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PUBLISHABLE SYNTHESIS REPORT

The main objective of this project was to investigate the basic scientific theory involved in the injection
and retention of CO2 in coal. The aim was to understand the fundamental mechanisms of water and CO2CH4 adsorption/desorption, diffusion/counter diffusion and two-phase flow under simulated reservoir
conditions (stress, pore pressure and temperature) and to formulate these mechanisms for the
development of predictive models for CO2-ECBM recovery and CO2 storage simulators. The project
aimed at developing the technology and the tools to enable a more accurate assessment of the potential
for improved methane recovery and CO2 storage.
A methodology has been developed for cleat angle characterisation from either drilling cuttings or CTscans of coal blocks, using quantitative image analysis. The cleat angle distribution obtained can be used
as an input parameter for the cleat orientation in reservoir flow simulations.
Adsorption isotherms for both CO2 and CH4 were measured on dry and wet European coal samples of
various sizes (ranging from < 0.063 mm to > 2 mm) at 45°C. A simplified three-parameter diffusion
model was developed and applied to fit the experimental pressure unloading curves obtained for both dry
and well Silesia samples. High pressure/high temperature flushing tests were carried out whereby
supercritical CO2 was injected into large cores initially saturated with methane under both dry and wet
conditions. The obtained experimental data were analysed and evaluated using sub-cleat to cleat scale (<
1cm) and core scale (< 1m) models developed.
Laboratory experiments were conducted to determine the absolute and relative permeabilities of different
coal samples extracted from the coals provided to the project. Generalised relative permeability curves for
a range of different coal samples were defined and the impact of factors such as confining pressure,
wettability and coal composition on relative permeability behaviour were evaluated.
A high-pressure pendant drop cell and a high-pressure capillary pressure cell have been developed to
measure contact angles by the use of the captive bubble technique and capillary pressure in a coal-watercarbon dioxide system, respectively. The experimental set-ups were used to investigate the wettability
behaviour of coal-water-carbon dioxide systems at elevated pressures.
A comprehensive testing programme, including multistage triaxial tests, was carried out to determine the
elastic properties and strength parameters and CO2 permeability behaviour of the selected coals under
different stress levels. Large diameter hollow cylinder tests were conducted to study the wellbore strength
and dadial flow/permeability behaviour.
A methodology for stochastic realisations of matrix-fracture systems and upscaling of natural fractures
and reservoir properties for coals. The basis of the approach is the assumption that the geometry of the
cleat system (described statistically) at the small scale can serve to generate a realistic network of cleat
features at the numerical size scale.
A state-of-art CO2-ECBM simulated (METSIM2) was developed, featuring a newly developed cleat
permeability model accounting for matrix swelling as well as shrinkage, and the implementation of a
bidisperse pore-diffusion model. METSIM2 has been shown to compare favourably to other commercial
software within the international GeoSeq project. The simulator was used in the project for parametric
studies using data representative of European coal fields. Most significantly, METSIM2 was successfully
used in history matching the Allison unit ECBM pilot in San Juan Basin.
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Analysing Cleat Angles in Coal Seams Using Image Analysis Techniques on Artificial
Drilling Cuttings and Prepared Coal Blocks

Introduction
If coal seams are considered as gas reservoirs for methane production and CO2 storage, one requires an
evaluation of the flow characteristics near the injection/production wells and, when possible, infer from
these the flow behaviour through the coal seam. Transport of gases and water through coal seams takes
place mainly along the macro-cleat system, which acts as the major flow path. The cleat distance in this
system varies from centimetre to decimetre scale. Within this macro-system, micro-cleats partly follow
this structure. For another part, it follows the matrix structure of the coal, which is defined by the maceral
and mineral content. In coal, the two major directions of the macro- system have to be considered, namely
the rather continuous face cleats and the discontinuous butt cleats (Pattison et al., 1996). In order to
predict the flow capacity and direction, a thorough study of the cleat properties, such as cleat spacing,
cleat apertures and cleat angles are of great importance. These flow characteristics are needed as input in
coal reservoir models, such as explained by Bossie-Codreanu et al. (2003). As described in many papers
(de Haan, 1999; Bertheux, 2000; Wolf et al., 1999) the dominant flow direction is related to the existing
cleat system. This structural feature is the main property controlling the Darcy permeability.
Information on the cleat stress patterns is normally provided from the regional geology, appraisal drillings
and sometimes from coalmines. Hence, investigations are normally carried out on samples obtained from
the following sources, taking into consideration their advantages and disadvantages:
•

From Outcrops: easily accessible but the coal often is seriously weathered.

•

From Core plugs: difficult to obtain, expensive, the pore quality hard to assess, due to breaking
and grinding.

•

From Mines: if present and accessible. Large fresh samples, not too much damaged, are probably
the most representative.

Up to now, cuttings from drillings did not play an important role in this evaluation. The use of these small
fragments (< 2 cm), to define the major cleat orientations in the appraisal phase, is based on a concept of
Steidl (1997). In regular coalfields, the angle between both cleat systems and the bedding very often
creates a more or less rectangular to parallelogram like shape of the fragments. These often-occurring
shapes were considered to provide in two dimensions a good representation of the angle between two
faces. In his study, the face angles of single grains were characterized by low-resolution image analysis.
In this particular study the improvement on fragment recognition from cutting samples is based on an
increased scale related pixel resolution and the development of a rotation program (Bertheux, 2000).
Improvement of pixel resolution enhances the determination of fragment faces; the rotation program is
able to improve the face orientation determination.
In addition, the introduction of cleat characterization, by the use of CT-scan images, gives another option
to visualize the macro-cleat spacing and cleat orientation. With the use of micro-CT scanning techniques,
van Geet et al. (2001) were able to perform 3D-fracture analysis on 8 mm size Campine Basin coal
samples. The aperture distribution of a micro-cleat system of an unstressed coal matrix was measured and
compared with microscopy results. For this sample, a voxel size of about 22 µm was achieved. In our
study CT scans of the three French coal blocks have been created with medical computer tomography.
The blocks, about 30 to 50 cm in size, are analysed in terms of the cleat angle distribution of the macrocleat system. A major part of the previously mentioned image analysis techniques, as applied on the
cuttings, is also used to determine the cleat angle characteristics. The results of both methods, which were
obtained at different scales, using different pixel resolutions, are compared.
Introduction to the image analysis technology
The previously mentioned methodologies use image analysis techniques to determine cleat angles and
angles between the cleat and bedding. During drilling, coal breaks along weakness planes. By creating
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random fractures in the weak zone, all mentioned fracture types could be a print of the fragment
population. Hence, the crushing method used here, grinding broken coal pieces of 10cc between two
plates, provides fragments comparable to those created during drilling. The analysis is based on the
perception that most of the cleats and the bedding plane are the zones of weakness. It is observed that
fragments larger than 400 µm show one or more straight face, which can be related to fractures or
bedding.
Analysis of cuttings
Cuttings show relatively straight boundaries in coal, i.e. the shapes of the fragments after breaking by
drilling or grinding. Therefore, often the outline of a coal fragment represents the stress field related to
cleat directions. Fragments were scanned at different magnifications to recognize straight faces. Based on
image analysis experience, a minimum fragment length of 30 pixels was considered accurate. Up to two
thousand fragments of the three French coal samples of different coal rank, were analysed in order to
characterize a cleat angle distribution (Wolf et al., 2001and 2002). The fragments analysis is based on the
straight face development, their length and relative orientation. In addition, the common spatial properties
such as area, length, breadth, aspect ratio and roundness are measured. Only straight faces, with a
minimum length in relation to the fragment length, are included in the study. After sorting the measured
faces according to descending length, the possible cleat angles per fragment are calculated as the
difference in orientation of the longest face and that of the next five faces in length. At most, four face
angles per fragment are considered and stored as possible cleat angles. After analysing all fragments, the
histograms of the abundant cleat angles show much noise. In this surplus of data, the goal of the analysis,
the preferable angle(s), are obscured. This has two causes:
•

All fragments are included, even when the shapes are not suitable e.g. too rounded.

•

All measured directions are included, also those of random, more or less straight fractures.

In order to address the disadvantages of non-suitable fragment shapes, a geometrical filter has been
developed. The (sub-) spherical fragments are rejected from the data. Next, shape factors are calculated
for each remaining fragment. These factors are based on area and perimeter (dimensionless). Then they
are compared with the shape factor of a parallelogram, with specific fragment features such as length,
width and various angles as found. The relationship between these properties can be summarized in
frequency histograms, which in turn gives an estimation of the most frequent face angles in the fragments,
i.e. the cleat angles and the angles between cleats and the bedding plane.
Analysis of CT-scan images
In order to assess the relevance of the cleat angle histograms results are compared with a 3Dreconstruction of CT-scans. The CT-images are analyzed on their fracture patterns in three orthogonal
planes. Using 3D rendering software in three orthogonal directions, the images were reconstructed. In
three coal blocks the determination of open and mineral filled cleats and mineralised layers are
distinguished, based on variation in densities. Next, the length and associated relative orientation of each
fracture or mineral feature are measured. In addition, the total length per orientation is calculated. Cleat
angle distributions are determined using the same procedure as with the coal fragments. Also, graphs of
the cleat angle against accumulated cleat lengths are created.
During interpretation and comparison of the results of both analysing methods, important differences
between resulting data must be taken into account:
•

CT scan images, particularly the reconstructed XZ- and YZ-planes depend on the image
reconstruction quality and on the image resolution, in relation to the presence of artefacts. The
pixel resolution of the original CT-images is about 700 µm by 700 µm. Due to the interpolation
process in the Z-direction and depending on the scan steps, the reconstructed images in the XZand YZ-plane do have the same resolution at best. The fracture features shown are running
through the entire sample, crossing the different coal laminas. With the pixel definition, images
usually preserve relationship between the spatial internal properties within the solid coal at that
specific pixel level.
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The method using the crushed coal fragments relies on the assumption that the resultant
histogram is representative for the “real” cleat system. It mainly represents detailed macro- and
meso- cleat system information in all directions at different microscopic magnifications, along
with some micro features. (Note: the orientation obtained concerns those cleats making up the
Darcy permeability. In numerical models, this is the orientation we are looking for). Small
fragments are scanned at higher magnifications, which results into high-resolution scans. This
reduces the pixel size below 100 µm and the fragments represent one or more laminae within the
coal sample. The study shows that these fragments, when thoroughly analyzed, can give an
estimation of the micro-cleat system at matrix scale and the distribution of cleat angles between
the major cleat systems. (Note: coal is divided in matrix and fracture regions. The matrix part is
supposed to contain micro cleats-whereas the fracture region comprises the macro and mesocleats.)

The results then can be used in the construction of more realistic network models at various scales. It
leads the way to diffusion modelling at micro-scale and permeability values input as parameters in
reservoir flow models at macro-scale.
Equipment
The following equipment has been used:
For the fragment analysis:
•

Quantimet 570C image analysis computer and dedicated software (Leica Micro-systems), capable
of grabbing and processing 512x512 pixel colour images, 24 bit depth

•

Sony DXC-950P video camera for digital colour or grey image acquisition

•

Wild M3Z stereo-microscope (Leica Microsystems) with a view field ranging from 10 cm to 100
µm.

•

Metzhauser x-y scan stage, 10x10 cm travel, with 0.25 µm steps.

•

For both the fragment analysis and CT-scans:

•

QWIN image analysis software (Leica Microsystems), version 2.5

•

For the CT-scans:

•

AMIRA 3D visualization and modelling software (TGS Inc., USA)

•

General Electric SX/I high speed sequential CT-scanner.

The functional character of the mentioned equipment is explained in the methodology section.
Methodology
In Figure 1, a flow chart is presented, which describes stepwise the procedure that is used to create
cuttings and to quantify their spatial characteristics. The feature results are used to calculate cleat angle
distributions. Following the scheme in Figure 1, the steps mentioned are discussed in the following
sections.
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Flow chart of the image analysis procedure to define fracture angles from cuttings.

Fragment production and sample preparation
The fragments are created through the mechanical simulation of drilling crushing. At intervals of 2 to 3
cm, more or less perpendicular to the layering, pieces of coal are gathered and broken between two steel
blocks, under pressure. The process continues until the sample breaks into pieces with a maximum length
of 2 cm. The relevant fragments, showing clear-cut faces, have a minimum size of 0.417 mm. This is
done by sieving with mesh 35 (Tyler screen scale) taken as the minimum grain size. To define the
minimum number of observations needed for calculating a significant result, two aggregate samples were
used. At a certainty level of 5 %, the student-T test confirmed that to guarantee a representative amount of
fragments, at least 400 grains are needed to be analysed (Bertheux, 2000). This amount accounts for all
fragments, without discrimination of the unsuitable fragments, i.e. well rounded and/or highly spherical
fragments. Since those fragments are disregarded after filtering on fragment shape, and large numbers are
no problem for automatic processing, a minimum of 2000 fragments per coal sample is chosen.
View field scanning and separate fragment recognition
Random scoops of coal pieces from the fragment collection are placed free of each other on a glass dish
of a computer-controlled stage. The stage, undertaken under a stereomicroscope, is illuminated upwards
from below, so that for each fragment a sharp outlined black silhouette is scanned. While inducing an
error, this projection is considered as minimal, since the volume of the different fragments is not
important. The assumption of Steidl (1997) that the angle between the cleat systems and bedding usually
gives a rectangular to parallelogram like shape of the fragments, is adopted in this study. Furthermore,
fragments of coal, as described in Pattison et al. (1996) break along well defined planes, which in effect
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we try to find through the filtering stage. Because of the large difference in lengths of the fragments, two
magnifications of the same view field are chosen, in order to get a better accuracy at pixel level (Figure
2). A minimum face length of 30 pixels was considered to be accurate. Hence, the fragments were
separated in two area size groups. At a low magnification the calibration values for the field view length
and pixel lengths, are respectively 46,3 mm and 90 µm. At this magnification, the total amount of
fragments in an image, about 100, is scanned and stored in the Quantimet 570 as a 512 x 512 pixel - 8 bit
- grey image. The area size of the grains varies from 1600 mm2 – 7.5 mm2. Next, at high magnification,
25 adjacent sub-images are automatically scanned and transferred to the Quantimet in an identical way
(Figure 2). Here the field view length and pixel length are respectively 10.8 mm and 21 µm. The grain
area varies from 7.5 mm2 – 0.417 mm2.

