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1.1 Introduction
In this section we review activities carried out during the period of no-cost
extension of the 2006 GCEP award. We include the activities and results in the three
areas previously reported (GCEP Annual Report, 2006): modeling CO2 sequestration in
coal, evaluation of the feasibility of CO2 sequestration in a depleted oil field and
laboratory measurements on coal shrinkage and swelling.
1.2 Results
1.2.1 CO2 Sequestration in unmineable coalbeds of the Powder River Basin, Wyoming
We have continued our examination of the feasibility of sequestering CO2 in
unmineable coalbeds by conducting a reservoir characterization study and fluid flow
simulations on coalbeds in the Powder River Basin (PRB), Wyoming. In particular, we
were interested in the ECBM potential of CO2 sequestration and modeling the effects of
horizontal hydraulic fractures on CO2 injectivity. Our study focused on the subbituminous Big George coal, part of the Wyodak-Anderson coal zone of the Tertiary Fort
Union Formation. The main results from this study have been presented in previous
GCEP reports. In this section we will describe results from a sensitivity study carried out
on the parameters used in the fluid flow simulations. Table 1.1 lists the parameter values
for the base case simulation.
Sensitivity Analysis
At present we have carried out a sensitivity study on a number of the model and
simulation input parameters, including cleat permeability and porosity, the BHP injector
constraint, cleat spacing, cleat compressibility, reservoir pressure, coal thickness, gas
diffusion time, and the Palmer and Mansoori (1996; 1998; GEM 2005) parameters.
Figure 1.1 shows the results of this sensitivity analysis. We are currently investigating
the effect of well spacing, using a horizontal injection well and injecting flue gases on the
CO2 sequestration and ECBM potential of the Big George coal.

2

Cleat Permeability
Doubling the cleat permeability increased CH4 production and CO2 injectivity (Figure
1.1). However, CO2 breakthrough occurred earlier than in the base case and a larger
volume of CO2 was produced. By increasing the permeability we increased the total gas
flow through the cleats. In contrast, halving the permeability reduced CH4 production
and the CO2 injection rate, but meant that CO2 breakthrough was negligible (Figure 1.1).
We also looked at the effect of using a homogeneous cleat permeability field
compared to a heterogeneous field on total gas volumes injected and produced. Almost
all other ECBM simulation studies use a constant cleat permeability, which does not
capture the heterogeneous nature of cleat permeabilities in the field. Our simulations
show that if we used a homogenous cleat permeability field we would over predict the
amount of CO2 that can be injected and CH4 that can be produced (Figure 1.1). This
suggests that it is better to try and capture the heterogeneity of the coal cleat permeability
in the reservoir model or you will over predict the coal’s CO2 sequestration potential.
Cleat Porosity
Halving the cleat porosity increased CH4 production and CO2 injectivity, whereas
doubling the porosity decreased both CH4 production and total CO2 injected (Figure 1.1).
By doubling the cleat porosity we introduced more water into the cleats (since we specify
that the cleats are water saturated), making it harder for the gas to flow through the cleats
and requiring additional water to be produced.
Cleat Spacing
Decreasing the cleat spacing increased both the total CO2 injected and CH4 produced
(Figure 1.1). Increasing the number of cleats in the model meant that the injection rate
could increase because there are more high permeability areas in which the CO2 can be
injected. The higher number of cleats also decreased the diffusion time, which is why a
lot more CH4 could be produced. The faster the diffusion, the faster methane can desorb
and flow to the production wells.
It is interesting to note that decreasing the number of cleats in the horizontal direction
did not have much of an effect on CO2 injection volumes or CH4 production volumes. It
seems that the most important pathways to the producer are the vertical cleats.
Maximum Bottom Hole Pressure Injector Constraint
The BHP constraint for the injector had a significant effect on the total volume of
CO2 injected and total CH4 produced. Increasing the constraint meant that more CO2 was
injected, causing more CH4 to be desorbed from the matrix in exchange for CO2 (Figure
1.1).
Gas Diffusion Coefficient
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Increasing the gas diffusion coefficient increased both the total volume of CO2
injected and the total volume of CH4 produced (Figure 1.1). Increasing the diffusion
coefficient meant that adsorption and desorption were faster. More CH4 was produced
because a lot more was able to desorb and flow to the wells within the simulation run
time.
Coal Thickness
Halving the coal thickness had the effect of decreasing the total volume of CO2
injected and CH4 produced because of the lower initial CH4 in place and lower coal
volume for CO2 storage (Figure 1.1).
Reservoir Pressure
Increasing the reservoir pressure also decreased the total CO2 injected, whereas the
total CH4 produced increased (Figure 1.1). The decrease in CO2 injectivity is because the
pore pressure in the reservoir is higher than in the base case, so less gas can be injected.
And the increase in CH4 production is because there is more initial CH4 adsorbed.
Palmer and Mansoori Paramters
Cleat compressibility and strain at infinite pressure are included in the Palmer and
Mansoori equation (Palmer and Mansoori, 1996; 1998; GEM 2005) that calculates cleat
permeability changes due to desorption and adsorption of gases in the coal matrix and
changes in effective pressure. We found that by decreasing the cleat compressibility we
decreased both the total volume of CO2 injected and the total volume of CH4 produced
because it became harder to open the cleats (they became stiffer) and therefore increase
permeability (Figure 1.1).
The Palmer Mansoori parameter “volumetric strain at infinite pressure” is a measure
of the volume change in the coal matrix due to the adsorption and desorption of gases,
and can be fit by a Langmuir curve (Harpalani, 2005). A higher strain means that there is
a greater change in matrix volume, and if that change is an increase in volume, then the
permeability reduction will be large, reducing injectivity and production. This is what we
observe when we increase the volumetric strain for CO2 (Figure 1.1). However, when we
increase the volumetric strain for CH4 we see an increase in both CO2 injection and CH4
production, which means that there has been a large, negative change in the matrix
volume because of desorbing CH4 (decrease in volume), so matrix shrinkage dominates
in this case and cleat permeability increases (Figure 1.1).
Young’s modulus, Poisson’s ratio and the exponent used to relate cleat porosity and
permeability are also included in the Palmer and Mansoori equation, but from Figure 1.1
we can see that CO2 injection and CH4 production are not very sensitive to these
parameters.
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Table 1.1: Input parameters for the fluid flow base case simulation.
Input Parameters
Initial temperature, °C
Reservoir pressure gradient, kPa/m

