatic’ or ‘isotropic’) confining stress σ (the corre-
sponding work being ‘σdε’, where ε is the volumetric strain
of the REV), by straining it with a deviatoric confining
stress si j (the corresponding work being ‘si jdei j’, where ei j

is a deviatoric strain of the REV), by deforming the cleat
porosity φc with the pressure of the fluid in the cleats (the
corresponding work being ‘pcdϕc’, where ϕc is the variation
of the Lagrangian porosity associated to the cleats) or by
adding fluid molecules in the coal matrix (the added energy
being ‘μmdnm’, where nm is the number of moles of fluid in
the coal matrix per unit undeformed volume of reservoir):

d f = σdε + si jdei j + pcdϕc + μmdnm (1)

In this equation, the fluid in the cleats intervenes through
its pressure pc while the fluid in the micropores inter-
venes through its molar chemical potential μm. Such a choice
was made to avoid any ambiguity between two concepts:
the mechanical pressure and the thermodynamical pressure.
Indeed, the mechanical pressure is defined as the oppo-
site of the hydrostatic stress that prevails in a liquid, while
the thermodynamic pressure is the pressure in a macro-
scopic reservoir full of bulk liquid in thermodynamic equi-
librium with the system of interest. Those thermodynamic
and mechanical pressures are equal to each other in macro-
pores, hence an unambiguous reference to ‘the’ pressure in
the cleats. In contrast, thermodynamic and mechanical pres-
sures do differ from each other in micropores: their differ-
ence is the so-called disjoining pressure (for more details,
see [14]). For the fluid in the coal matrix, we therefore
restrict ourselves to making reference to an unambiguous

and well-defined molar chemical potential. The above equa-
tion can be rewritten as follows:

d( f − μmnm) = σdε + si jdei j + pcdϕc − nmdμm (2)

From the above equation one concludes that the constitu-
tive equations can be four equations which link σ, si j, pc, nm

to ε, ei j, ϕc, μm. The next sections are devoted to derive each
of those four constitutive equations.

1.1.1 First Constitutive Equation

We first consider the constitutive equation that governs
the deviatoric stresses si j. For symmetry reasons, under
the hypotheses of isotropy and of small deformations,
this constitutive equation remains the same as in regular
poroelasticity:

si j(ε, ei j,ϕc, μm) = 2Gei j (3)

where G is the shear modulus of the reservoir.

1.1.2 Second Constitutive Equation

We now consider the constitutive equation that governs the
amount nm of fluid in the coal matrix per unit undeformed
volume of reservoir.

Experimental data or molecular simulations of adsorption
on a microporous coal can provide the amount nads(εm, pm)
or nads(εm, μm) of fluid in the coal matrix per unit unde-
formed volume of coal matrix, where εm is the volumetric
strain of the coal matrix. This volumetric strain εm of the
coal matrix can differ from the volumetric strain ε of a REV
of the coal bed reservoir because of the presence of cleats.
Those two strains thus refer to strains at two different scales.
nm can be obtained geometrically from such a measured
adsorption isotherm nads obtained at the scale of the coal
matrix (see Figs. 2b, c):

nm(ε, ei j,ϕc, μm) = (1 − φc0)nads(εm, pm) (4)



S Nikoosokhan et al. / A Poromechanical Model for Coal Seams Injected with Carbon Dioxide: From an Isotherm of Adsorption
to a Swelling of the Reservoir

781

where φc0 is the cleat porosity in the state of reference,
pm(μm) is obtained from the state equation of the fluid con-
sidered, and the volumetric strain εm of the coal matrix is
obtained from the classical micro-macro relation [14]:

ε = (1 − φc0)εm + ϕc (5)

εm =
ε − ϕc

1 − φc0
(6)

1.1.3 Third Constitutive Equation

The next constitutive equation is derived by using a Maxwell
relation based on Equation (2):