Figure 2.

From a fragment aggregate to single fragment images at different resolutions.

Fragment feature characterization
In the image analysis program QWIN; a fully automated procedure splits each multi-fragment image in
single fragment images. Each fragment gets a one-pixel wide envelope, which acts as an outline. Then the
software quantifies for each fragment the area, the perimeter, the fragment face angles, length and width,
according to the corresponding calibration values. A second program rotates each fragment in steps of 5°
up to a full 180°. In each position the one pixel broad outline of the fragment is analysed on the presence
of straight horizontal lines with a minimum length related to the fragment length. This is achieved by an
image processing technique called “horizontal erosion”. A boundary part that suits the previously
mentioned conditions is then extended in both directions as long as its deviation is not more than one
pixel, either up or down. Consequently, slightly curved boundaries are also recognized as straight faces.
From each selected fragment boundary the total length and relative orientation is stored, according to the
rotation angle.
Data storage, management and definition of angles
After rotating all fragments, the dataset is transferred into spreadsheets. Spatial data of each fragment are
stored, including their relative orientations and the lengths of all straight faces. Then face lengths and
corresponding orientations are sorted to descending length. The major cleat angles per fragment are
calculated as the difference in orientation of the longest face related to the next five length faces.
Therefore, at most four face angles per fragment are stored.
Fragment discrimination by filtering
Due to the presence of many randomly spread face orientations from fragments with a partly or fully
eroded shape (i.e. high roundness), the bulk spreading of the calculated cleat angles gives indistinct data.
However, recognizable fracture angles are present in those fragments with a rectangular or poly-faced
shape. Hence, a dimensionless filter based on parallelogram features, is introduced. This filter compares
the surface and envelope of a fragment with a defined parallelogram. For each fragment, the fragment
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area (Agr) is related to its perimeter (Pgr). Then the four face angles (α) and associated side lengths
(Lgr,Bgr) are used to reconstruct parallelograms. Both dimensionless values, define a geometrical factor,
GF.

Agr
GF =

Pgr

2

Lgr * Bgr *sin(α)
(2*(Lgr + Bgr ))2

With:
•

Agr : fragment area

•

Lgr : fragment length

•

Pgr : fragment perimeter

•

Bgr : fragment width

The actual application of the geometrical filter is applied to the frequency distribution of cleat angles for
which the geometrical factor falls within the range from 0.95 to 1.05, indicative of the closeness to a
parallelogram shape (Figure 3). Only a limited range of cleat angles fit within this established range and
the histogram clearly shows the quantity of preferred angles.

Defining cleat angles using CT scans
From three different French coal blocks, X ray tomography images were produced at the “Institut
Français du Petrole”. They were made available as sequential scans in RAW and JPEG format, as 512 x
512, 256 grey levels images. Each pixel in the XY-plane represents an area of 0.7 by 0.7 mm. Open cleats
do have the lowest grey level values (near zero) and minerals the highest, evolving to pure white (level
255). The number of slices (Z stacks) varied in each sample and ranged from 330 to 50, with a mutual
distance of 1 mm between the slices (Figure 4). Using the 3D modelling and visualization software
“AMIRA”, the XY-direction is used to render images in the XZ- and YZ-plane (Figure 5). Figure 6 shows
the flow chart for the way to obtain cleat angle distributions of CT-scans.
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Comparison of an unfiltered (A) and filtered (B) cleat angle distribution, using a geometrical factor of
0.95 to 1.05.

X-ray view on the top of sample 495. The arrow shows the scans according to the Z- direction.
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Figure 6.

PART III PAGE 9 OF 56

Sample 495, combined XY- (original slice), and the ZX- and ZY - reconstructed sections.

Flow chart of the image analysis procedure to define fracture angles from CT scans.

Image acquisition, binary recognition and cleat segmentation with orientation
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All images are examined with Qwin for open cleats, mineral filled cleats and mineralised layers. Due to
the presence of high density minerals, which act as high contrast objects and photon starvation over the
length of the coal body, many images show a poor grey level segmentation and by that a relatively low
resolution (Figure 7). Van Geet (2001) is also mentioning beam hardening as a disturbing effect on micro
samples of coal. This problem was not recognized as a major issue in our samples. Both artefacts were not
corrected for during the construction of the raw images. For this reason these artefacts are removed with a
“linear open” image processing procedure. This reconstruction algorithm acts as a filter, which keeps
continuous elongated individual structures and removes non-continuous small structures. All removed
artefacts are scattered diagonal lineament resembling objects. The resulting effect is that open cleats are
better distinguished. Finally three binary images were produced from each image; the envelope,

Figure 7.

A: CT-scan, showing black face- and butt cleats (F), white mineral filling (M), blurred cleats (A),
distortion by photon starvation (PS). B: Initial detection of the open cleats with artefacts. C: Resulting
open cleat system, after “linear open” procedure (no manual editing).

open cleats and open cleats with minerals (Figure 8). The cleat images are reduced to lines (skeletonizing)
cut on their intersections and measured, based on length and orientation. All cleat orientations are
measured relative to an imaginary horizontal line. To open cleats and mineral filled cleats are attributed
different colours. In this way, it is possible to create a 3D-reconstruction in which the system of open
cleats, mineral filled cleats and mineralised layers can be distinguished.
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Figure 8.

Detected in white, open cleats (C), mineral filled fractures (M) and bedding (B).

Data storage, management and definition of angles
The final data are processed in a spreadsheet in the same way as the fragment data. The major angle in
each image is taken as the reference for the cleat angles. The geometrical filter described above is not
necessary. Additionally all cleat lengths with the same orientation are cumulated and plotted against the
cleat angles.
Results
Two different sources, coal fragments and CT-scans of coal blocks, are used to identify the geometric
attributes of coal cleat systems of three French coals.
Results of the fragment analysis
The objective of these analyses, meant to recognize the dominant cleat angles and eventually the cleat
density in a coal, is possible when a representative amount of cuttings or coal chips is available. Image
analysis provides a raw or cumulative data set with a lot of noise, not representative of typical cutting
shapes. Therefore, a geometrical filter based on quadrangle values, e.g. squares and parallelograms, is
essential for the acceptance of certain fragments. About two thousand fragment images of a sample group
give a statistically confident result for the filtered outcomes. These results show that:
Qwin is able to separate and scan single fragments at different resolutions. The fragments are measured
separately on their perimeter and straight faces, including orientation. The relevant fragment size for these
experiments is related to its visual recognition and set at a minimum of 0.5 mm.
The image analysis results provide raw data about all particle faces, including their orientations and face
lengths.
Geometrical filters suppress the noise created by unaccepted grain shapes, i.e. non-angular fragments with
a high roundness and high sphericity. After filtering, usually two or three angle concentrations are
present. Accumulations around 90° are frequently, but not necessarily present.
After filtering, the amount of accepted fragments is usually between about 250 and 500.
The samples show that a bi-modal or multi-modal distribution of the angles can be accounted for, based
on the filtered outcomes. The following results have been found with a filter factor of 0.95 – 1.05. (Note:
an angle cut off from 150° to 30° is incorporated). Table 1 shows the maximum values in cleat angle
distributions, present in the different cleat samples. A variation in cleat size, cleat density, and cleat angle
frequencies, as a function of maceral content, has not been studied yet.
Table 1. Maximum cleat angles as recognized in the cuttings of three French samples

Sample code
495

Angle max.1
85°

Angle max.2
100°

Angle max.3
75°

Angle max.4
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457

85°

100°

70°

55°

446

75°

65°

100°

110°

Results on the CT-scans
The objective of these analyses, to recognize the major visible cleat angles and cleat density in a coal, is
possible when a representative amount of “stacked” images is available. Image analysis is able to remove
noise from the reconstructed scans, but some manual editing on poor quality images is often needed if the
optimum threshold values for void, matrix and minerals are overlapping and fading in the image. In
general, the macro-cleat system can be interpreted in the original XY-plane and, if the number of stacked
images and stepping sizes in the Z-direction are satisfying, the same analysis can be performed in the XZand YZ-direction.
•

A majority of face and butt cleat related fractures are visible in the reconstructed CT-images. A
spatial distinction can be made between open cleats, mineral filled cleats and bedding. The
minimum resolution, required for open cleat detection is 0.5 pixel or about 0.35 mm. At lower
sizes, the grey-tone values of the matrix and mineral pixels are “incorporating” cleat pixels. They
average the grey-tones above their maximum threshold.

•

Large areas of filled cleats or layering are reduced to strike representing lines, by image
processing. Low angle intersections of a thick layer, which create large areas, are discarded by
the program.

•

Table 2 shows the maximum values in cleat angle distributions, present in the different scanned
samples. Due to the poor results in the XZ and YZ plane, the sample numbers 457 and 446 were
only useful in the XY-direction.

Table 2. Maximum cleat angles as recognized in the CT-scans of three French samples

Sample code

Angle max.1

495-XY
495-XZ
495-YZ
495-XYZ
457-XY
446-XY

90°
90°
90°
90°
70°
130°

Angle max.2

40°
90°

Angle max.3

Cleat type

130°
60°

empty + filled
empty + filled
empty + filled
empty + filled
empty
empty + filled

Comparison of cutting and CT-scan results
Due to the relatively low resolution, the CT-images provide a restricted amount of cleat directions. The
information from the coal is thus more limited, since the blocks represent just a part of the seam. On the
contrary, the resulting cleat directions of the scanned cuttings mechanically produced make up a statistical
representative database closer to the real orientation situation occurring over the entire seam, providing
the block is reasonably representative. Fragments, ranging from small to large, are generally broken
according to zones of weakness. This process extends within the matrix, at maceral scale (micro-scale).
Hence, the variability of angles resulting from the cutting is much higher. Comparing both methods of
angle analysis one concludes that:
If sufficient CT-images are present, angles can be measured in different directions and both methods
become comparable (Figure 9). This is due to the fact that the increase of the number of images increases
the statistical chances of sampling meso- and macro-cleats. The difference between the methods
nevertheless still subsists, since cuttings also sample the micro scale domain.
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Comparison of cleat angle results from fragments and CT scans. A: Fragments versus the CT-scan
XY- plane and reconstructed ZX- and ZY- planes. B: Fragments versus the combined CT-scan XY,
ZX and ZY planes.

The angle resolution of cuttings proved, after several test runs, to be higher (5° steps) compared to CTmeasurements and its mentioned low pixel resolution (10°). The noise from which CT-images suffer,
blurs the cleat orientation distribution. Consequently, the angle-distribution of the cutting analysis is
twice as detailed. Note: for the comparison, the accuracy of the cutting angle-distribution was also
reduced to 10°.
Figure 10 shows two opposite trends since the outcomes of the CT-scans are not representative. Only nine
images of sample 446 in the XY-plane could be used. Hence, images in the XZ- and YZ-plane could not
be reconstructed. In addition, large intersections with mineral filled cleats were removed, because they
provided a reduced amount of information of the remaining filled and open cleats. One direction, which
apparently represents the angle zone of about 50° to 100°, is even fully discarded.
Finally it can be concluded, that if sufficient data are present, either from fragments (about 2000) or high
resolution CT-images (more than 30), a reliable angle distribution can be created. His distribution can be
used as an input parameter for the cleat orientation in reservoir flow simulations (Bossie-Codreanu et al.,
2003). While accuracy of the cutting method is higher, both methods can be used for engineering
purposes.
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Figure 10. Angle distribution of sample 446 cuttings and the distribution of the open cleats of a limited amount
(9) of CT-XY scans. This non-representative number of images results into an unpredictable
response.

1.1.2

Assessing the kinetics and capacity of gas adsorption in coals by a combined
adsorption/ diffusion method