Values
22
7.12

Coal gas composition

90% CH4, 0% CO2, 10%
N2
99% in cleats, 0% in
matrix
4000
1000
10
0.04-0.7
0.011-0.1

Water saturation
Injector BHP constraint, kPa
Producer BHP constraint, kPa
Cleat spacing, cm
Matrix permeability, mD
Matrix porosity
Cleat permeability, mD

Cleat porosity

Adsorption/desorption parameters for
PRB coal samples
(dry coal desorption for CH4 and N2
and moist coal adsorption for CO2)
Diffusion coefficient, cm2/s
Rock compressibility

Shrinkage/swelling
(Palmer
and
Mansoori, 1996; 1998) for modified
Palmer and Mansoori equation in
GEM 2005

S3, kPa

References
Tang et al. (2005)
Advanced Resources International,
Inc. (2002)

Horizontal face cleat
direction, 7-152,
horizontal butt cleat
direction, 1-48 and
vertical direction, 1-48
0.023-0.208

Langmuir volume: 0.577
gmol/kg for CH4, 1.67
gmole/kg for CO2
Inverse
Langmuir
pressure, 1.7E-3/kPa for
CH4, 8.5E-4/kPa for CO2
0.000001 (100 days) for
CH4 and CO2
Rock
compressibility,
1.45E-7/kPa for matrix
and 2.9E-5/kPa for cleats
Reference pressure, 2246
kPa for matrix and cleats
Strain Langmuir pressure
for CH4, 2069 kPa and
CO2, 345 kPa
Young’s
modulus,
0.413E7 kPa
Poisson’s ratio, 0.39
Strain at infinite pressure
for CH4, 0.007 and CO2,
0.013
Exponent, 3
6200
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Advanced Resources International,
Inc. (2002)
History-matching
Flores (2004), Ayers (2002)
Flores (2004)
Advanced Resources International,
Inc. (2002)
Literature (Flores et al., 2004;
Twombly, et al., 2004; Mavor et al.,
2003; Ayers, 2002; Laubrach et al.,
1998; USGS, 1995), and historymatching
Literature (Twombly, et al., 2004;
Mavor et al., 2003; Advanced
Resources International, Inc., 2002;
USGS, 1995) and history-matching
Tang et al. (2005)

GCEP Technical Report (2004)
Law et al. (2003) for matrix and
USGS (1995) for cleats

Harpalani (2005)

Jones et al. (1998)
Jones et al. (1988)
Harpalani (2005)

Palmer and Mansoori (1996; 1998)
Colmenares and Zoback (in press)

Figure 1.1: Total volumes of CO2 injected and CH4 produced due to changes in
the model and input parameters for the fluid flow simulations. Cleat
compressibility, Young’s modulus, Poisson’s ratio, matrix volumetric strain
and the exponent used to relate cleat porosity and permeability are all
included in the Palmer and Mansoori (1996; 1998; GEM 2005) equation.
The dark blue boxes correspond to the base case, and the values used for the
parameters in the base case are listed in Table 1.1. All of these simulations
incorporate matrix shrinkage and swelling, but no hydraulic fracture.