∂σ

∂μm

∣∣∣∣∣∣
ε,ei j,ϕc

= −∂nm

∂ε

∣∣∣∣∣
μm,ei j,ϕc

(7)

for which the right-hand term can be rewritten with the help
of Equations (4) and (5):

∂nm

∂ε

∣∣∣∣∣
μm ,ei j,ϕc

=
1

1 − φc0

∂nm

∂εm

∣∣∣∣∣
μm,ei j,ϕc

=
∂nads

∂εm

∣∣∣∣∣∣
μm

(8)

Equation (7) can be rewritten as follows:

∂σ

∂μm

∣∣∣∣∣∣
ε,ei j,ϕc

= −∂n
ads

∂εm

∣∣∣∣∣∣
μm

(9)

An integration of the above equation yields:

σ = f1(ε, ei j,ϕc) −
∫ μm

μ=−∞
∂nads

∂εm

∣∣∣∣∣∣
μm

dμ (10)

which, with the help of the Gibbs-Duhem relation
dμ = Vbdp (where Vb is the bulk molar volume of the fluid),
can be rewritten as:

σ = f1(ε, ei j,ϕc) −
∫ pm

0

∂nads

∂εm

∣∣∣∣∣∣
pm

Vbdp (11)

The function f1 is determined by soliciting the material at
pm = 0 in the coal matrix (i.e., with no fluid in the coal
matrix). In such a case, for which σ = f1(ε, ei j,ϕc), regular
poroelasticity must be recovered, from what follows that:

f1(ε, ei j,ϕc) = (K + b2N)ε − bNϕc (12)

where K is the bulk modulus of the reservoir, b is the Biot
coefficient associated to the cleat system, N is the Biot
modulus associated to the cleat system, and where the
poroelastic coefficients verify the classical relations [14]:

b = 1 − K
Km

(13)

1
N
=

b − φc0

Km
(14)

where Km is the bulk modulus of the coal matrix.

The third constitutive equation can therefore be writ-
ten as:

σ(ε, ei j,ϕc, μm) = (K + b2N)ε − bNϕc

−
∫ pm

0

∂nads

∂εm

∣∣∣∣∣∣
pm

Vbdp (15)

1.1.4 Fourth Constitutive Equation

The last constitutive equation is derived by using a Maxwell
relation based on Equation (2):

∂pc

∂μm

∣∣∣∣∣∣
ε,ei j,ϕc

= −∂nm

∂ϕc

∣∣∣∣∣∣
ε,ei j,μm

(16)

for which the right-hand term can be rewritten with the help
of Equations (4) and (5):

∂nm

∂ϕc

∣∣∣∣∣∣
ε,ei j,μm

= − 1
1 − φc0

∂nm

∂εm

∣∣∣∣∣
ε,ei j,μm

= −∂n
ads

∂εm

∣∣∣∣∣∣
μm

(17)

Equation (16) can be rewritten as follows:

∂pc

∂μm

∣∣∣∣∣∣
ε,ei j,ϕc

=
∂nads

∂εm

∣∣∣∣∣∣
μm

(18)

An integration of the above equation yields:

pc = f2(ε, ei j,ϕc) +
∫ μm

μ=−∞
∂nads

∂εm

∣∣∣∣∣∣
μm

dμ (19)

which, with the help of the Gibbs-Duhem relation
dμ = Vbdp, can be rewritten as:

pc = f2(ε, ei j,ϕc) +
∫ pm

0

∂nads

∂εm

∣∣∣∣∣∣
pm

Vbdp (20)

The function f2 is determined by soliciting the material at
pm = 0 in the coal matrix (i.e., with no fluid in the coal
matrix). In such a case, for which pc = f2(ε, ei j,ϕc), regular
poroelasticity must be recovered, from what follows that:

f2(ε, ei j,ϕc) = −Nbε + Nϕc (21)