Introduction
One of the promising methods to reduce the discharge of a major contributor of greenhouse gases, carbon
dioxide, into the atmosphere, is its sequestration in unminable coal seams. A typical procedure is the
injection of carbon dioxide via deviated wells drilled inside the coal seams. Carbon dioxide displaces
methane adsorbed on the internal coal surface. A production well gathers the methane as free gas. This
process, known as carbon dioxide enhanced coal bed methane production (CO2-ECBM), is a producer of
energy gases and at the same time reduces greenhouse gas concentrations while significantly more carbon
dioxide molecules exchange for one molecule of methane. After an extensive dewatering phase, carbon
dioxide is injected, fills the cleat system of the coal and diffuses into the matrix blocks. In fact it is
possible to discern a number of cleat systems at different scales. The matrix blocks between the smallest
cleat systems have diameters typically of a few tens of microns (Gamson et al., 1993). Our interest is
focused on the diffusion rate within the small coal particles that contain a few numbers of cleats
surrounding the matrix blocks.
The conventional determination of the adsorptive gas storage capacity of coals is largely based on static
laboratory tests with coal powder. After sufficiently long equilibration times the quantities of gas
adsorbed on the coal surface is determined by a mass balance procedure from the pressure drop in the free
gas phase. The rate of adsorption is considered to be controlled by slow diffusion in the micro- and sub
micro-pores of the coal matrix. To describe the gas sorption behaviour in field tests, the characteristic
times of the sorption process have to be determined for in-situ conditions (cleat spacing, cleat porosity
etc.).
This contribution presents a procedure to determine the effective diffusion rate from the diffusion
coefficients of the constituents comprising the coal particles. This attempt is based on a theoretical
interpretation of coal adsorption experiments.
Much work has been carried out on the adsorption capacity of coal with respect to carbon dioxide and
methane. (Yee et al., 1993; Stevenson et al., 1991; Arri et al., 1992; Hall et al., 1994; Nodzenski, 1988;
Clarkson and Bustin, 1999a; Clarkson and Bustin, 2000; Krooss et al., 2002; Busch et al., 2003). The
work found in the literature primarily focuses on the adsorption capacity of coal and not on the adsorption
rate. The exceptions are the papers of Marecka and Mianowiski (1988), Ciembroniewicz and Marecka
(1993), and Clarkson and Bustin (1999a). The interpretation of adsorption rate experiments requires a
diffusion/adsorption model inside the coal particle. One of the well-known models attributed is
Ruckenstein’s (1971) bi-disperse model. Other models are summarized in the paper of Bathia (1987).
Ruckenstein’s model describes relatively fast diffusion in a matrix, which forms the embedding of
particulates with a much smaller diffusion coefficient. It is possible to apply current upscaling approaches
to obtain upscaled equations for the coal particles that consist of an amorphous embedding and clusters of
stacked aromatic rings. A recently developed upscaling method, called homogenization (see Hornung,
1996 and Smit, 2002), provides a systematic basis for upscaling. Hornung derives Ruckenstein’s model
equations under the restrictive assumption that the characteristic time of diffusion in the matrix particles
has the same order of magnitude as the characteristic time in the particulates. In our case, however, it
appears that the characteristic time of diffusion in the particulates is much longer than in the matrix. In
this case it is preferred to consider the two diffusion processes as independent such that a simpler
equation is obtained.
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Firstly, the experimental set-up and procedure is described. Subsequently, the upscaled adsorption model
and related experimental results to the theoretical model results is discussed. Finally, theoretical and
experimental results are compared and the conclusions are drawn.
Experimental set up and procedure
The experimental apparatus chosen for the assessment of characteristic adsorption times was used to
measure gas uptake curves of specific coal samples for varying grain size fractions.
Figure 11 shows a schematic diagram of the experimental set-up consisting of a stainless-steel sample
cell, a set of actuator-driven valves and a high-precision pressure transducer (max. pressure 16MPa), with
a precision of 0.05 % of the full-scale value). The volume between valve 1 and valve 2, including the void
volume of the pressure transducer, is used as reference volume and determined by helium expansion in a
calibration run. The coal samples are kept in a stainless-steel sample cell with a calibrated volume. A 2µm in-line filter is used to prevent coal or mineral particles from entering the valves.
The experimental set-up is placed in an insulated air cabinet to provide a constant temperature throughout
the experiments. All experiments are carried out at a temperature of 45°C because this is closely related to
in situ conditions. Pressures up to 5MPa for CO2 measurements and up to 10 MPa for CH4 measurements
were established. Fresh pieces of coal were crushed in a jaw crusher to reduce the particle size to
approximately 3cm. Crushed specimen were sieved into six different grain size fractions and used for
adsorption/ diffusion experiments. The particle sizes range from fractions smaller than 0.064mm to
fractions of slightly larger than in 2mm diameter.

Figure 11. Schematic of the experimental setup for gas adsorption experiments.

One Pennsylvanian coal sample from the Silesian Basin in Poland was used to perform CO2 and CH4
diffusion/adsorption experiments. A defined amount of a dry or wet coal sample of the same grain size
fraction was placed into the sample cell. After evacuation of the whole system for 2-5 hours, gas is
transferred into the reference cell by switching valve 1. After computing the pressure in the reference cell,
valve 2 is opened to expand gas into the sample cell. The amount of gas introduced to the system is
computed from the amounts of gas transferred stepwise through the reference volume Vref into the sample
cell. During the process of diffusion and adsorption, sorbate gas molecules are removed from the free gas
phase. This results in a drop of the free gas pressure within the experimental system. This pressure drop is
accurately monitored at small time intervals throughout the whole experiment until complete pressure
equilibrium is achieved (see Figure 12). From the pressure data, the amount of adsorbed gas can be
determined by a mass balance approach. For this purpose gas properties were calculated by a single-gas
equations of state (EOS) program provided by the Lehrstuhl of Thermodynamics, Ruhr University
Bochum (Span and Wagner, 1996; Setzmann and Wagner, 1991) .The experimental pressure data sets
obtained can be used for the conventional determination of the sorption capacity of coal (see Figures 14
and 15) as well as to assess gas uptake curves and hence to study the kinetic effects of gas adsorption in
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coal. In order to evaluate the rate of diffusion for each grain size fraction, the pressure history of the first
pressure step was applied to the model calculations.
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Figure 12. Monitoring the establishment of sorption equilibrium during individual pressure steps.

Experimental results
Adsorption isotherms have been measured to determine the adsorption capacity of CO2 and CH4 on dry
ground Selar Cornish coal, and wet and dry Silesia coal samples at 45° C.
Selar Cornish sample
The results for the British coal are presented in Figure 13. It can be seen that the adsorption capacity for
the both gases are almost the same. This may an explanation for the poor flushing efficiency in the
flushing test described below.
Silesia sample
Figure 12 shows the assessment of gas uptake curves. Plotted is the pressure drop as a function of time.
For each pressure step, the data point with the highest pressure value represents the filling of the reference
cell. Each following data point was monitored after connecting the reference cell with the measuring cell
and is therefore attributed to the removal of gas molecules from the free gas phase and the subsequent
adsorption of these molecules on the coal surface. Figure 16 and 17 are showing examples of a pressure
drop of the first adsorption step. In Figure 16 a relatively fast pressure drop at the initial stage of the
experiment can be observed which is attributed to the filling of the cleat system in the matrix blocks. A
rather slow pressure drop, in this case associated to combined adsorption and diffusion into the microand sub-microporous system, follows this observation. Generally, equilibrium is reached for CO2 twice as
fast as for CH4 for each grain size fraction. The calculated adsorption capacities of the Silesia coal sample
are shown in Figures 14 and 15. In Figure 14, adsorption capacities in mmole/g for CO2 on dry and wet
Silesia coal at 45° C are plotted as a function of equilibrium pressure and particle size fraction. Both, the
CO2 adsorption isotherms on wet and dry coal show no consistent trend in adsorption capacity with
respect to particle size. Further, the adsorption capacity of the moist sample is a factor three smaller than
of the dry one. The dry sample reaches its saturation level at pressures higher than 4 MPa with values of
0.3 to 0.4mmole CO2 adsorbed. The wet sample doesn’t show saturation behaviour due to lower pressure
values. In Figure 15, CH4 adsorption isotherms are shown for on the same wet and dry coal sample. For
both, the dry and the wet sample no distinct trend in adsorption capacity with respect to particle size
fraction is recognisable. At the same equilibrium pressure the dry coal adsorbs approx. three to four times
more CH4 than the wet one. In both cases, no saturation level is reached.
The variability of the observed gas adsorption curves indicates that a quantitative prediction of the
sorption capacity of coals for this gas is problematic with respect to coal particle sizes. However, a formal
dependence of increasing sorption capacities with increasing grain sizes in the case of CH4 on dry coal
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samples (Figure 15) can be stated. This is not longer the case for measurements with CO2 on dry coal and
for the experiments on wet coal samples. Similar shapes of the isotherms can be observed for different
grain size fractions for CO2 and CH4 in the dry and in the wet state. This proves that adsorption isotherms
are independent of the varying influence of the cleat system of different grain size fractions.
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Figure 13. Adsorption isotherm of CO2 on dry coal sample Selar Cornish. Coal particle size < 0.064 mm. The
maximum adsorption capacity for CO2 is 26 STP cm3/g coal.
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Figure 14. Adsorption isotherms of CO2 on a wet (left) and dry (right) Silesia coal sample fractions at 45°C.
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Figure 15. Adsorption isotherms of CH4 on a wet (left) and dry (right) Silesia coal sample fraction at 45°C.

Modelling of gas adsorption and diffusion in coal
Coal Structure
In this work the coal is considered as aggregates of coal matrix blocks with a diameter of 10-100 µm,
which are surrounded by a system of fractures called the cleat system. Inside the cleat system transport by
convection and diffusion occurs. The relatively large cleat spacing allows a relatively fast access of the
free gas phase into the coal matrix blocks. Within the fracture system, Darcy flow occurs as the main
transport mechanism. The matrix blocks consist of two types of carbon structures viz. crystalline carbon
and amorphous carbon (Lu et al, 2001). The crystalline carbon consists of stacks of aromatic rings, which
may be connected to each other by aliphatic chains on the edges. Therefore the crystallites are assumed to
be embedded in a highly disordered non-aromatic background. Further, for computational convenience,
the matrix blocks are assumed to have the shape of spheres with radius R0 and the crystallites to be small
spheres with a radius of r0<<R0. Both, in the amorphous background and in the crystallites, a surface
diffusion process takes place. This implies that the gas molecules in the matrix are considered to feel the
presence of the solid phase at all times and hence, to hop from one site with an interaction potential
minimum to the other.
Diffusion
The diffusion coefficient inside the fractures is in the order of D ~ 10-5 P0 /P [m 2 /s] . Here P0 denotes the
atmospheric pressure and P the prevailing pressure. As the fractures become narrower, Knudsen diffusion
occurs i.e. the diffusion coefficient decreases due to collisions with the pore walls. But still, the cleat
diffusion coefficients are at least a factor of 1000 larger than the surface diffusion coefficients which are
considered to be in the range of 10-11–10-15 [m2/s]. Therefore, it is assumed that the coal matrix blocks
inside a coal particle with a diameter larger than 2mm are surrounded by a more or less constant carbon
dioxide concentration. It is asserted that surface diffusion within the coal matrix blocks is the rate-limiting
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step for adsorption. In other words, the pore diameters within the matrix blocks are of the order of a few
molecular diameters (e.g. of carbon dioxide). In such a case the molecule hops from one adsorption site to
the other and extremely low effective diffusion coefficients i.e. lower than 10-11-10-15 are expected.
Therefore, free movement of gas molecules occurs nowhere in the matrix blocks, i.e. there is always a
strong interaction between the sorbing gas and the solid phase.
Adsorption
It is assumed that the incremental adsorption process after each pressure step is linear. In other words, the
degree of saturation of the coal surface is considered to remain constant after each pressure step. The
concentration change of the gas molecules participating in the diffusion process, the “free concentration”
is proportional to the total gas concentration i.e. the “adsorbed” plus “free” concentration change. This
proportionality constant can be incorporated in the diffusion coefficient and will appear as retarded
diffusion. In the preliminary approach, the effect of changing pressure during the experiment will be
ignored because this would greatly complicate our procedure of fitting the experiments to the theoretical
model. Therefore this will be left for future work.
Upscaling
With respect to upscaling with homogenization, three different cases can be distinguished.
1. The effective surface diffusion coefficients in the amorphous part and in the crystalline parts are
of the same order of magnitude D b ~ Da .
2. The effective surface diffusion coefficient in the amorphous part Da is larger than in the
crystalline parts Db or more specifically it is assumed D b ~ Da (r 0 /R 0 ) 2 .
3. The effective surface diffusion coefficient in the amorphous part Da is much bigger than in the
crystalline parts Db. More specifically, it is assumed that D b ~ Da (r 0 /R 0 ) 2+n with n > 1.
The homogenization derivations are far beyond the scope of this paper, therefore we would like to refer
the interested reader to Hornung (1996), where he discussed distributed microstructure models. In this
work we merely state the results. In the case that D b ~ Da the effective diffusion coefficient is obtained
from a numerical simulation in a unit cell that contains a representative heterogeneity structure and
subject it to periodic boundary conditions except for subtracting a unit concentration to the downstream
boundary cells.
In the case that D b ~ Da (r 0 /R 0 ) 2 an integro-differential equation is obtained as previously discussed by
Ruckenstein. The integro-differential equation can be solved analytically.
In the case of D b ~ Da (r 0 /R 0 ) 2+n , diffusion in the matrix blocks becomes independent of small particulates.
This means that the matrix behaves as a distribution of diffusion coefficients, where the small particulates
have zero diffusion coefficients. A numerical simulator for such a structure was not performed because
the diffusion coefficient of the matrix is a parameter of the model anyway. The homogenization analysis
is not yet fully completed but it is assumed that the small particulates will behave independently likewise.
Because the last case is relevant for the situation described here, it is assumed that the coal consists of two
independent fractions of large spheres and small spheres representing the matrix and the particulates
respectively.
Model equations
The diffusion equation for a spherical particle with radius R can be written as
∂rc
∂ 2 rc
=D 2
∂t
∂r

(1)
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where we have incorporated the adsorption effect into the retarded diffusion term D. The concentration
change c is taken relative to the initial concentration and hence c(r,t=0)=0. The boundary condition is
c(R,t)=co where co is the additional total concentration when the particle is fully saturated. The solution of
(a) can be easily obtained in Laplace space and reads:

c R
)
c (s ) = o
s r

 s 
sinh 
r 
 D 
 s 
sin h 
R 
 D 

(2)

where we incorporate the fact that the concentration at the centre of the particle must be finite. The
 ∂c 
 dt is given by
 ∂r  r=R

t

integrated flux in Laplace space Q = ∫0 4πR 2 D 

) 4πR 3 co  3
Q=

3  τs 2

(

τs coth

( τs ) − 1) 

(3)

where the characteristic time τ=R2/D is introduced and replaced the integral by a division by s. In the
)

limit of small s i.e. long times Q max =

4πR 3 co
is obtained.
3s

In this case two kinds of particles are participating, i.e. a fraction ϕA with a characteristic time τ1 and a
fraction ϕB with a characteristic time τ2 we compare the pressure history with non-adsorbed fraction i.e.
P − P (t → ∞)
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(4)

Clearly ϕA +ϕB =1. The Stehfest (1970) algorithm was used for the inversion, which performs excellently
for this case. This algorithm only requires a few programming lines, which were implemented in visual
basic. This allowed the use of the optimiser of EXCEL to find for a given value of ϕA, the characteristic
times τ , τ and the initial and final pressure P ( t = 0 ) , P ( t → ∞ ) . It turns out that the best fit is obtained for
fraction of coal matrix particles of ϕA=0.6 and 0.8.
1

