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Abstract

Numerical simulations are used to investigate the impact of intrinsic and ex-
trinsic reservoir properties on the production from coal and organic rich li-
thologies in the Lower Cretaceous Mannville coal measures of the Western
Canadian Sedimentary Basin. The coal measures are complex reservoirs in
which production is from horizontal wells drilled and completed in the thick-
est coal seam in the succession (1 m versus 3 m), which has production and
pressure support from thinner coals in the adjacent stratigraphy and from or-
ganic-rich shales interbedded and over and underlying the coal seams. Nu-
merical models provide insight as to the relative importance of the myriad of
parameters that may impact production that are not self-evident or intuitive
in complex coal measures.
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1. Introduction

Coal gas production of stratigraphically and structurally complex coal measures
is dependent on a myriad of interrelated variables. Hence, isolating the contribu-
tion of intrinsic and extrinsic variables to productivity is challenging at best and
commonly impossible. In coal measures, such as those of the Lower Cretaceous,
Mannville Group, in the Western Canadian Sedimentary Basin, where multiple
coal seams and organic rich shales occur, the problem is further compounded. In

an attempt to better understand the relative importance of controls on well
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productivity, we have investigated the variation in producability of coals and as-
sociated organic rich gas shales through a parametric analysis using a numerical
modelling program, which simulates gas and water production. The numerical
models are grounded in field and laboratory analyses of coals throughout the
producing Mannville fairway in Alberta [1].

In previous studies, the fabric of the reservoir, which includes the fracture net-
work as well as the microfabric of the matrix, has been shown to control produca-
bility of both coals and shales (e.g. [2] [3]). The fracture network controls both the
fracture permeability and the path length for gas transport through the matrix,
while the microfabric of the matrix controls the rate of gas transport through the
matrix. The production potential of the coal and shale layers is most sensitive to
fracture permeability, which depends on the fracture spacing, fracture aperture,
and relative fluid saturation. In comparatively weak coals, significant dynamic
changes in the fracture permeability can also occur with gas production as a result
of matrix shrinkage (e, fracture dilation), due to gas desorption, as well as matrix
swelling (Ze., fracture compaction) with increasing stress, due to reservoir pressure
depletion ([4] [5]). Understanding the dynamic changes in coal fracture permea-
bility requires knowledge of the mechanical properties and the volumetric strain
associated with gas desorption.

In the producing Mannville coal measures in south-central Alberta (Figure 1),
production is mainly from horizontal wells drilled and completed in the thickest
coal seam in the succession (Figure 1(c)). Significant gas, generally not considered
in the total gas-in-place calculations, is present within adjacent coal seams and
high organic content, fine-grained strata (referred to here as gas shales) that are
interbedded with or under and overlie the coals (Figure 1(a)). References [1] and
[6] showed that 63% of the total calculated gas-in-place in the Upper Mannville
coals is contained within the minor coal seams, including the shales increases the
total gas-in-place 1.7 times that of the coals (Figure 1(d)). Reference [7] presented
numerical simulations, showing that the minor coal seams increase the recovered
gas by 1.4 times (x) and the recovered water by 3.0x, while the shale beds result in
1.7x more produced gas and 2.5x more produced water after 25 years of produc-
tion than when only the main coal seam is considered.

In this study, the importance of the gas content and fabric parameters of both
the coal and shale layers on production are quantified, compared, and ranked
through a parametric analysis. Experimental and field data from the Mannville
coal measures and adjacent shales in the Corbett region in south-central Alberta
(Figure 1(b)) are used as model inputs for a general equation-of-state reservoir
simulator (CMG-GEM). The parametric analysis was performed by systematically
varying all model parameters, between their maximum and minimum values de-
termined from the data compilation. A constant coal fracture permeability was
input for the first stage of the parametric analysis, following which a
stress-dependent coal fracture permeability model was used and the impact of the
coal fracture compaction/dilation parameters on the productivity was also investi-

gated. The impact of the parameters varies with production, often in
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Figure 1. (a) Schematic cross-section across the Western Canadian sedimentary basin
(modified from [8]). (b) Mannville coal distribution in Alberta shown as the grey region
and the location of the Corbett fairway, shown as the red rectangle (modified from [9]).
(c) Schematic diagram of a single horizontal well, 1000 - 1600 m long, drilled and com-
pleted in the main (Ze., thickest) coal seam in the sequence (modified from [10]). (d)
Cumulative resource by BCF/section for the P10, P50, and P90 gas contents showing the
contribution of the main coal seam, all coal seams >0.15 m, and the shales (variably or-
ganic mudstones) for the Mannville coal measures (modified from [6]).

complicated ways and while most of the results were anticipated, some are not
intuitive. A better understanding of the impact of the coal and shale parameters
on well productivity provides insights for reserve analysis and for optimising

well spacing units, lateral lengths, and orientations.