The last constitutive equation can therefore be written as:

pc(ε, ei j,ϕc, μm) = −Nbε + Nϕc

+

∫ pm

0

∂nads

∂εm

∣∣∣∣∣∣
pm

Vbdp (22)

1.1.5 Summary of Constitutive Equations

In summary, the constitutive equations for a dual porosity
medium whose pore space is made of cleats (in which the
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pressure of the fluid is pc) and of micropores (in which the
thermodynamic pressure of the fluid is pm) is:

σ = (K + b2N)ε − bNϕc − pa(εm, pm) (23)

pc = −Nbε + Nϕc + pa(εm, pm) (24)

nm = (1 − φc0)nads(εm, pm) (25)

si j = 2Gei j (26)

where the pressure pa(εm, pm) induced by adsorption in the
coal matrix is written as:

pa(εm, pm) =
∫ pm

0

∂nads

∂εm

∣∣∣∣∣∣
pm

Vbdp (27)

Note that in the above equation, the integrand can be
interpreted as a tangent Biot coefficient btan

m associated to
the coal matrix:

btan
m =

∂nads

∂εm

∣∣∣∣∣∣
pm

Vb (28)

If we now set pm = pc = p, which corresponds to the
assumption that the fluid in the cleats is in thermodynamic
equilibrium with the fluid in the coal matrix, we obtain the
following constitutive equations:

σ = (K + b2N)ε − bNϕc − pa(εm, p) (29)

p = −Nbε + Nϕc + pa(εm, p) (30)

nm = (1 − φc0)nads(εm, p) (31)

si j = 2Gei j (32)

1.2 Simplification for a Coal Bed Reservoir

It has been recently demonstrated with the help of molecular
simulations that the adsorption isotherm of carbon dioxide
in coal can be well approximated by its first-order expansion
with respect to the strain εm of the coal matrix [15]:

nads(εm, p) ≈ nads
0 (p)(1 +C(p)εm) (33)

where nads
0 (p) is the amount of fluid adsorbed in the coal

matrix when the matrix is kept at zero deformation and
where C(p) is a dimensionless coupling coefficient which
captures the dependence of adsorption on the strain of
the adsorbing medium. With such an approximation, for
a porous medium whose behavior is linear elastic in the
absence of any fluid, the drained bulk modulus remains con-
stant for any pressure of fluid and any volumetric strain [15].
Moreover, from such a first-order expansion follows:

∂nads

∂εm

∣∣∣∣∣∣
p

= nads
0 (p)C(p) (34)

The above equation is a function of the fluid thermody-
namic pressure p only. Therefore, in coal, the adsorption-
induced pressure pa also is a function of the fluid ther-
modynamic pressure only: pa(εm, p) = pa(p). With such a
simplification, Equation (31) can be rewritten as:

nm = nads
0 (p)

[
1 − φc0 +C(p)(ε − ϕc)

]
(35)

which makes it possible to modify the set of constitutive
Equations (29−32) in order to express σ,ϕc, nm and si j as
functions of ε, ei j and p, thus yielding the constitutive equa-
tions of the coal bed reservoir here considered:

σ = Kε − bp − (1 − b)pa (36)

ϕc = bε +
p − pa

N
(37)

nm = nads
0 (p)

[
1 − φc0 +C(p)

[
(1 − b)ε − p − pa

N

]]
(38)

si j = 2Gei j (39)

where pa is given by:

pa(p) =
∫ p

0
btan

m dp =
∫ p

0
nads

0 (p)C(p)Vb(p)dp (40)

2 CALIBRATION OF MODEL

We aim at simulating injections of carbon dioxide in coal
bed reservoirs. In order to do so, our model must first be
calibrated. We will use as a basis for calibration two coal
samples studied by Pini [16]: the Ribolla and Sulcis coals.
Both coals come from Italy. On each of those samples, Pini
performed measurements of adsorption of carbon dioxide
and measurements of swelling of the coal sample induced
by this adsorption. Those data will be used in the following
section to calibrate the mechanical properties of the reser-
voir as well as the dependence of the adsorption-induced
pressure pa on the pressure of the fluid.