2

Comparison to experimental data
In order to determine two characteristic times of gas diffusion in coal particles the pressure history of the
first pressure step of each gas adsorption isotherm was used for calculations. In Figures 16 and 17 four
examples of gas pressure drop curves for the average particle diameter of 0.5mm are shown. The
experimental curves have been transferred to relative pressure curves and are plotted as a function of time
together with the modelling results. Two models have been applied to all data sets. The models assume a
porosity distribution of ϕA=0.6 or 0.8 respectively. As it is shown in the figures, both model parameters
result in a good fit with the experimental data. The two characteristic times, τ1 for the short and τ2 for the
long relaxation times CO2 and CH4 adsorption can be extracted from the fitting parameters. The two
characteristic times of all adsorption experiments are shown in Figures 18 and 19 as a function of particle
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size and porosity distribution. All curves show the same behaviour with respect to the ratio between short
and long characteristic times. The long times are approx. one order of magnitude smaller than the short
times. All experiments show a steep increase in both times for small particles and converts towards a
more or less constant value for larger particles. An exception is the CH4 experiment on wet Silesia coal
that shows no increase for small particles. For both gases, τ2 converts to a single time in the wet
experiments, independent of the porosity distribution, whereas in all other cases the times for ϕA=0.8 are
longer than for ϕA=0.6.
Conclusions
•

A simplified three parameter model shows a good fit with all experimental data

•

Characteristic times start to increase with increasing particle size, but much slower than
proportional to the square of the dimension of the particles

•

Beyond a certain particle diameter, the characteristic times become more or less constant

•

Water saturated samples show an increase in both relaxation times, in particular for the smaller
particles. Both, the short and the long relaxation times are infected. This contradicts a mechanism
involving the cleat system

•

To determine the adsorption capacity of coal at least a day is required to equilibrate
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Figure 16. Characteristic times of CO2 diffusion (τ1 & τ2) on wet (left) and dry (right) Silesia coal samples of
different particle size fractions at 45°C.
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Figure 17. Characteristic times of CH4 diffusion (τ1 & τ2) on wet (left) and dry (right) Silesia coal samples of
different particle size fractions at 45°C.
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Figure 18. Experimental pressure drop curves of CH4 vs. model results for ϕA = 0.6 & 0.8. Left wet Silesia sample,
right dry Silesia sample. Both experiments were performed on an average particle diameter of 0.5mm.
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Figure 19. Experimental pressure drop curves of CO2 vs. model results for ϕA = 0.6 & 0.8. Left side: wet Silesia
coal sample, right side: dry Silesia coal sample. Both experiments were performed on an average
particle diameter of 0.5mm.

1.1.3

High pressure/temperature flushing experiments

Introduction
Current commercial Coal Bed Methane (CBM) production is almost exclusively feasible through
reservoir pressure depletion. This is simple but inefficient due to a total recovery of generally less than
50% of the gas-in-place. In recent years, Enhanced Coal Bed Methane (ECBM) recovery techniques,
based on nitrogen or carbon dioxide injection, have been proposed for the recovery of a larger fraction of
methane in place. Laboratory studies demonstrate that CO2 injection may have the potential to enhance
the methane production. Through displacement desorption mechanism, with an added advantage from an
environmental standpoint, a part of the injected CO2 can be sequestrated permanently in coal and is
believed to be an option to sequester large volumes of CO2 in deep coal reservoirs.
The basic phenomena’s of CO2 in coal seams are hardly understood. The subject of this research is to
investigate transport processes of gases in coal, sorption and wettability characteristics of coals in order to
improve CBM recovery efficiency. Scaled in-situ experiments on the reservoir properties of coal have
been carried out. The experimental results provide a basis for interpretation with respect to texture and
structure behaviour during CO2 sequestration in coal.
Experimental procedure

PART III PAGE 23 OF 56

Development of advanced reservoir characterisation and simulation tools for improved coal bed methane recovery

The objective of this work is to investigate the influence of pressure, temperature, and flow constraints on
the sorption characteristics of CO2 and CH4 in a water saturated Carboniferous coal sample. Flushing
experiments with coal samples of different rank are performed under in-situ conditions. In this case, a
high rank Carboniferous coal sample is sealed with lead foil to prevent gas leakage and diffusion through
the rubber sample holder. Then it is placed in a high-pressure steel cylinder. Hydraulic oil is used to apply
a confining pressure of 250 bars on the coal sample (see Figure 20). The coal core sample is filled with
CH4 and water and flushed with CO2 at 230 bar pore pressure with a constant injection rate at a
temperature of 45°C. With these initial conditions it is intended to simulate the geotechnical situation at a
depth of circa 1 km. At the start of the CO2 flushing, 38.46 litres (at 1 bar) of CH4 was injected of which
18.4 litres was stored in the macro pores (18.4 litre is 1 pore volume, or PV). In addition, temperature,
pressure, gas and fluid flow (injection and production), axial sample displacement, and production gas
composition are monitored constantly throughout the duration of the experiment (see Figure 20). The
experiments are stopped when the CO2 concentration of the production gas exceeds 99%. The coal sample
used in the experiment was collected from the open cast mine Cornish, South Wales (see Table 3).
Table 3. Coal properties of the sample used in the experiment

Stratigrafic age

Rank

Internal
surface
[cm2/g]

Micro-pore
volume
[cm3/g]

Vitrinite
[%]

Liptinite
[%]

Inertinite
[%]

Ash
[%]

Westphalian B

Semi anthracite

2.07E+02

7.05E-02

73.6

0

24.4

1.8

Results (Cornish coal) and discussion
1. Both, the injected water and a part of the original coal water content have been expelled during
CO2 injection.
2. From the pressure outcomes is concluded that in the first state, at increasing differential pressure,
the water in the cleats increases the resistance for gas flow through the coal. After the second
state, when most of the water is produced, the differential pressure over the sample decreases (see
Figure 21).
3. CO2 gas break through is observed after 0.7 PV of CO2 injection. The produced gas contains
50% CO2 after circa 1 PV of CO2 was injected (see Figure 22).
4. Two methane and water production events are observed (see Figure 22). The first one is
interpreted as production of cleat water and methane. The second one is interpreted as water and
methane production from the macro pores. Then most of the water and a total of 16 litre of
methane were produced.
5. The displacement data show during the first stage of CO2 injection, up to 2 PV, an axial extension
of the core. This can be interpreted as a volume increase of approximately 12 vol.% (see Figure
22). Note that the experiment is not strain-controlled and volume results cannot directly be
translated to field conditions. The volume increase follows the injection of CO2, till its first
production, at about 1 PV. It is not entirely clear if this increase is due to swelling of the CO2
sorbing coal or a volume difference between injection and production speed.
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Figure 20. Experimental set-up
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Figure AII.1.
a) change in differential pressure and cumulative water production; b) Change in differential
pressure production gas composition.
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Figure 21. a) gas composition vs. injected pore volume; b) Sample displacement vs. injected pore volume.

Conclusions
An experimental data set has been obtained, which gives information on the influence of CO2 injection on
water and CH4 production from coal. The experiment is performed under pseudo in-situ conditions at
about 1 km depth.
It is concluded that in the first state the CO2-migration mainly occurs through the cleats. Here water and
methane are directly transported to the cleat system. The pressure build up is caused by the injection of
carbon dioxide and the production of two-phase methane/water. Based on the presumption that CO2 is the
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wetting phase, together with the previous experimental observations, a second production phase of water
and methane is entirely attributed to the production from the macro-pores by CO2 replacement. The time
between the two phases is caused by the delay due to differences in way of production.
Based on the production results, it is concluded that very little sorbed methane gas has been produced.
However, 41.7 % of the total amount of sorbed and non-sorbed CH4, present in the system, has been
produced by CO2 injection. The low production of methane from the second phase is due to the low
content of macro-pores in an Anthracite type of coal. From the same observation it is concluded that CO2
adsorption can be recognised. At room temperature conditions (20°C, atmospheric pressure), 10.91 litre
of CO2 per kg of coal has been adsorbed on the coal. We conclude that CO2 occupies different adsorption
sites than CH4. The presence of CO2 does not affect the sorption capacity of CH4.
The flushing experiment shows the behaviour of water and methane-bearing coal on its transition to a
maximum CO2 saturated coal. The outcomes can be used to define sorption, diffusion, permeability and
gas flow parameters for field simulations. The PV values give an indication for the length of the
transition, when stratigraphical heterogeneity and flow phenomena, such as fingering, are ignored. In this
experiment, at 95 % CO2 production with 34 % methane sweep efficiency and 4.5 PV, a transition zone of
circa 1 meter can be expected. At 99 % CO2 production, with 41 % methane sweep efficiency and 6.9 PV,
a transition zone of circa 1.5 meter can be expected. At field scales these zones will be larger due to the
mentioned heterogeneities and higher injection rates.

1.1.4

Evaluation of experimental data Using sub-cleat to cleat scale (< 1cm) and core scale (<
1m) models

Results on coal core experiments at low and high pressures were evaluated and interpreted. A physical
model was developed to simulate gas sorption/diffusion between meso-cleats and matrix.
Physical model
We consider the coal as a dual porosity system i.e. the large cleat system and the matrix that consists of
meso cleats and micro coal particles. The large cleat system consists of parallel vertical fractures.
Between the vertical fractures we have a meso cleat system of fractures that encloses the micro-pore
particle system. The meso cleat system together with the coal particles is treated as a porous medium. We
assume that gas and water can flow in the meso cleat system. In other words the meso cleats provide the
pore space in this porous medium. The coal particles are centres of adsorption. In fact coal particles
consist of aromatic particulates embedded in an aliphatic continuum. The diameter dp of the coal particles
is in the 100µm range. The pores within the coal particles are so small (2-100 Ao) that free movement of
water and gas is not possible. Instead the molecules are attached to the surface and diffuse from one
potential minimum on the surface to the other. In other words surface diffusion (diffusion coefficient D)
occurs. In view of the smallness of the particles the characteristic time τ D ~ d 2p / D for diffusion inside the
particle is still rather small. Therefore we only consider diffusion within the matrix. Inside the matrix also
adsorption takes place. We assume that the adsorbed concentration is proportional to the free
concentration [kg/m³] and that the constant of proportionality is the same for both methane and carbon
dioxide. Our assumption that the adsorbed concentration is proportional to the mass concentration means
that the molar adsorption ratio is equal to the molecular weight ratio i.e. 44/16.We leave more realistic
adsorption behaviour modelling for future work.
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All flow is in the direction of the line connecting the injection and production side i.e. in one of the main
directions of the large cleat system. The enhanced coal bed methane process is preceded by a de-watering
phase after which the large cleat system is completely filled with methane. We assume that the matrix and
large cleat is water wet and therefore there is no transfer of water from the matrix to the large cleat
system. Presently we ignore the inflow of water into the system. The meso cleat system is partly filled
m
m
m
with methane at a gas saturation S go
and partly with water at S wo
. The coal particles have a
= 1 − S go
p
. The coal particles have an initial concentration of adsorbed methane c2po
fixed water saturation S wp = S wo
depending on the temperature and pressure of the system the initial carbon dioxide concentration is zero
c3po = 0 . The flow is determined by the potential gradient due to the injection of carbon dioxide and
production of gas.

In the main cleats only flow of gas occurs. In the matrix there is flow of both gas and water. At t=0
carbon dioxide enters the entire system at x=0. The flow rates of gas in the large cleat system and
water/gas in the matrix are given below. We assume that all carbon dioxide and methane only flow in the
gas phase, because the flow rate and diffusion rate in liquid water are small with respect to the rates in the
gas phase. The mass balances of water, carbon dioxide and methane in the entire system need to be
established. For convenience we write the balances in the main cleats and in the matrix separately with an
exchange term between the two systems. The adsorbed concentrations of carbon dioxide and methane are
proportional to the respective free concentrations in the gas phase in the matrix. Diffusion occurs only
perpendicular to the cleat surface and is described in more detail below.
The distance between the large cleats is denoted as w and the diameter of the large cleats is denoted as
d lc . We consider part of the coal layer that is periodic perpendicular to the large cleat planes, with a
height H and a length L and a width w / 2 + d lc / 2 . Figure 23 is the 3-D view of the cleat framework
considered for the model.

Figure 22. Schematic of the 3-D view of the cleat framework.

Gas flow rate u glc in the large cleat system is given as flow between parallel plates as

u glc = −

(d lc ) 2 ∂p
12µ g ∂x

(5)
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kkrw ∂p
µ w ∂x

uwm = −

(6)

And the gas and water flow in the meso cleat system is:

u gm = −

kkrg ∂p
µ g ∂x

where we assume that:

 S − S wc 
krw =  w

 1 − S wc 

2

(7)

krg = S g2

(8)

And we use µ w = 10−3 [ Pas ] and µ g = 1.8*10−3 [ Pas ] . The connate water saturation is denoted by

S wc . Moreover k denotes the permeability and krw , krg are the relative permeabilities.
Perpendicular to the cleat direction y diffusion of carbon dioxide and methane occurs both in the gas
phase and the liquid water phase. However, the diffusion in the liquid phase is slower by a factor of
thousand with respect to the gas phase for pressures of our interest. This means that the effective diffusion
rate depends both on the water saturation and distribution in the matrix. This is a very complicated
process to describe. This complexity would severely hamper the applicability of the model. Therefore we
use simplifying assumptions. First we describe all diffusive processes as effective diffusion in the gas
phase. The effective diffusion coefficient is a geometric average of the diffusion coefficients in the gas
Dg and liquid phase Dl .

Deff = DlSw D1g− Sw

(9)

There is no convective flow in the y direction. The adsorbed concentration of carbon dioxide and methane
are proportional to the free concentrations of these compounds respectively.

Model equations
We

consider

a

part

of

the

large

cleat

system

that

is

present

in

the

domain

Ωlc = x ∈ (0, L) ∪ y ∈ (0, dlc / 2) , where x = 0 is the injection side and x = L is the production side.
The

part

of

the

matrix

system
Ω m = x ∈ (0, L) ∪ y ∈ (dlc / 2, dlc / 2 + w / 2) .

that

we

consider

is

in

the

domain

The equation for water, methane and carbon dioxide in the matrix read i.e. in the domain Ω m :

ϕ

∂S w ∂uw, x
+
=0
∂t
∂x

(10)
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ϕ

ϕ

∂ρ g 2 S g
∂t
∂ρ g 3 S g
∂t

+ϕ

∂ρ s 2 ∂ρ g 2u g , x ∂ρ g 2u g 2, y
+
+
=0
∂t
∂x
∂y

(11)

+ϕ

∂ρ s 3 ∂ρ g 3u g , x ∂ρ g 3u g 3, y
+
+
=0
∂t
∂x
∂y

(12)

Because we ignore dissolution of the carbon dioxide and methane into liquid water. Here u g , x denotes the
volume averaged velocity in the gas phase (disregarding the diffusion effects) in the x-direction and u g 2, y
and u g 3, y are the component velocities in the y-direction of methane and carbon dioxide respectively.
Note that the component velocities include a contribution due to diffusion. The equations in the large
cleat system will be given at the end of the section.
For the matrix we assume that there is a constant ratio between the adsorbed and free concentrations i.e.