1.2.2 The Stability of Sealing Faults in the Teapot Dome field
A comprehensive geomechanical model for the Tensleep Fm. was generated in the
context of providing the technical foundation required for the Rocky Mountain Oilfield
Testing Center (RMOTC) and its partners to consider and design a CO2 injection project
at Teapot Dome. This model allows the project team to quantitatively estimate the pore
pressure at which the S1 fault would slip, and therefore supports predictions about the
risk of leakage in the target storage unit.
As reported previously, we found that at the depth of the Tensleep Fm. (red line in
Fig. 1.3) approximately 17 MPa of excess pressure would be required to cause the fault to
slip. This pressure corresponds to a CO2 column height of approximately 2500 m (at a
density = 700 kg/m3). As the structural closure of the Tensleep Fm. in this area is no
more than 100 m, we established that the S1 fault is not at risk of reactivation and
becoming a possible leakage pathway for CO2 migration.
During the no-cost extension of this project, we used Quantitative Risk Assesment to
formally evaluate how uncertainties in the horizontal principal stress (Shmin and SHmax)
magnitudes, as well as uncertainties of the strike and dip of the fault (due to limits on
seismic resolution and time-depth conversion) affect the slip potential of the S1 fault.
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Random distributions of S1, S2, and S3 were generated based on the mean, minimum
and maximum stress values estimated in each well. For simplicity, Normal Fault (S1=Sv,
S2=SHmax and S3=Shmin) and Strike-Slip (S1=SHmax, S2=Sv and S3=Shmin) cases were
analyzed separately using over 3000 Monte Carlo Simulations. Figure 1.2 (for normal
faulting) and Figure 1.3 (for strike-slip faulting) show the fault slip probability as a
function of reservoir pressure for variations of the indicated component of the stress
tensor (the others remaining fixed). From this analysis it was established that in 99.9% of
the cases the pressure at which slip on the S1 fault would be induced is above 14 MPa.

Figure 1.2: Fault slip potential probability for Normal Fault environment, as function of each of
the components of the stress tensor, varying S1 (maintaining S2 and S3 fixed) (left);
varying S2 (maintaining S1 and S3 fixed) (center) and varying S3 (maintaining S1 and
S2 fixed) (right).

Figure 1.3: Fault slip potential probability for Strike-Slip environment, as function of each of the
components of the stress tensor, varying S1 (maintaining S2 and S3 fixed) (left); varying
S2 (maintaining S1 and S3 fixed) (center) and varying S3 (maintaining S1 and S2 fixed)
(right).
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To account for the uncertainties in the geometry of the fault, Figure 1.4 illustrates the
fault slip potential probability as a function of variations in the azimuth (Fig. 1.4, left)
and dip of the fault (Fig. 1.4, right). These cases where evaluated with the mean values of
the stress tensor. Even though the biggest impact in the fault slip potential is function of
the uncertainty in the dip, for 99.9% of the cases considered, the pressure perturbation
values are above 10 MPa.

Figure 1.4 Fault slip potential probability as function of variation in the fault azimuth (left) and
in the fault dip angle (right). The mean value of the stress tensor was used to analyze
these scenarios.

Conclusions
A comprehensive Quantitative Risk Assesment for the Tensleep Fm. was performed
in the context of providing the technical foundation required for the RMOTC and its
partners to consider and design a CO2 injection project at Teapot Dome. The components
of the stress tensor as well as the geometry of the fault were subjected to a sensitivity
analysis, from what it was established that in the more pessimistic scenario (lower values
of fault dip) 99.9% of the cases, at the depth of the target horizon, it would require
approximately 10 MPa of excess pressure to cause the S1 fault to reactivate. This value
could be achieved by a CO2 column height of approximately 1500 m. As the average
closure of the Tensleep Fm. structure in this area does not exceed 100 m, the S1 fault
does not appear to be at risk of reactivation and therefore providing a leakage pathway
for CO2 under the present stress field.
Planned refinements to this analysis are direct measurements of Shmin to be taken in
the Tensleep Fm. as well as in the caprock; these will provide more reliable estimates of
maximum sustainable pressures before hydrofracturing the caprock, and the maximum
CO2 column height that this structure could support. The sensitivity analysis highlighted
the influence of the fault dip angle in the Pcp estimation, therefore refining the time-depth
conversion model to accurately estimate the dip of the fault is also essential. Accounting
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for other faults, under the seismic resolution, will have to be determined, either from FMI
interpretation and well correlation, or from surface reservoir analogs.
1.2.3 Laboratory Studies of Coal Shrinkage and Swelling
To date, efforts in the laboratory have been focused on modifying and adding
equipment to optimize the apparatus for measuring the physical and chemical properties
of coal. Specifically, flow controllers, new pore fluid lines, and a gas analyzer were
added to the apparatus, so that gas permeability could be measured during coal shrinkage
and swelling experiments. The existing fluid permeability setup remains fully functional,
and both the gas and fluid pore lines can be used simultaneously, so it will be possible to
study fluid substitution effects or two-phase flow. The temperature control setup was
modified to improve its accuracy and provide greater stability over long periods of time.
As described below, this was necessary because each experiment is expected to run for
several weeks. Modifications and the necessary system calibrations were completed in
October 2006, and experiments are currently underway. The new laboratory system can
be seen in schematic form in Figure 1.5. A detailed view of the new permeability system
and sample coreholders is provided in Figure 1.6.