2. Model Parameters

The model parameters for this study were compiled from existing industry and
academic databases as well as from new laboratory tests on coal and shale sam-
ples collected from three Mannville wells: 12-31-62-05W5, 15-27-62-06W5, and
16-10-62-06W5. The production was simulated from a single 1000 m long hori-
zontal well centered within a 6400x 6400 m model, discretized into 100 m grid
blocks. The horizontal well is oriented within the model perpendicular to the di-
rection of the maximum coal fracture permeability, which based on field data is
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known to be anisotropic, due to the anisotropy of the far field stress (Figure
2(c)). The depth and thickness of the horizontally stacked coal seams in the
models, determined from interpretations of logs from well 16-10-62-06W5, are
shown in Table 1. During the parametric analysis, the production for the model
with the coal geometry from well 16-10-62-06W5 was compared to the produc-
tion for models with coal geometries from the 12-31-62-05W5 and 15-27-62-
06W5 wells, which are also shown in Table 1. Layers (beds) of gas shales are in-
terbedded with the coal layers, with thickness varying from 1.1 m to 20 m. In the
model design, shale layers 20 m thick were also added for 200 m above and 400
m below the reservoir, resulting in a model extending from 745 to 1415 m in
depth. A cross-section of the model showing the geometry of the coal versus
shale layers is shown in Figure 2. The original-gas-in-place (OGIP) within the
wet (S, > 0) Mannville Group is in the adsorbed state while the cleats and frac-
tures are 100% water-saturated.

(@ 0 200 400 600 800 1200 1400 ; 1600
800
900

1000

1100

1200

(b) 700
920

1e-4 md 1g-3 md

Shale

Figure 2. Cross-section of the model through a plane containing the wellbore showing
the geometry of the coal seams (red) versus shale layers (blue); (a) Cross-sectional view of
the full model and (b) close-up of the reservoir. The labels for the coal seams and inter-
bedded shale layers are shown on; (b) The location of the horizontal well is shown by thin
white lines; (c) Three-dimensional schematic illustrating the coal (top) and shale (bot-
tom) fracture permeability anisotropy.

Table 1. Depth to top of coal seams and seam thickness in the 3 Mannville wells.

16-10-62-6W5 12-31-61-6W5 15-27-62-6W5
Coal Seam
Depth (m) Thick (m) Depth (m) Thick (m)  Depth (m)  Thick (m)

Ul 945.3 0.9 940.0 1.0 963.0 0.8
U2 957.5 0.7 950.0 2.0 992.8 0.6
U3 959.3 0.7

M 980.0 4.0 969.5 33 997.0 3.1
L1 986.0 1.8 980.0 1.0 1003.5 0.5
L2 994.6 1.0 991.0 1.5 1005.4 1.3
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Estimates of the parameter values for each lithologic unit are not available
and, since accurate production forecasting and history matching are not the
goals of the modelling, the model parameters were averaged such that each coal
seam, while having unique geometry, is assigned equal parameter values. All the
shale layers were also assigned equal parameter values, which were chosen from
the statistics of measured values from all shales. When appropriate, probability
distributions were calculated for the parameter values by first fitting a normal
distribution to each dataset and then performing a Monte Carlo simulation. The
average values were thus chosen as the 50% probability (P50). Insufficient data
exists for several of the parameters, in these cases simple arithmetic averages
were calculated (parameters with 2 < 15 in Table 2). Lacking methods for accu-
rate field measurements, the effective fracture spacings were estimated from
historical knowledge of unconventional reservoirs and the fracture porosities
were estimated from the match-stick model ([11] [12]).

During the parametric analysis, the models with end-member parameter val-

ues were systematically compared. The end-member values were chosen as the

Table 2. The input parameters used during the modelling.

Reservoir Coal Shale

Parameter
n Min Ave Max n Min Ave Max n Min Ave Max

Temperature, °C 130 36 42 47

Pressure gradient, kPa/m 279 6.5 82 9.5

Water saturation, % 90 99 99.9
Critical water saturation, % 55 60 65
Bottom hole pressure, kPa 200
Density, g/cc 354 1.4 35 2.2
Langmuir volume, cc/g 45 99 137 17512 024 15 7.2
Langmuir pressure, MPa 45 38 57 76 12 1.3 62 114

Matrix permeability, md 3 le-5 le-3 0.01 le-7 le-5 le-3

Diffusion, cm?/s 5e—4 0.05 0.5 8e—5 8e—-3 0.08

Matrix porosity, %
Effective fracture spacing, m
Max horiz fracture perm, md
Min horiz fracture perm, md