ρs 2 = k ρg 2

(13)

ρs3 = k ρ g 3

(14)

The ideal gas law leads to:

ρg 2
M2

+

ρg3
M3

=

P
RT

(15)

where M 2 , M 3 are the molar weights of methane and carbon dioxide.
It can be shown that:

ρ g 3u g 3, y = ρ g 3u g , y − ϕ Deff

∂ρ g 3
∂y

, ρ g 2u g 2, y = ρ g 2u g , y − ϕ Deff

∂ρ g 2
∂y

(16)

Where u g , y is the volume-averaged velocity in the y-direction. These expressions are only valid when
pressure and temperature are considered constant i.e. the pressure gradient causing flow is small with
respect to system pressure divided by the inter well distance. We substitute in the equations above and
find for carbon dioxide

ϕ

∂ρ g 3 S g
∂t

+ϕk

∂ρ g 3
∂t

+

∂ρ g 3u g , x
∂x

+

∂ρ g 3u g , y
∂y

= ϕ Deff

∂ ∂ρ g 3
∂y ∂y

(17)

And the same equation for methane with the index 3 replaced by 2. We assume a constant pressure
gradient

∂P
,
∂x

∂P Pinj − Pprod
=
:= Px
L
∂x

(18)
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where L is the distance between injection and production well and Pinj , Pprod are the injection and
production pressure respectively. This equation replaces the pressure equation that can be derived by a
weighted sum of Equations 10-12. This equation ignores that more carbon dioxide molecules are
adsorbed than methane molecules are desorbed. However, in our preliminary model our interest is
focused on the effect of water and we leave a more realistic assumption of the space dependence of the
pressure gradient for future work. Below we compute the methane density from the carbon dioxide
density with Equation 15.
Next we can solve the Equation 10 to obtain the saturation distribution, which with the application of
Darcy's law assumes the form

ϕ

∂S w kPx ∂krw
+
=0
∂t
µ w ∂x

(19)

Finally we solve

ϕ

∂ρ g 3 S g
∂t

+ϕk

∂ρ g 3
∂t

+

∂ρ g 3 
kPx ∂ρ g 3 krg
∂ 
=  ϕ Deff

µ g ∂x
∂y 
∂y 

(20)

In the large cleat system only carbon dioxide and methane are present in the gaseous phase. We can
compute the methane density from the carbon dioxide density with Equation 15. The carbon dioxide
equation in Ωlc reads

∂ρ g 3
∂t

+

(dlc ) 2 ∂ρ g 3 2ϕ Deff  ∂ρ g 3 
+
=0
Px


12µ g
dx
dlc  ∂y  y = dlc / 2+ 0

(21)

where y = dlc / 2 + 0 denotes a position just inside the matrix. Equations 19 and 20 are averaged in the zdirection i.e. between z = 0 and z = H .

Numerical model
We apply a finite volume method to perform numerical calculations for the water we write

S w,i (t + ∆t ) = S w,i (t ) +

 kkrw Px   ∆t
1   kkrw Px 
 
 −

ϕ   µ w i −1  µ w i  ∆x

(22)

And for carbon dioxide we write

 kk ρ P   ∆t
1   kkrg ρ g 3 Px 

−  rg g 3 x  
+



  ∆x
ϕ   µ g
µg
i −1 
i 
∆t
i, j
i −1, j
( Deff
( ρ g 3,i ; j +1 − ρ g 3,i ; j ) − Deff
( ρ g 3,i ; j − ρ g 3,i ; j −1 ))
(∆y ) 2
( ρ g 3 ( S g + k ))it ,+∆j t = ( ρ g 3 ( S g + k ))ti , j +

(23)
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In the large cleat (denoted with i, j = 0 ) we have the equation

(ρ )

i ,0
g 3 t +∆t

i −1,0
i ,0
4ϕ Deff ,i ,1 ( ρ g 3 )it ,1 − ( ρ g 3 )it ,0
(dlc ) 2 ( ρ g 3 )t − ( ρ g 3 )t
= (ρ ) +
∆t +
∆t
Px
∆x
∆y
dlc
12 µ g
i ,0
g3 t

(24)

Where the additional factor of 2, leading to the factor 4 in the last term arises because the density ( ρ g 3 )it ,0
occurs at the boundary of cell (i,1).
Nomenclature
We denote the CO2 as component 3, CH4 as component 2, and H2Oas component 1. We denote all the
concentrations of carbon dioxide (3) and methane (2) as ρα , j where j = 2,3 is the component and α is
the phase i.e. the gas (g) or the solid (s) phase. The concentrations in the solid phase are expressed in
terms of unit mass per unit pore volume. The concentrations in the gas phase are expressed in terms of
unit mass per unit volume available to the gas.

Simulation results

Figure 23. CO2 concentrations in the matrix at a water saturation of 0.95, 0.8. 0.6 and 0.4 after 1000 time steps.
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Figure 24. CO2 concentrations in the matrix at a water saturation of 0.95, 0.8. 0.6 and 0.4 after 1000 time steps.

Figure 25. CO2 concentrations in the matrix at a water saturation of 0.95, 0.8. 0.6 and 0.4 after 13074 time steps.
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Figure 26. CH4 concentrations in the matrix at a water saturation of 0.95, 0.8. 0.6 and 0.4 after 13074 time steps.

1.1.5

Simulation of laboratory core-scale CO2-injection tests

ECBM recovery using CO2 injection is based upon the principle of competitive adsorption since CO2 is
roughly twice as adsorptive as methane on coal under similar conditions. During ECBM recovery, CO2
molecules in the cleats diffuse into coal matrix to displace adsorbed methane molecules, which then
diffuse out to the cleats. A counter-diffusion is thus established in the pores of coal matrix between
incoming CO2 molecules and outgoing methane molecules. As part of the work programme, laboratory
CO2-injection experiments are planned in WP2, whereby CO2 gas is injected into large coal samples, presaturated with methane, under simulated reservoir conditions. The planned laboratory work will build
upon previous CO2-injection tests carried out at DUT under medium confining pressure and ambient
temperature conditions.
In parallel to the planned laboratory CO2-injection experiments, where the outflow gas rates and
composition will be monitored and recorded continuously, a numerical model would be developed to
simulate the core-scale competitive displacement process under controlled conditions which would assist
the development and validation of the field scale simulator. In chemical and petrochemical industries,
competitive adsorption plays an important role in separation of gas mixtures. For example, a binary gas
mixture may be separated by passing a gas stream over a suitable adsorption bed that would preferentially
adsorb one component over the other. Over the past two decades, extensive research has been carried out
on both underlying fundamental theories and analytical and numerical model development to describe the
separation processes. Given that gas separation by adsorption processes is based on the same principle of
competitive adsorption, the model developed for separation processes can be readily adapted to describe
the flush experiments in this project.
A bidisperse pore-diffusion model is described here, as there are strong evidences that many coals exhibit
a bidisperse pore structure (Gan et al., 1972). The bidisperse models are widely used to describe gas
diffusion in commercial zeolite sorbents. Commercial zeolites consist of crystals, in the size rage of 1-9
µm, which are palletized with a small amount of binders. The sorption of gases is entirely due to the
crystals. Diffusion rates in both the binder phase (which contain macropores) and crystals (which contain

PART III PAGE 33 OF 56

Development of advanced reservoir characterisation and simulation tools for improved coal bed methane recovery

micropores) can be important in determining the overall sorption rate. A schematic of the pellet is shown
in Figure 28, assuming spherical crystals.
The numerical model
The work of Yang (1997) is followed here. Unlike Yang’s derivation, where ideal gas behaviour is
assumed, the CH4-CO2 gas mixture is treated as a real gas and obeys real gas law in the present study. The
governing equations are the mass balance equations for each component and binary gas mixture
equilibrium isotherm equations. The following assumptions are made in the model:
•
•
•
•
•

Plug flow is assumed, with no axial or radial dispersion
Pressure gradient along the core is negligible
The process is isobaric and isothermal
Film resistance is negligible
Flux due to surface diffusion and viscous flow in the macropores is negligible

r

rc
q

Cip
R

Ci

Figure 27.

q

Rp

Schematic of a model zeolite pellet containing a binder phase and crystals, and the notations used in
modelling (after Yang , 1997).

The mass balance equations for the cleats are:
φ

∂Ci ∂uCi
+
+ Si = 0 ,
∂t
∂x

i = 1, 2

(25)

where Ci is the concentration in the cleat for component i (mol/l), u is the Darcy velocity (m3/m2/s, φ is
the cleat porosity and Si is the sorption rate per unit volume of core (mol/l/s). Applying equation of state
for a real gas, Ci = Yi P / zRT , Equation (25) becomes

φ

∂ (Yi / z ) ∂ (uYi / z ) RT
+
+
Si = 0
P
∂t
∂x

i = 1, 2

(26)

where Yi is the molar fraction for component i, and P, T and z are respectively the pressure, temperature
and compressibility factor of the gas mixture in the cleats.
Mass balance in the macropores may be expressed as
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α

∂Cip
∂t

+

∂C jp
∂q j
15Dp
∂qi
− Yi ( α∑
+∑
) − 2 (Ci − Cip ) = 0
∂t
∂t
∂t
Rp

i, j = 1, 2

(27)

or in terms of molar fractions in the macropores

α[

∂(Yip / z p )
∂t

− Yi

∂(1 / z p )
∂t

]+

∂q j
15Dp Y Yip
RT ∂qi
(
− Yi ∑
)− 2 ( i −
)=0
P ∂t
z zp
∂t
Rp

i, j = 1, 2

(28)

where Dm is the binary macropore diffusion coefficient, α is the void fraction within the spherical porous
particle (or pellet), YiP and zP are respectively the volume-averaged molar fraction for component i and
compressibility factor of the gas mixture in the macropores, and qi is the amount adsorbed per unit pellet
volume, mol/l.
Mass balance in the micropores can be written as
∂qi 15Dm s
=
( qi − q i ) ,
∂t
rc2

i = 1, 2

(29)

where Dm is the binary micropore diffusion coefficient and qis is in equilibrium with Cip at radial location
R.
The sorption rate term in Equation (25) is related to the pellet particle surface flux by:
S i = (1 − φ)

3 s
N iR ,
Rp

i = 1, 2

(30)

where N isR is the flux at the pellet surface (R = Rp). To complete the model, sorption isotherm equations
are required for the gas mixture. The Langmuir-type isotherm equations are often used because of their
non-iterative nature. Extend Langmuir isotherms have been shown to give a reasonable fit to experimental
CH4-CO2 binary sorption data on coal. Using the extended Langmuir equation for a binary system, the
sorbate concentration in equilibrium with the gas concentration in the macropores is given by

qis =

q mi bi Yip P

1 + ∑ b jY jp P

i, j= 1, 2

(31)

where qmi and bi are respectively the “monolayer” amount adsorbed per unit pellet volume (mol/l) and
Langmuir constant (MPa-1) for component i.
It can be shown that, under a given set of test conditions (P and T), the solutions of the above equations
depend upon three parameters, namely, u0 / L , Dp / Rp2 and Dm / rc2 . The last two are the diffusion
parameters for the macropores and micropores respectively.
The mass balance equations (26), (28) to (29), together with the auxiliary equations (30) and (31) form
the set of equations that need to be solved in the model. A numerical model has been developed and
implemented to simulate the core-scale competitive adsorption displacement process.
Model application
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The model was applied to a previous flush test carried out at DUT, the details of which are summarised in
Table 4. One important of feature of the CO2 injection experiment is the use of a large coal sample,
measuring 0.07 m in diameter and 0.46 m in length. The coal sample was initially at sorption equilibrium
with a methane gas pressure of 4.3 MPa. CO2 gas of the same pressure (4.3 MPa) was then injected into
the sample at a rate of 6 ml/hr to displace methane. The outflow gas composition was monitored and
recorded automatically during the test.
The purpose of the numerical simulation was to match the model predictions to the measured effluent
methane concentration curve by choosing suitable parameters, namely Dm/Rp2 and Di/rc2, for the
bidisperse diffusion model.

Table 4. Summary of a previous flushing test
Parameters
Temperature, K

310

Annular pressure, MPa

8.3

Inner gas pressure, MPa

4.3

Coal permeability, md

0.2

Cleat porosity, fraction

0.02

Initial adsorbed CH4, mol

0.69

Initial free CH4, mol

0.06

CO2 injection rate, ml/hr

6

Produced
CH4
on
CO2
breakthrough (CO2 = 1%), mole

0.15

Produced CH4 at CO2 = 90%,
mole

0.53

Numerical results – constant pore diffusivities
For a given u 0 / L , the performance of the competitive adsorption/desorption process is determined by
parameters βP and βm, or the ratios of the pore diffusion parameters over u 0 / L . Both the macropore and
micropore diffusion can be important in determining the overall sorption rate. If Dm / rc2 >> Dp / Rp2 , the
overall sorption rate is controlled by diffusion in the macropores. In this case the gas phase in the
macropores is in equilibrium with the adsorbed phase and the coal behaves effectively as if with a unipore
structure. If Dm / rc2 << Dp / Rp2 , on the other hand, the process is controlled by micropore diffusion.
In this section, several model runs which assume either macropore ( Dm / rc2 >> Dp / Rp2 ) or micropore
( Dm / rc2 << Dp / Rp2 ) dominant diffusion process with constant pore diffusivities are reported and
compared with the laboratory test results. Further comparison with a mixed macropore/micropore
diffusion process ( Dm / rc2 ~ Dp / Rp2 ) under constant diffusivities is also reported.
Macropore diffusion dominant sorption model Figure 29 shows the predicted outflow CH4 molar
fractions for a number of βP (ranging from 0.25 to 1) and their comparison with the test data. As would be
expected, a greater βP results in a delayed CO2 breakthrough. It is noticed that the model tends to predict a
much more gradual decline in CH4 molar fraction after CO2 breakthrough than that recorded in the test.
The results also show that the test data could not be matched by adjusting βP along.