2.1 Adsorption Isotherms

Pini measured amounts of carbon dioxide adsorbed in both
the Ribolla and Sulcis coals [16]. Figure 3 displays the
adsorption isotherms on those two coal samples at a temper-
ature T = 318 K (i.e., about 45◦C) together with an equation
of state for carbon dioxide at the same temperature: at this
temperature, the affinity of carbon dioxide for Sulcis coal is
lower than its affinity for Ribolla coal.

2.2 Swelling of Coal Immersed in CO2

In addition to adsorption measurements, Pini also mea-
sured how Sulcis and Ribolla coals swell when immersed
in carbon dioxide [16]. The results of those measurement
are displayed in Figure 4.
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Figure 3

Total adsorbed amount of CO2 in Sulcis and Ribolla
coals at a temperature T = 318 K (adapted from [16]).
The density data are from NIST Chemistry WebBook
(http://webbook.nist.gov/chemistry/).
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Figure 4

Swelling of Ribolla and Sulcis coal samples immersed in car-
bon dioxide (experimental data adapted from [16]).

The bulk modulus K = 0.78 GPa and Poisson’s ratio
ν = 0.26 are given by Pini for Sulcis coal [16]. We choose
the same elastic properties for Ribolla coal: by doing so,
both coals only differ by their adsorptive properties. For
now, the Biot coefficient b is set to 0.25, which, with the help
of Equation (13), leads to a bulk modulus Km = 1.04 GPa for
the coal matrix. Another Biot coefficient b and bulk modulus
Km for the coal matrix will be considered in Section 3.2 and
the effect of the compressibility of the coal matrix on the
evolutions of injection rate over the injection process will
be discussed.

For a sample immersed in a fluid, for which the
boundary conditions verify σ = −p, a combination of

coal

coal

p (MPa)

Figure 5

Coupling coefficient C for Ribolla and Sulcis coals.

TABLE 1

Coal parameters for representative elementary volume of reservoir

Parameter Definition Value
E Young modulus of reservoir (GPa) 1.12
ν Poisson’s ratio of reservoir 0.26
K Bulk modulus of reservoir (GPa) 0.78
b Biot coefficient of reservoir 0.25

Km Bulk modulus of coal matrix (GPa) 1.04
k0 Initial permeability (mD) 10
η Viscosity of CO2 (Pa.s) 1.79 ×10−5

Equations (6, 33, 36, 37, 40) enables to express the coupling
coefficient C as:

C(p) =
1 + Kmdεu/dp

nadsVb − εu (1 + Kmdεu/dp)
(41)

where εu is the volumetric strain of the immersed sample.
For a given bulk modulus Km for the coal matrix, the

above expression enables to calculate the coupling coef-
ficient C(p) from the measured adsorption isotherms dis-
played in Figure 3 together with the measured swellings dis-
played in Figure 4. The resulting coupling coefficient C(p)
calculated with Equation (41) combined with the experi-
mental data on Sulcis and Ribolla coals is displayed in
Figure 5. We observe that this coefficient and therefore
how the adsorption depends on the strain of the coal sample,
depends significantly on the pressure of the fluid, especially
near p = 10 MPa, a pressure at which the density of carbon
dioxide significantly varies (see Fig. 3).

On top of the measured swellings of the coal sam-
ples immersed in carbon dioxide, Figure 4 displays the
swelling predicted by the now calibrated set of constitu-
tive Equations (36-40). The calibrated model is in very
good agreement with the experimental data, thus proving
that the swelling of coal in presence of carbon dioxide can
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Figure 6

Adsorption-induced pressure pa for Ribolla and Sulcis
coals.

coal

coal
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Figure 7

Tangent Biot coefficient btan
m associated to coal matrix for

Sulcis and Ribolla coals.

be accurately modeled by taking into account adsorption in
micropores.