Vert fracture perm, md
Fracture porosity, %
Poisson’s ratio
Young’s modulus, GPa
Max strain at infinite P., MPa

Half-strain pressure, MPa

le-4

1 05 0.01

110 0.5 3.8 31
=Kmax/3
=Kmax/3

6e-3 0.01 0.03

31 0.25 0.36 0.47

37 05 23 4.6

3 042 1 16

3 29 52 74

le-4
5 10 15
le-4 le-3 0.01
=Kmax
=Kmax/10

5e-5 le—4 2e-4

Note the matrix porosity values listed above were assumed during the modelling, due to the bound matrix
water (matrix S, assumed to be zero in the model), and are not the measured values. Dynamic changes in
fracture permeability were only considered for the coals, thus no rock mechanics or volumetric strain pa-
rameters were input for the shales.
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P10 and P90 values when a probability distribution was calculated for the para-
meter; otherwise, they were chosen as the maximum and minimum values. The
average, minimum, and maximum parameter values used as model inputs as
well as the number of data points available for each parameter are tabulated in
Table 2.

3. Results

The reservoir modelling in this study was carried out using the commercial
CMG’s GEM advanced general equation-of-state compositional simulator. The
sensitivity of the producability of the Mannville reservoir from a 1000 m long
horizontal well to the coal and shale parameters was investigated through a pa-
rametric analysis. The base model for the parametric analysis is the model with
average parameter values and during the analysis, each coal and shale parameter
was systematically varied between end-member values, while all the other para-
meters are held at their average values and the resulting production over a 10
year history were compared. The impact of the parameter was quantified as the
ratios between the gas and water cumulative production predicted for the mod-
els with end-member parameter values. The ratio of gas recovered from the shale
layers versus the coal seams increases for all models over the production history.
The impact on the ratios of the gas recovered from shale versus coal layers at the
end of the 10 year production history were also quantitatively compared for the
end member models. The fracture permeability of the coals was initially assumed
to be independent of changes in porosity during production to investigate the
effect of the coal and shale parameters. The parameters in the first part of the
analysis include the Langmuir parameters, matrix permeability, fracture per-
meability, fracture spacing, and fracture porosity for both the coals and the
shales. The modelling results predict that the shale fracture porosity, shale frac-
ture spacing, and coal matrix permeability have low impacts on cumulative gas
and water production as well as the ratio of recovered shale to coal gas (all im-
pacts < 1.1x). While the results for these parameters are included in summary
plots, they are not further discussed in this paper. The results from the average
model were also compared to those simulated for models with the coal geome-
tries from the 12-31-62-05W5 and 15-27-62-06 W5 wells, in order to understand
the influence of the depth and thickness of the coal seams on the producability.
The second part of the parametric analysis investigates the impact of dynamic
changes in coal fracture permeability on production. The net importance of ma-
trix swelling with increasing effective stress versus matrix shrinkage with gas
desorption on the coal fracture permeability was determined as well as the sensi-
tivity of production to the Young’s modulus, Poisson’s ratio, volumetric strain,
and half-strain pressure. In comparison to the other coal fracture compac-
tion/dilation parameters, the half-strain pressure has a much lower impact on
the gas and water production and while the results are included in summary

plots, they are not further discussed.
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3.1. Comparison of Wells

The variation in production between the average model (16 - 10) and models
created from the coal seam depths and thicknesses from the 12-31-61-06W5 well
(12 - 31) and 15-27-62-06W5 well (15 - 27) was investigated. The parameter
values are the same for the 12 - 31 and 15 - 27 models as the average model ex-
cept for the depth and thickness of the strata, which were determined from the
well logs. The 12 - 31 and 15 - 27 wells both have thinner main coal seams than
the 16 - 10 well and one less upper coal seam, resulting in lower net coal thick-
ness (8.8 m and 6.3 m versus 9.1 m; Table 1). The coal seams in the 12 - 31 well
are shallower and extend over a larger depth range than the coal seams in the 16 -
10 well, which are shallower and extend over a larger depth range than the 15 -
27 well. While the coal seams in the 15 - 27 well are deeper and more closely
spaced than the 12 - 31 well, the main coal seam is thicker and the net coal pay is
greater in the 12 - 31 well.