PART III PAGE 36 OF 56

CH4 molar fraction (%)

Development of advanced reservoir characterisation and simulation tools for improved coal bed methane recovery

100
80

0.25

βp = 1

0.5

60
40

test
model (βm = 10)

20
0
0

0.5
1
1.5
2
Cumu. CO2 injection / GIP

2.5

Figure 28. Overall sorption rate controlled by macropore diffusion.

Micropore diffusion dominant sorption model The model predictions have shown some improvement
over the above case, as shown in Figure 30. Nevertheless, the overall match with the test data is still poor
and again, the model performance could not be improved by adjusting βm along.
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Figure 29. Overall sorption rate controlled by micropore diffusion.

Mixed pore diffusion sorption model The results are plotted in Figure 31. It is clear that the test data
cannot be matched by adjusting both βP and βm.
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Figure 30. Overall sorption rate controlled by both macro- and micro-pore diffusion.
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Numerical results – sorbate concentration dependent micropore diffusivity
One possible reason for the above poor match is that the micropore diffusivity may not be constant, as is
hitherto assumed in the model. It has been reported that the intracrystalline diffusivity in commercial
zeolite pellets is generally not constant and is influenced by a number of factors (Barrer, 1978). The
observation that the model predicts a relatively slower decline in the CH4 molar fraction after CO2
breakthrough suggests that the micropore diffusivity may decrease with increasing total sorbate
concentration, since CO2 has a higher adsorption capacity with coal than CH4. By assuming a linear
relationship between the microporous diffusivities and the total amount of gas mixture adsorbed, a
satisfactory match to the laboratory test curve was achieved, Figure 32.
The corresponding CO2 breakthrough and the cumulative CH4 production are plotted against the
cumulative mass of CO2 injected in Figure 33. According to the model, approximately 0.2 mole of CH4 is
produced (compared with 0.15 mole recorded in the test) when breakthrough ( YCO2 = 1% ) occurs; and by
the time CO2 accounts for 90% (in mass) of the gas mixture produced, a total of 0.53 mole CH4 is
recovered. The latter is in excellent agreement with the test data (0.53 mole).
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Figure 31. Laboratory test data and model match achieved by assuming a sorbate concentration
dependent micropore diffusivity.
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Figure 32. Cumulative CH4 production vs. cumulative CO2 injection.

1.1.6

Implementation of the bidisperse pore-diffusion model in the ECBM simulator

Partly due to their simplicity, unipore diffusion models are often used for modelling gas transport in coal
matrix. In the implementation of conventional dual-porosity coalbed reservoir simulators, it is further
assumed that gas exists only in adsorbed state in coal matrix. However, it has been reported that in high
volatile sub-bituminous coals free gas in the macropores of coal matrix could comprises up to 70% of the
total storage capacity (Bustin and Clarkson, 1999). Moreover, unipore models are found to be applicable
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only to some bright coals and bidisperse pore-diffusion models give better fit to experimental uptake
curves for dull and banded coals (Clarkson and Bustin, 1999b).
It has been estimated that micropores account for about 95% of the internal coal surface area and thus the
potentially available sites for adsorption. In the bidisperse model, gas adsorption is assumed to take place
only in the micropores, with the macropores providing storage for free gas, as well as tortuous paths (and
therefore resistance) for gas transport between the micropores and cleats. As in the conventional
simulators, it is also assumed here that the coal matrix is free of mobile water.
The bidisperse pore diffusion model described above has been implemented in METSIM2. Here, coal
seam is characterized as triple-porosity porous medium: 1) micropores, where gas sorption takes place; 2)
macropore, where only free gas exists; and 3) cleats, where both gas and water phases are present.
Attempting to address the reported discrepancy between gas content estimates and the production
behaviour, the enhanced coalbed methane simulator was recently applied to the sub-bituminous coalbed
reservoirs in Powder River Basin.
Compared to commercially developed areas in the San Juan, Warrior and other basins, Powder River
Basin coal is characterized by very high water content, low gas content, and much greater absolute
permeability, ranging from tens of millidarcies to more than a Darcy (Pratt et al., 1999). Field experience
indicates that the amount of produced gas cannot be fully accounted for by the estimated gas contents
based upon the gas desorption measurements.
One possible explanation of the discrepancy is that the conventional procedure fails to take into account
the free gas present in the macropores and the secondary porosity (cleats) and dissolved gas, thus
underestimate the total gas content. In a GRI funded project, Pratt et al. (1999) reported that the field gas
production rates could be achieved in multi-well reservoir simulation if 1) there is a free gas phase present
in the cleats (φ = 0.06, gas saturation = 0.35); and 2) an enlarged drainage area of 134 (compared to the
existing drilling spacing of 80) acres per well was used.
One interpretation of the above result is that, due to the inability of the conventional dual-porosity
simulators to take into account the free gas phase that may be present in the macropores of coal matrix,
additional gas source in the form of an enlarged model area is required to match the field production rates.
If this is the case, could the gas rates be matched by including a macro-porosity in the simulator, while
honouring the existing drilling spacing of 80 acres per well? This idea has been tested out in the current
study.
It was found that, the simulated gas and water production rates from the enlarged drainage area of 134
acres, obtained using the conventional dual-porosity simulator, could indeed be matched using α = 0.04
in the triple-porosity simulator at a 80-acre well spacing.
Pratt et al. computed that, at a reservoir pressure of 150 psi, the free gas in the secondary porosity was
0.163 m3/tonne (5.2 scf/ton). This, plus the dissolved gas estimated at 0.0187 m3/tonne (0.6 scf/ton),
accounts for 21.6% of the estimated total gas content of 0.840 m3/tonne (26.9 scf/ton, with sorbed gas
content = 21.1 scf/ton). A macroporosity of 0.04, at 100% gas saturation, would increase the free gas
content to 0.471 m3/tonne (15.1 scf/ton), an increase of 190%, and the total gas content to 1.149 m3/tonne
(36.8 scf/ton), an increase of 36.8%, Figure 34.
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Figure 33. Breakdown of the estimated total gas content.

Simulation results
A comprehensive list of coalbed reservoir property at two wells (Triton Federal #21C-2623 and Twenty
Mile #21C-3523), which are roughly one miles apart, are given in Pratt et al.. The values of the reservoir
parameters that are used in the simulation are presented in Table 5.
In the absence of any relative permeability data, straight-line curves were assumed for both the gas and
water phases. In the simulation runs, a uniform 11 x 11 grid was used, with the production well situated at
the centre block. Gas production was facilitated by dewatering the target seam at a constant rate of 79.7
m3/day (400 STB/D), till the minimum bottomhole pressure was reached.
Conventional unipore diffusion model (80- and 134-acre well spacing)
Figure 35 presents the predicted gas and water rates under 80- and 134-acre well spacing over a 5-year
production period. It can be seen that as the drainage area is enlarged, the gas rates as well as the water
rates are increased.

Table 5. Coalbed reservoir properties at Powder River Basin

Reservoir parameters

Units

Depth

m

179.5

Gross thickness

m

19.5

Initial pressure

MPa

1.05

Absolute permeability

mD

100

Water saturation

fraction

0.65

Reservoir temperature

o

18.3

C

Secondary/cleat porosity

fraction

0.06

In-situ sorbed gas content
(moist, with ash)

m3/tonne

0.687

In-situ Langmuir storage
capacity (VL),

m3/tonne

1.70

Langmuir pressure (1/b),

MPa

2.72

Sorption time

day

2.2

τm

day

2.2

τp

day

1

Bidisperse pore diffusion model (80-acre well spacing)
Verification of the bidisperse pore diffusion implementation was first carried out. This was achieved by
setting the macroporosity to a very small value (α = 0.001), thus effectively reverting to a conventional
dual-porosity system. The model predictions show an excellent agreement with those obtained using a
dual-porosity simulator under the same (80 acres) well spacing, Figure 36. The macroporosity was then
gradually increased to “history match” the higher gas rates shown in Figure 37.
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Figure 34. Dual-porosity coalbed simulation results.
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Figure 35. The presence of an extra free gas volume helps maintaining the reservoir pressure.

Figure 37a shows that a close match between the two gas rate curves obtained from two different well
spacings was obtained using a macropore porosity α = 0.04. It is interesting to note that the simulator
also predicted a substantial increase in water rates although the water content remained unchanged in the
triple-porosity system. Surprisingly, the water rates are actually very close to those predicted for the 134acre well spacing. The increase in the water rates is due to the added gas drive provided by the free gas
volume in the macropores, as illustrated in Figure 37b.
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The sensitivity of the model predictions to the time constants τp and τm was investigated and the results
are illustrated in Figure 38. It can be concluded that the predicted gas rates are rather insensitive to
increase in the time constants for up to 100 days. Beyond that, a marked reduction in the gas rates is
observed when the time constant, especially τm, is increased to1000 days.
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Figure 36. Simulator comparison for the two porosity systems under different well spacings.

700
600

τp = 1 day

τm = 1 day

500

10 days

400

100 days

300
200
100

1825

Time (day)

1000 days

0
0

365

730

1095

1460

1825

Time (day)

(a) Sensitivity to τp

(b) Sensitivity to τm

Figure 37. The effect of diffusion time constant on gas rates.

1.1.7

Development of a permeability model for enhanced methane recovery and CO2
storage

Permeability of coal is recognised as the most important parameter for coalbed methane production.
Being normal to the bedding plane and orthogonal to each other, the face and butt cleats in coal seams are
usually sub-vertically orientated. Thus changes in the cleat permeability can be considered to be primarily
controlled by the prevailing effective horizontal stresses that act across the cleats, rather than the effective
vertical stress, defined as the difference between the overburden stress and pore pressure. During primary
methane production, two distinct phenomena are associated with reservoir pressure depletion, with
opposing effects on coal permeability (Gray, 1987). The first is an increase in the effective horizontal
stress under uniaxial strain reservoir conditions. The second is methane desorption from the coal matrix,
resulting in coal matrix shrinkage and thus a reduction in the horizontal stress.
Model development – primary recovery
A model for describing changes in cleat permeability in a gas-desorbing coalbed under uniaxial strain
conditions has been developed. Assuming a bundled matchstick geometry (Figure 39), it can be shown
that cleat permeability is given by (Seidle et al., 1992)
k = k 0 e −3cf ( σ−σ0 )

(32)

where cf is the cleat volume compressibility with respect to changes in the effective horizontal stress
normal to the cleat and k0 is initial cleat permeability. The compressibility cf in usually obtained by fitting
Equation (32) to the laboratory permeability test data. A constant cf is often sufficient to fit the
experimental data with good accuracy (Mckee et al., 1987; Seidle et al., 1992). In some cases, a stressdependent variable cf is required (Mckee et al., 1987).
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Figure 38. A bundled matchstick geometry representation of a coal seam (after Seidle et al., 1992).

It can be shown that, under uniaxial strain conditions found in underground reservoir, changes in the
principal effective horizontal stress induced by depletion in the reservoir pore pressure may be expressed
as

σ − σ0 = −

Eα
ν
( p − p0 ) +
(V − V0 )
1− ν
3(1 − ν)

(33)

where E and ν are respectively Young’s Modulus and the Poisson ratio of coal seam, V is gas content
with respect to pressure p, and subscript 0 refers to initial parameter values.
Equations (32) and (33) describe how permeability vary with pore pressure in a gas-desorbing coalbed
under uniaxial strain conditions. The two terms in the right hand-side of Equation (33) are referred to as
the cleat compression and matrix shrinkage terms respectively. As p is decreased from p0, the cleat
compression term is positive, while the matrix shrinkage term is negative. The magnitude of σ is therefore
determined by the relative strength of these two opposing terms.
Model validation
The present model has been applied to analyse the performance of four coalbed methane wells in two
separate fields in San Juan basin, USA, where strong rebound/increase in coalbed permeability has been
observed during the course of primary recovery.
Valencia Canyon Wells in the San Juan Basin- Increased Permeability
Field evidence demonstrating increased reservoir permeability with continued gas production has been
reported by Mavor and Vaughn (1997). Well tests carried out at three wells in the Valencia Canyon area
of the San Juan basin recorded absolute permeability increases ranging from 2.7 to 7.1 times the original
permeability value. The well test results are presented in Table 6, together with the initial reservoir
pressure at the three wells.
Using the matrix shrinkage parameters (αV) reported in Mavor and Vaughn (1997) but different elastic
properties (E and ν), which reflect large scale reservoir parameters expected for the San Juan basin
coalbeds (Palmer and Mansoori, 1996), in the present model, we are able to match the permeability
response curve at all the three wells, Figure 40a.
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Table 6. Well test results showing increased permeability at the Valencia Canyon area.

VC 29-4

VC 32-1

VC 32-4

p0 (MPa)

5.35

6.60

6.41

p/p0

0.46

0.55

0.41

k/k0

4.09

2.72

7.07

Fairway Well B1 – Strong Permeability Rebound
The “boomer” fairway wells in the San Juan basin are distinguished by a strong increase in their gas
production with time, which is more than would be expected from Darcy’s Law after taking into account
any likely increase in the gas relative permeability resulting from dewatering. Palmer and Mansoori
(1996) reported a history match study on fairway boomer well #1 (B1) using three different types of pore
pressure-dependent permeability behaviour, ranging from no rebound to strong permeability rebound.
They found that the gas and water production and the calculated bottomhole pressure could be best
matched by using a pore pressure-permeability relationshipwhich shows a significant permeability
rebound at lower drawdown pressures. The history matched permeability response curve, digitised from
the original paper, is plotted in Figure 40b. As shown in the figure, the permeability decreases initially as
the pressure is reduced, reaching a minimum at between 6.9 to 7.6 MPa, then rebounds strongly, doubling
the original permeability when the reservoir pressure drops to 4.1 MPa.
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Figure 39. Matching of the permeability response curves using the present model.