Figure 4 also shows that Sulcis coal swells about twice
as much as Ribolla coal, while the affinity of carbon dioxide
for Sulcis coal is lower than for Ribolla coal (see Fig. 3).
As was already noted by Day et al. [17] and by Pini [16],
coals with high sorption capacity are not necessarily highly
swelling coals, which suggests that swelling and adsorption
are linked in a nontrivial manner.

Figure 6 shows how the adsorption-induced pressure pa

depends on the bulk pressure of carbon dioxide. Qualitati-
vely, the shape of those curves is similar to the shape of
the swelling curves displayed in Figure 4, which confirms
that the swelling can be explained by an adsorption-induced
pressure.

We also identified in the model a tangent Biot coeffi-
cient btan

m = nads
0 C(p)Vb(p) associated to the coal matrix

(see Eq. 28). Figure 7 displays this tangent Biot coefficient
btan

m as a function of the fluid bulk pressure p. For Sul-
cis coal, this Biot coefficient can be as high as 17.7 at the
smallest fluid pressures, while for Ribolla coal this coef-
ficient can reach a value of 3.6. In any case, for both
coals this Biot coefficient is out of the usual range [0, 1]
observed for regular macroporous media. Those unconven-
tional values have been identified as a direct consequence
of the microporous feature of the medium [15]. One should
note, however, that such values are not inconsistent with the
laws of thermodynamics and pose no issue with respect to
the mechanical stability of the medium.

3 RESERVOIR SIMULATIONS OF CO2 INJECTION
IN COAL BED

Based in the derived constitutive Equations (36-40) cali-
brated on Section 2, we performed reservoir simulations of

injection of carbon dioxide in a coal bed. We considered
injections over a one-year period in a reservoir that ini-
tially contained carbon dioxide only. The performed sim-
ulations were axisymmetric plane-strain one-dimensional.
The radius of the reservoir was set to 500 m, the radius
of the bore hole was 10 cm. Before CO2 injection, the
fluid pressure in the reservoir was considered to be equal
to 1 MPa. Injection pressures of 8, 10 and 12 MPa were
applied and kept constant over time. We imposed zero dis-
placement and no flow on the edge of reservoir. We con-
sidered that the permeability in the reservoir was governed
by a Kozeny-Carman-type equation, in which only the cleat
porosity intervened. Practically, the permeability k was
given by the following relationship:

k
k0
=

φ3
c

(1 − φc)2
× (1 − φc0)2

φ3
c0

(42)

where k0 is the permeability in the state of reference.
The simulations were performed with the software Bil,

a finite element and volume code developed in-house
(http://perso.lcpc.fr/dangla.patrick/bil/). Simulations were
performed on two reservoirs, i.e., on a reservoir made of
Sulcis coal and on a reservoir made of Ribolla coal.

3.1 Results

The rates of injection calculated on the two reservoirs at the
three pressures of injection are displayed in Figure 8. For
both reservoirs, as expected, the higher the injection pres-
sure was, the higher the injection rate was.

The decrease of rate of injection over time was more
significant for the reservoir made of Sulcis coal than for the
reservoir made of Ribolla coal. Such a difference is due to
the fact that Sulcis coal swells more than Ribolla coal in
presence of carbon dioxide (see Fig. 4): the swelling of the
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Figure 8

Injectivity of reservoir made of Ribolla coal and of Sulcis
coal and injected at three different injection pressures.
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Figure 9

Volumetric strains at different times along the reservoirs
made of Sulcis and Ribolla coals.

coal matrix led to a closure of the cleat system, which itself
led to a decrease of the injectivity of the reservoir.