Figure 1.5: Schematic view of the completed laboratory apparatus. Items
connected by the green hydraulic lines (Gas canister, flow controllers,
analyzer) represent the new equipment added to the system.
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Axial and Radial
Strain Gauges

Pore Pressure Lines

Axial Load Cell

Figure 1.6: Photograph showing modified coreholder assembly, including new
pore pressure lines for gas permeability measurements. A coal sample core
can be seen in the center of the coreholder assembly, jacketed in Teflon
heatshrink tubing.

The experimental plan was changed from the original plan proposed last year, in
order to better integrate with the laboratory studies being performed by other groups
(Anthony Kovscek and Jerry Harris), and to provide better constraints on the input
parameters going into the numerical modeling studies of enhanced coal bed methane and
CO2 sequestration in coal beds. The current experimental plan is shown in Figure 1.7, and
consists of the following three phases: 1) baseline measurements of physical properties
(static, dynamic, and permeability) in the presence of an inert gas (Helium), 2)
measurements of shrinkage/swelling and the associated effect on permeability in the
presence of methane or carbon dioxide, and 3) measurements of coal plasticity as a
function of temperature. Because it has been difficult to obtain intact core samples from
the Powder River Basin coal, the experimental plan has been designed to derive as much
information as possible from each sample. Each of these phases is described in more
detail below.
1) Numerical results from the Powder River Basin (PRB) case study suggest that
both methane production and CO2 injectivity are sensitive to the elastic properties
of the coal. The first phase of our experimental plan has been designed to measure
the elastic properties of coal. Bulk modulus, Young’s modulus, and Poisson’s
ratio will be measured both statically (2 axial LVDTs and 1 radial chain gauge),
and dynamically (ultrasonic P and S waves at 1 MHz) as a function of effective
stress. Helium permeability will be measured simultaneously with deformation, at
a constant pore pressure of 300 psi. As shown in Figure 1.7, effective stress on the
samples will be increased at a constant rate, although several holds are planned
during loading, to ensure that time-dependent plastic deformation is not occurring.
2) Coal beds are unique among gas reservoirs, because the physical properties of
coal change as a function of the gasses adsorbed to the coal matrix. We are
10

interested in knowing how the physical properties of coal change during
desorption of CH4 and adsorption of CO2. During Phase 2 of the experimental
plan, we will measure the shrinkage and swelling of the coal matrix in response to
adsorbing CH4 or CO2, and then repeat the loading history of Phase 1, to study the
effect of adsorbed gas on the elastic properties of the coal. While numerical
results from the PRB case study suggest that matrix swelling due to CO2
adsorption has a minor effect on cleat permeability, the results assumed that the
Palmer-Mansoori equation is valid. We plan to test this assumption in the
laboratory, and modify the equation if necessary to refine the numerical results.

3) Finally, during Phase 3 of the experiment, we plan to increase the temperature of
the pressure vessel using an insulated heating coil, and repeat the loading history
from Phase 1, to investigate the potential effects of plasticity on gas permeability
and velocity. Temperatures will range from 50 to 100 C, to simulate in situ
conditions. If plasticity is observed, static plastic moduli will be measured, and a
full elastic-plastic failure envelope will be constructed for the coal. Plasticity can
have a potentially large impact, particularly if CO2 decreases the plastic transition
temperature. It is anticipated that plasticity would increase the compressibility of
the cleats, thereby decreasing the cleat permeability.
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Figure 1.7: Schematic diagram describing the experimental plan for the Powder
River Basin coal samples. Both powdered and intact coal samples will be
tested following this general procedure. See the text for details.
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