Attempts to match the field permeability response curve using the present permeability model were made,
utilising the same coalbed properties as above. As shown in Figure 40, the predicted pore pressurepermeability curve shows a strong rebound after an initial decline in the cleat permeability. For
comparison, the pore pressure-permeability curve predicted by Palmer and Mansoori model using the
same set of coalbed properties, together with φ0 = 0.00085, is also plotted. It can be seen that the present
model shows a marked improvement over Palmer and Mansoori model in this specific case.
Permeability model extension for enhanced methane recovery and CO2 storage
The permeability model described above has been extended for application in enhanced methane recovery
and CO2 storage. In the extended model, coalbed permeability is again given by

k = k 0 e − 3 cf ( σ − σ 0 )
with

(34)
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n

σ − σ0 = −

ν
E
( p − p0 ) +
( α jVj −
1− ν
3(1 − ν) j =1

∑

n

∑α V
j

j0 )

(35)

j =1

where Vj is the volume of adsorbed gas and αj the volumetric shrinkage/swelling coefficient for
component j, respectively.
Equations (34) and (35) may be used to provide a first-order estimation of permeability changes during
enhanced CBM recovery/CO2 storage in coal seams. The equations, in conjunction with the extended
Langmuir isotherms, have been implemented in the ECBM simulator METSIM2.
1.1.8

Numerical simulation and history matching of the Allison ECBM pilot, San Juan Basin

The Allison unit pilot, which is located in the northern New Mexico part of the San Juan Basin, represents
the first field trial on CO2-ECBM. CO2 injection started in April 1995, after approximately six years of
primary production, and was suspended in August 2001. As part of the U.S. DOE funded Coal-Seq
project looking into the feasibility of CO2 storage in deep, unminable coalbeds, a detailed reservoir
characterization and field history matching study of the Allison pilot was carried out and the results of the
study have been recently made public (Reeves et al., 2003). The study area consists of 16 producing
wells, four CO2 injecting wells and one pressure observation well, Figure 41. The figure illustrates that
the five wells at the centre of the pilot roughly form a 5-spot pattern, with the four injectors positioned at
the periphery of the pattern.
The reservoir simulation effort reported here benefited from the previous work (Reeves et al., 2003) in a
number of respects, including reservoir characterisation and model construction. The main results of the
reservoir characterisation work are summarized here.
Previous Work by Reeves et al. (2003)
The Allison Unit wells produce from three Upper Cretaceous Fruitland Formation coal seams, referred to
as Yellow, Blue and Purple (at increasing depth) respectively. The seams dip gently towards the southsouthwest in the study area. Along the same direction, the aggregate thickness of the three seams varies
from 35 ft to 48 ft, with a mean net thickness of 43 ft (Yellow 22 ft, Blue 10 ft and Purple 11 ft). It is
reported that the three seams have different sorption characteristics (Langmuir parameters), though little
variation in Langmuir volume was found in a given seam. The Langmuir constants for CH4 and CO2,
together with the estimated methane gas-in-place breakdown, for the three seams are given in Table 7.
The relative permeability curves, together with the porosity distribution, for the Allison Pilot study area
were derived using a novel procedure developed by Burlington Resources, the operator of the field.
Porosity values ranging from 0.05% in the northwest to 0.3% in the southwest are reported. A minimum
porosity value of 0.15% was imposed by Reeves et al. in their reservoir simulation study, as the lower
values of porosity were judged to be unreasonable.
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Figure 40. Producer/injector well pattern, Allison Unit (redrawn from Reeves et al., 2003).

Table 7.

Yellow
Blue
Purple

Measured Langumir parameters at Allison Unit (after Reeves et al., 2003)
CH4
VL, SCF/ton (ft3/ft3)
448 (21.0)
305 (16.4)
393 (19.4)

1/b, psi
525
484
519

CO2
VL, SCF/ton (ft3/ft3)
652 (30.5)
443 (23.8)
576 (28.4)

1/b, psi
259
216
261

Gas-in-place
%
55
19
26

Field characterisation of the (absolute) permeability was based upon the pressure buildup tests performed
in May 2000 on 12 wells in the Allison Unit, among which eight are inside the study area. The effective
gas permeability, skin factor, and reservoir pressure were estimated by analysing the pressure data. The
absolute permeability was then derived from the obtained effective gas permeability values. A correlation
between the relative gas permeability and the absolute permeability was developed and applied to those
wells where there were no well test data available. The results show that permeability, as it stood in May
2000, ranged from 30 to 150 md, with the higher values mainly confined to within the central 5-spot
pattern, Figure 42.
A Simplified Reservoir Model
The reservoir model used in Reeves et al. (2003) consisted of three layers, representing Yellow, Blue and
Purple seams respectively. The model domain covered an area of approximately 7,100 acres and was
divided into 33 x 32 = 1056 grid blocks, 881 of them being active. Figure 43 presents the model domain,
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Figure 41. Permeability map for Allison Unit (after Reeves et al., 2003).
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Figure 42. Model grid layout (after Reeves et al., 2003).

together with the grid showing the well locations, which has been redrawn from the original work. This
reservoir model was adopted in the current study with a couple of simplifications. Firstly, the three layers
were assumed to be of uniform thickness, and assigned with the mean thickness of the three seams,
namely 22ft, 10ft and 11ft respectively. Secondly, the whole model was assigned homogenous reservoir
properties including permeability and porosity, with the exception of the Langmuir parameters, which
were layer-specific (Table 7). The reservoir model was assigned a permeability of 100 md and a porosity
of 0.2%. Although somewhat arbitrary, these values were chosen to be more representative of the central
5-spot pattern area of the reservoir. Table 8 summarises the key reservoir properties used in this study.
Table 8. Key reservoir properties used in the simulation study.
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Reservoir property
Initial pressure
Temperature
Gas composition
Sorption time
Initial water saturation
Initial permeability
Porosity
Langmuir constants
Relative permeability curves
Young’s modulus, E
Poisson’s ratio, ν
CH4
CO2
Cleat volume compressibility, cf

Phase relative permeability

Shrinkage/Swelling
coefficient, αS

Values used
1650 psi
120oF
95.5% CH4
4.5% CO2
10 days
0.95
100 md
0.2%
Table 7
Figure 44

Sources
(Reeves et al., 2003)
(Reeves et al., 2003)

420,000 psi
0.35
5.333 x10-4 ft3/ft3
αSCO2/αSCH4 = 1.276
0.001 psi-1

(Shi an Durucan,2003 and 2004)
(Shi an Durucan,2003 and 2004)
(Shi an Durucan,2003 and 2004)
History matched
(Shi an Durucan, 2003 and 2004)

(Reeves et al., 2003)
(Reeves et al., 2003)
(Reeves et al., 2003)
(Reeves et al., 2003)
(Reeves et al., 2003)
(Reeves et al., 2003)
(Reeves et al., 2003)

1
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water
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Water saturation
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Figure 43. Relative permeability curves for Allison Unit (digitized from Reeves et al., 2003).

The Impact of Matrix Shrinkage/Swelling on Permeability
As stated above, Equations (34) and (35) may be used to provide a first-order estimation of permeability
changes during enhanced CBM recovery/CO2 storage in coal seams.

k = k 0 e − 3 cf ( σ − σ 0 )

(34)

with
n

σ − σ0 = −

ν
E
( p − p0 ) +
( α jVj −
1− ν
3(1 − ν) j =1

∑

n

∑α V
j

j0 )

(35)

j =1

where Vj is the volume of adsorbed gas and αj the volumetric shrinkage/swelling coefficient for
component j, respectively.
The equations, in conjunction with the extended Langmuir isotherms, have been implemented in the
ECBM simulator METSIM2.
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VEj =

V jL p j b j

=

n

1+

∑b p
j

j

V jL pY j b j

(36)

n

1+ p

j =1

∑b Y

j j

j =1

In addition to the Langmuir constants, the permeability model requires five parameters, namely E, v,
αSCH4, αSCO2 and cf, as input for a given coalbed reservoir. For accurate modeling of permeability changes
during CO2-ECBM recovery, it is crucial to use parameters representative of the coalbed reservoirs under
consideration. Table 8 lists the values of these four parameters used in this study.
Assuming Vj = VEj. Equations (34-36) can be used to compute changes in permeability as a function of
reservoir pressure and free gas composition without resorting to a simulator. Permeability behaviour of a
coalbed around a producing/injection well are of particular interest here. Two scenarios with different
CO2 molar fraction YCO2 (YCO2 = pCO2 / p) are therefore considered to represent the conditions that are
likely to be encountered at a producing (YCO2 ~ 0.1) and an injecting well (YCO2 ~ 1.0), respectively.
Figure 45 compares the computed (layer 1) permeability changes for three different shrinkage/swelling
coefficient ratios.
The results for YCO2 = 0.1 (Figure 45a) indicate that the ratio αSCO2/αSCH4, within the range considered,
has only a marginal influence on the permeability at a producing well (prior to significant CO2
breakthrough). The permeability curves show that, as the pressure is reduced, the permeability at the
producing well would rebound strongly after an initial decline, recovering its initial value at
approximately 450 psi, and increasing to several times its initial value with further pressure drawdown,
thus greatly enhancing the production rates.
On the other hand, CO2 injection would cause a drastic fall in permeability around the wellbore, Figure
45b. Furthermore, the scale of permeability reduction is strongly influenced by the ratio αSCO2/αSCH4,
rising from just over one order of magnitude to more than two orders of magnitude as αSCO2/αSCH4 is
increased from unity to more than 1.2. The predicted scale of permeability reduction is consistent with the
findings at Allison Unit. Injection/falloff tests performed at the four CO2 injection wells performed in
August 2001 (when they were shut-in), indicated that coal permeability around the injectors was < 1 md,
a reduction of over two orders of magnitude (Reeves et al., 2003).
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Figure 44. Modelled permeability behaviour for three different αSCO2/αS CH4 ratios, layer 1 (Yellow seam). Results
for the other two layers show similar trends.

Injector Bottomhole Pressure History Matching
The gas production rates (and CO2 injection rates) were used as input to the simulator as complete records
of the data are available for all the 16 producers and four injectors. Water rates and producing bottomhole
pressure data are mostly limited to the enhanced recovery period. Complete records for the injector
bottomhole pressures for the four injectors are also available. The five producers in the central 5-spot
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pattern (Figure 43) were shut-in during the first six-month of CO2 injection. The four injectors were then
shut-in for six months. After shut-in, substantial drops in the CO2 injection rates were observed across the
four injectors. An example is given in Figure 46 (where pwf refers to well flowing bottomhole pressure).
It can be seen that the injection rate at well #141 dropped from an initial high of around 1,500 MSCF/D to
between 800 and 900 MSCF/D following shut-in, a reduction of roughly 40%, Figure 46a.
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Figure 45. History matching of the producer bottomhole pressure.

The availability of both the injection rates and bottomhole pressure data at the four injectors enabled the
determination of αSCO2/αSCH4 in a relatively direct manner, through history matching the injecting
bottomhole pressures. It was found that a ratio of 1.276 gives the best overall match for the four injectors.
Recall in Figure 45 that such a swelling coefficient ratio would result in an over two-orders of magnitude
reduction in the layer-1 permeability. The history matching result for well #141 is presented in Figure
46b. The simulated injection bottomhole pressures show an excellent agreement with the field data, which
remained roughly constant at 2,500 psi throughout the injection period, Figure 46b. For comparison, the
mean layer-thickness-weighted wellblock pressure was computed and plotted in the same graph. It can be
seen that weighted wellblock pressure continued to follow the downward trend throughout the injection
period, albeit at a gentler pace. The observed widening of the two pressure curves with time implies that
an increasingly larger downhole pressure differential (~ 1,500 psi) was required to maintain the injection
rates.
The success in history matching the injector bottomhole pressures at well #141 has clearly demonstrated
the validity of the permeability model used. It is worth pointing out that as the magnitude of the swelling
coefficient ratio αSCO2/αSCH4 (in the range 1 – 1.3) has been shown to have only marginal influence on the
permeability behaviour at relatively low CO2 concentrations (YCO2 ~ 0.1 or less), this implies that the
influence of αSCO2/αSCH4 is largely confined to a limited zone around the injectors before significant CO2
breakthrough occurs. This has been found to be the case in the current simulation study. Changes in the
simulated gas production rates, produced gas composition and bottomhole pressures in the Allison pilot
study area, within the simulation time period, were found to be marginal as αSCO2/αSCH4 was increased
from 1 to 1.3.
Simulation Results and Discussions
Overall, a good agreement with the available field data was achieved in this simulation study.
Significantly, the noticeable CO2 breakthrough observed at two of the producers within the 5-spot pattern,
namely wells #113 and #120, and the produced gas composition were fairly accurately predicted, Figure
47. The simulator performance in the prediction of producing bottomhole pressures varied and appeared
to follow a trend, i.e. the greater the peak production rate, the closer the field data was to the model
prediction for that well. Thus the best match to the field bottomhole pressures was achieved at well #119,
which reached a peak rate of 7,000 MSCF/D, Figure 48. On the other hand, the bottomhole pressures for
those wells with relatively low peak gas production rates (< 2000 MSCF/D) were over-predicted by up to
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200 psi. There are two possible reasons for this discrepancy: 1) the simplified reservoir model failed to
take into account the reservoir heterogeneity in permeability and layer thickness; 2) these wells were not
well connected to the reservoir (as reflected in their relatively lower peak gas rates), which was not
accounted for in the model.
In Figure 48a, a dramatic increase in the gas production rates was observed from mid-1998 to end of
1999, and this increase was closely correlated to the sharp fall in the (field) bottomhole pressure, from
over 500 to below 100 psi, in the same period. This reservoir pressure-permeability correlation is
consistent with the model prediction depicted in Figure 45a. There may also be another factor in action as
a program of production enhancement activities (such as re-cavitation) unrelated to the CO2-ECBM pilot
was implemented shortly after the start of CO2 injection (Reeves et al., 2003). The possible impacts of
these activities on the absolute permeability were not explicitly taken into account during simulation, e.g.
through skin factors as in (Reeves et al., 2003), but rather lumped into the reservoir pressure effect.
Figure 48b compares the resulting changes in the wellblock permeability for the three layers. It can be
seen that the permeabilities in layers 1 and 2 increased sharply in this time period, up to four and three
times the initial value (100 md) respectively. The considerable discrepancy observed in the permeability
behaviour of the three layers is a manifestation of their different sorption characteristics (Table 7).
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Figure 48. Simulation results for producer #113.