Figure 9 displays the volumetric strains in the two reser-
voirs at different times during the injection process. Close to
the wellbore, as soon as the injection started, a swelling was
observed. Then, over the injection process, the region in
which a swelling was observed extended from the wellbore
toward the edge of the reservoir: this extension accompanied
the penetration of carbon dioxide in the reservoir. Due to the
boundary conditions used, the adsorption-induced swelling
close to the wellbore led to a compressed coal far from
the wellbore, i.e., near the edge of the reservoir. Variations
of volume were more pronounced in the reservoir made of
Sulcis coal than in the reservoir made of Ribolla coal, as a
direct consequence of the fact that Sulcis coal swells more
in presence of carbon dioxide than Ribolla coal.

3.2 Discussion: Effect of Compressibility of Coal Matrix
on Evolutions of Injection Rates

We restrict our discussion to the reservoir made of Sulcis
coal, since this coal exhibits the largest swellings. During
the calibration of the model (see Sect. 2), we needed to
assume the Biot coefficient b of the reservoir. By doing
so, Equation (13) shows that we imposed the ratio of the
bulk modulus K of the reservoir to the bulk modulus Km

of the coal matrix. At a given bulk modulus K of the
reservoir, if we choose another value for the Biot coeffi-
cient b, the bulk modulus Km of the coal matrix will be
different: Equation (41) shows that, as a consequence, the
calibration of the model on the swelling data displayed in
Figure 4 will lead to a different coupling coefficient C(p)
and thus, through Equation (40), to a different calibration
for the adsorption-induced pressure pa(p). Following regu-
lar poromechanics, the bulk modulus Km of the coal matrix

must verify Km ≥ K/(1 − φc0), where K is the bulk modu-
lus of the reservoir and Km is the bulk modulus of the coal
matrix.

Figure 10 displays the dimensionless permeability k/k0

along the reservoir at different times of the injection process,
when the Biot coefficient b is set to 0.25 (and thus when
K/Km = 0.75, as was done in Sect. 3.1) and when the Biot
coefficient b is set to 0.8 (and thus when K/Km = 0.2).
For both those Biot coefficients, we verified that, with the
help of Equation (33), the back-calculated adsorbed amount
nads

0 (p) in a coal matrix kept at zero strain is an increasing
function of the pressure p of the fluid, as required thermo-
dynamically. We observe that the Biot coefficient had a sig-
nificant effect on how the permeability evolved over time:
in the reservoir with a larger Biot coefficient, the decrease
of permeability was more pronounced than in the reservoir
with a smaller Biot coefficient. Such a phenomenon is due
to the fact that, if the Biot coefficient is high, the coal matrix
is almost incompressible: in such a case, all the swelling
observed during an immersion of the sample in the fluid
will translate into a loss of pore volume in confined con-
ditions. In contrast, if the Biot coefficient is low, only part
of the swelling observed during an immersion of the sample
will translate into a loss of pore volume in confined condi-
tions: therefore, in this latter case, the decrease of porosity
and thus of permeability is less pronounced than if the Biot
coefficient is high.

CONCLUSIONS

In this work, we studied an injection of carbon dioxide in a
coal bed reservoir. In order to do so, we derived constitutive
equations for a two-scale porous medium, the pore space
of which is made of cleats and of micropores. The derived
equations take explicitly into account the mechanical effect
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Figure 10

Variation of dimensionless permeability along the reservoir
made of Sulcis coal for different ratios K/Km of bulk modulus
K of the reservoir to the bulk modulus Km of the coal matrix.

of adsorption in micropores, i.e., in pores that are too small
to make it possible to define in an unambiguous manner pore
volumes and pore surfaces. The derived equations needed
to be calibrated: we showed that this calibration can be per-
formed on measured adsorption isotherms and on measured
swellings upon adsorption.

We considered two coals with different sorption and
swelling properties. By making use of the calibrated consti-
tutive equations, we simulated injections of carbon dioxide
in reservoirs made of each of those two coals. Such simu-
lations make it possible to estimate variations of injectivity
over the injection process. We show that variations of per-
meability in the reservoir over time depend not only on how
much the coal swells in presence of carbon dioxide but also
on the compressibility of the coal matrix.
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