For the central well in the 5-spot pattern (#113, Figure 43), the simulated bottomhole pressure shows
fairly good agreement with the limited field data available, Figure 49a. The excessively low pressures
predicted in the last two years of the primary production is believed to be a relative permeability effect.
This was confirmed by comparing the predicted water rates with the field data, which showed an over
prediction by 3-4 times in 1994, Figure 49b. This means the effective gas permeability in the model
would be much lower than it should be, thus leading to an unrealistic lower bottomhole pressure in the
model in order to maintain the relatively high production rates (~ 2000 MSCF/D). In later years, the
relative permeability effects became insignificant, as water production was negligible compared to the gas
rates. The over-prediction in the water rates may be attributed to the fact that the local variations in layer
thickness and porosity was not reflected in the model
2.5

REFERENCES

Ayers, W.B., Jr., Kaiser, W.R., Laubach, S.E., Ambrose, W.A., Baumgardner, R.W., Jr., Scott, A.R.,
Tyler, R., Yeh, J., Swartz, T.E., Schultz-Ela, D.D., Zellers, S.D., Tremain, C.M., and Whitehead,
N.H., III,: 1991, Geologic and Hydrologic Controls on the Occurrence and Productivity of Coalbed
methane, Fruitland Formation, san Juan Basin, Gas Research Institute Topical Report GRI-91/0072.
Amaefule, J.O., Altunbay, M.H., Tiab, D., Kersey, D.G and Keelan, D.K.: 1993, Enhanced Reservoir
description using core and log data to identify hydraulic (flow) units and predict permeability in
uncored intervals/wells, paper SPE 26436.
Arri, L.E., Yee, D., Morgan, W.D., AND Jeansonne, M.W.: 1992, Modelling Coalbed Methane
Production With Binary Gas Sorption, SPE 24363, Society of Petroleum Engineers Rocky Mountain
Regional Meeting, Casper, Wyoming May 18-21 (1992).
Barrer RM. Zeolites and Clay Minerals (Chapter 6). New York: Academic Press, 1978.
Bathia, S.K.: 1987, Modeling the Pore Structure of Coal, American Institute of Chemical Engineers
Journal, 33: p. 1707-1718.
Bertheux, W.B.: 2000, Enhanced Coalbed Methane Production by CO2-injection; Theory, Experiments
and Simulation. Novem-TUD Technical report, contr. Nr. 222103/2008-B: 106 p.
Bossie-Codreanu, D., Wolf, K.H.A.A. and Ephraim, R.E.: 2003, A new Characterization Method for
Coalbed Methane. Proc. 5th European Coal Conference, Mons-Frameries, Belgium on September
17-19, 2002..
Busch, A., Gensterblum, Y. and Krooss B.M.: 2003, Methane and CO2 sorption and desorption
measurements on dry Argonne Premium Coals: Pure components and mixtures, International
Journal of Coal Geology, in press.

Development of advanced reservoir characterisation and simulation tools for improved coal bed methane recovery

PART III PAGE 52 OF 56

Bustin, R.M. and Clarkson, C.R.: 1999, Free Gas Storage in Matrix Porosity: a Potentially Significant
Coalbed Resource in Low Rank Coals, paper 9956 presented in 1999 International Coalbed
Methane Symposium, Tuscaloosa, AL, May 5-9.
Ciembroniewicz, A. and Marecka, A.: 1993, Kinetics of CO2 Sorption for Two Polish Hard Coals, Fuel,
72, p. 405-408.
Clarkson, C.R. and Bustin, R.M.: 1999a, The Effect of Pore Structure and Gas Pressure upon the
Transport Properties of Coal: a Laboratory and Modeling Study. 1. Isotherms and Pore Volume
Distributions, Fuel, 78: p. 1333-1344.
Clarkson, C.R. and Bustin, R.M.: 1999b, The Effect of Pore Structure and Gas Pressure upon the
Transport Properties of Coal: a Laboratory and Modeling Study. 2. Adsorption Rate Modeling, Fuel,
78: p. 1345-1362.
Clarkson, C.R. and Bustin, R.M.: 2000, Binary Gas Adsorption/ Desorption Isotherms: Effect of Moisture
and Coal Composition Upon Carbon Dioxide Selectivity Over Methane, International Journal of
Coal Geology, 42: p. 241-271.
Di L. and Beckner, B.: 1999, New Efficient Averaging Technique for Scale-up of Multimillion-Cell
Geologic Models, paper SPE 56554, SPE Annual Technical Conference and Exhibition, Houston,
Oct 1999.
Draxler, J.K. and Edwards, D.P.: 1984, Evaluation Procedures in the Carboniferous of Northern Europe,
9th International Formation Evaluation Symposium, SAID, Paris, (Oct. 1984)
Gamson, P.D., Beamish, B.B. and Johnson, D.P.: 1993, Coal Microstructure and their Effects on Natural
Gas Recovery, Fuel, 72: 87-99.
Gan H, Nandi SP andWalker Jr PL.: 1972, Nature of the Porosity in American Coals, Fuel 51:272.
Gray, I.: 1987, Reservoir engineering in coal seams: Part 1 – The physical process of gas storage and
movement in coal seams. SPE Reservoir Engineering, February 1987, 28-34.
Geet, M.van and Swennen, R.: 2001, Quantitative 3D-Fracture Analysis by Means of Micro focus X-ray
Computer Tomography (µCT): an Example from Coal. Geophysical Research Letters 28 (17): 33333336.
Hall, F.E., Chunhe, Z., Gazem, K.A.M., Robinson, R.L. and Yee, D.: 1994, Adsorption of Pure Methane,
Nitrogen and Carbon Dioxide and Their Binary Mixtures on Wet Fruitland Coal, SPE 29194, Society
of Petroleum Engineers Eastern Regional Conference and Exhibition, Charleston, W.V., p. 329-344.
Haan, DE, M.F.E.: 1999, Enhanced Coalbed Methane Production by CO2-injection; Theory, Experiments
and Simulation. Novem-TUD Technical report, contr. Nr. 222103/2008-A: 77 p.
HARFA (Bucnicek, Nezadal and Zmezkal, Brno University of Technology, Czech Republic (references
on the web).
Hornung, U.: 1996, Homogenization and Porous Media, Interdisciplinary Applied Mathematics Volume
6, Springer Verlag, New York, Berlin, Heidelberg, pp. 129-146.
International Union of Pure and Applied Chemistry, Pure Appl Chem (1994) 66 1739.
Krooss, B.M., Van Bergen, F., Gensterblum, Y., Siemons, N., Pagnier, H.J.M. and David, P.: 2002, High
Pressure Methane and Carbon Dioxide Adsorption Isotherms on Dry and Moisture-Equilibrated
Pennsylvanian Coals, International Journal of Coal Geology, 51: 69-92.
Law. D.H.S., van der Meer, L.G.H. and Gunter, W.D.: 2002a, Numerical Simulator Comparison Study
for Enhanced Coalbed Methane Recovery Processes, Part I: Pure Carbon Dioxide Injection, Paper
SPE 75669 presented at The SPE Gas Technology Sysmposium, Calgary, Alberta, Canada, April 30May 2, 14p.
Lu, L., Sahajwalla, V., Kong, C. and Harris, D.: 2001, Quantitative X-Ray Diffraction Analysis and Its
Application to Various Coals, Carbon, 39: 1821-1833.
Marecka, A. and Mianowiski, A.: 1998, Kinetics of CO2 and CH4 Sorption on High Rank Coal at
Ambient Temperatures, Fuel, 77: pp. 1691-1696.

Development of advanced reservoir characterisation and simulation tools for improved coal bed methane recovery

PART III PAGE 53 OF 56

Mavor, M.J. and Vaughn, J.E.: 1997, Increasing absolute permeability in the San Juan basin Fruitland
formation, Proc., 1997 International Coalbed Methane Symposium, Tuscaloosa, Alabama, 12-16
May, pp. 33-45.
McKee, C.R., Bumb, A.C., and Koenig, R.A.: 1987, Stress-dependent permeability and porosity of coal,
Proc. Coalbed Methane Symposium, Tuscaloosa, Alabama (November) pp. 183-193

Meaney, K. and Paterson, L.: 1996, Relative Permeability in Coal, paper SPE 36986 presented at
SPE Asia Pacific Oil & Gas Conference.
Nodzenski, A.: 1998, Sorption and Desorption of Gases (CH4, CO2) on Hard Coal and Activated Carbon
at Elevated Pressures, Fuel, 77: 1243-1246 .
Palmer, I. and Mansoori, J.: 1996, How permeability depends on stress and pore pressure in coalbeds: a
new model, paper SPE 36737 presented at the 1996 Ann. Tech. Conf., Denver, Colorado, 6-9
October.
Pattison, C.I., Fielding, C.R., McWatters, R.H., Hamilton, L.H.: 1996, Nature and Origin of fractures in
Permian Coals from the Bowen Basin, Queensland, Australia, From: Gayer et al., Coalbed Methane
and Coal Geology, London, Geological Society Special Publication No. 109, United Kingdom: 131 –
150.
Pirson S.J.: 1975, Log Interpretation in Rocks with multiple porosity types – Oil and Water wet, World
Oil, June 1975.
Pratt, T.J. et al.: 1999, Coal Gas Resource and Production Potential of Subbituminous Coal in the Powder
River Basin, paper 55599 presented at the SPE Rocky Mountain Regional Meeting, Wyoming, May
15-18 1999.
Pyrak-Nolte, L.: 1995, Porosity of natural fracture networks, Geophysical Research Letters 22 (11):
1397-1400, June 1995.
Rasmus, J.C: 1983, Variable Cementation Exponent, m for fractured carbonates, The Log Analyst.
Reeves, S., Taillefert, A., Pekot, L. and Clarkson, C.: 2003, The Allison Unit CO2 – ECBM Pilot: A
Reservoir Modeling Study, Topical Report, U.S. Department of Energy, DE-FC26-0NT40924
(February).
Ruckenstein, E., Vaidyanathan, A.S., and Youngquist, G.R.: 1971, Sorption by Solids with Bidisperse
Pore Structures, Chemical Engineering Sciences 26: 1305-1318.
Seidle, J.P., Jeansonne, D.J. and Erickson, D.J.: 1992, Application of matchstick geometry to stress
dependent permeability in coals, paper SPE 24361 presented at SPE Rocky Mountain Regional
Meeting, Casper, Wyoming, 18-21 May, pp. 433-444.
Setzmann, U. and Wagner, W.: 1991, A new equation of state and tables of thermodynamic properties for
methane covering the range from the melting line to 625 K at pressures up to 1000 MPa, Journal of
Physical and Chemical Reference Data 20, 1061–1155.
Smit, M., Bruining, J., Pop, S., and Schotting, R.J.: 2002, An example calculation of the dispersion
coefficient in a 2-D porous medium with homogenization, XIV International conference on
Computational Methods in Water Resources, June 2002, Delft, The Netherlands.
Span, R. and Wagner, W.: 1996, A New Equation of State for Carbon Dioxide Covering the Fluid Region
From the Triple-Point Temperature to 1100 K at Pressures up to 800 MPa, Journal of Physical and
Chemical Reference Data 25: 1509 – 1596.
Stehfest, H.: 1970, Algorithm 368, Numerical Inversion of Laplace transforms, Communications of the
ACM 13 (1): 47-49 .
Steidl, P.F., Ferguson, P. Litzinger, L.A.: 1997, Evaluation of Coal Fragments from the Black Warrior
Basin of Alabama - Application of digital image analysis., Proc. May 1997 Coalbed Methane
Symposium, Tuscaloosa, Alabama, USA, pp. 303 - 312.

Development of advanced reservoir characterisation and simulation tools for improved coal bed methane recovery

PART III PAGE 54 OF 56

Stevenson, M.D., Pinczewski, W.V., Somers, M.L. AND Bagio, S.E.: 1991, Adsorption/ Desorption of
Multi-Component Gas Mixtures at In-Seam Conditions, SPE 23026, Society of Petroleum Engineers
Asia Pacific Conference, Perth, Australia, November 4-7.
Tiab, D., Marschall, D.M. and Altunbay, M.H.: 1993, Method for Identifying and Characterizing
Hydraulic Units of Saturated Porous Media: Tri-Kappa Zoning Process, US Patent 5193059, March
9, 1993.
Wolf, K-H.A.A., R. Hijman, O.H. Barzandji, J. Bruining: 1999, Laboratory Experiments and Simulations
of the Environmentally Friendly Improvement of Coalbed Methane Production by CO2 Injection.
Proc. Int. Coalbed Methane Symp., Tuscaloosa, Alabama, USA, pp. 279-290.
Wolf, K-H.A.A., R. Ephraim, W. Bertheux, J. Bruining: 2001, Coal Cleat Classification and Permeability
Estimation by Image Analysis on Cores and Drilling Cuttings, Proc. May 2001 Coalbed Methane
Symposium, Tuscaloosa, Alabama, USA, paper no. 0102.
Wolf, K-H.A.A., Siemons, N., Ephraim, R.: 2002, Laboratory Research as a backing to CO2-sequestration
improved Coalbed Methane Production. Proc. 2nd Int. workshop “Present status and perspective of
CO2 sequestration in coal seams”, September 2002. JCOAL, JCOSC, Japan Fund for Global
Environment: 11-22
Yang, R.T., 1997: Gas Separation by Adsorption Processes, Imperial College Press, London.
Yee, D., Seidle, J.P. and Hanson, W.B.: 1993, Gas Sorption on Coal and Measurements of Gas Content,
AAPG Studies in Geology 38: 203-218.