The average model, which has the largest net coal thickness, predicts 1.2x and
1.1x higher cumulative gas production than the 12 - 31 and 15 - 27 models at the
end of the 10 year period (Figure 3(a)). Although the 12 - 31 model has 28%
higher coal OGIP than the 15 - 27 model, the higher initial reservoir pressure for
the 15 - 27 model, due to the deeper coals, and the more closely spaced coal
seams results in 1.2x more produced gas after 10 years (Figure 3(a)). The great-
er initial reservoir pressure for the 15 - 27 model than the 12 - 31 model results
in a slightly higher initial gas production rate (2.9% higher initial peak gas pro-
duction rate; Figure 3(b)). However, the thicker main coal seam for the 12 - 31
model predicts a faster initial increase in gas saturations, which results in slightly
higher gas production rates from 2 hours to 20 days and higher cumulative gas
production during the first month of production than the 15 - 27 model (1.3%
higher after 1 month).

The greater net coal thickness for the 12 - 31 than the 15 - 27 model, results in
2.4more produced coal gas after 10 years of production (dotted curves in Figure
3(a)). However, the contribution from the coals to the total produced gas for the
15 - 27 model is lower than for the 12 - 31 model (38% versus 43% after 10 years
of production). Although, the 12 - 31 model predicts greater coal gas produc-
tion, the lower contribution from the shales, which results is 1.7x less recovered
shale gas after 10 years of production, (dashed curves in Figure 3(a)), results in
the lower total cumulative gas production than the 15 - 27 model. The higher
produced shale gas and lower produced coal gas for the 15 - 27 model results in
a higher ratio of recovered shale to coal gas for the 15 - 27 model than for the 12
- 31 model (5.6 versus 1.6 after 10 years). Note that the ratio is lower for the av-
erage model (1.1 after 10 years) than the 12 - 31 and 15 - 27 models as a result of
the thicker main and lower coal seams.

The smaller reservoir pressure for the 12 - 31 model results in slightly (2.5%)
higher initial water production rates (Figure 3(d)) and the longer period of de-
watering predicts 1.1x higher cumulative water production at the end of the 10

year history than the 15 - 27 model (Figure 3(c)). The lower reservoir pressure
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Figure 3. Comparison of the gas (top) and water (bottom) cumulative production (left) and production rates
(right) simulated for the average model (16 - 10; red curves) versus models with the coal seam depths and thick-
nesses from the 12-31-61-06W5 well (12 - 31; blue curves) and 15-27-62-06W5 well (15 - 27; green curves). The

recovered coal gas (dotted curves) versus recovered shale gas (dashed curves) is also shown for the end-member
models on the cumulative gas production plot (a).

for the average model than the 15 - 27 model predicts 1.9x more produced water
after 10 years of production, while the thicker main coal seam, and resulting
greater volume of stored water in the fracture network, for the average model
than the 12 - 31 model predicts 1.8x more produced water after 10 years of pro-
duction (Figure 3(c)).

3.2. Coal Gas Content

The OGIP within the water-saturated Mannville Group is in the adsorbed state
and the gas in productive area is almost entirely methane with a few percent of
carbon dioxide ([1]). The statistical analysis of the Langmuir adsorption para-
meters determined from methane adsorption isotherm experiments provides the
input values (Table 2). Increasing the adsorbed gas content of the coal seams, by

changing the Langmuir constants (but keeping the initial reservoir pressure con-
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stant) between the P10 and P90 values, increases the coal OGIP by 2.3x. The
higher coal OGIP has a decreasing impact on the gas producability with time,
due to the longer required period of dewatering (due to higher initial gas satura-
tions and thus lower relative permeability to water) as well as the decreasing
importance of coal gas relative to shale gas (ie. increasing ratio of recovered
shale to coal gas with time) as the majority of the coal gas is produced during the
early half of the production history, while the majority of the shale gas is pro-
duced during the latter half). The impact on the cumulative gas production due
to varying the coal gas content from the P10 to P90 values decreases from 1.5x
after 1 month of production to 1.1x after 10 years of production (Figure 4(a)
and Figure 5(a)).

The higher gas saturations resulting from increased coal gas contents predicts
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Figure 4. Comparison of the gas (top) and water (bottom) cumulative production (left) and production rates
(right) simulated for the average model (V; = 13.7 cc/g and p. = 5.7 MPa; green curves) versus models with
end-member coal adsorption capacities: maximum value of Vz = 17.5 cc/g and pr = 3.8 MPa (red curves) and
minimum value of Vz = 9.9 cc/g and pr = 7.6 MPa (blue curves). The recovered coal gas (dotted curves) versus re-
covered shale gas (dashed curves) is also shown for the end-member models on the cumulative gas production plot

(a).
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Figure 5. Comparison of the impact of the coal, shale, and coal fracture compaction/dilation parameters on
the cumulative gas production (left) and the cumulative water production (right). The impact is calculated
by the ratio of cumulative production between the end-member parameter values: (Top and Middle) Lang-
muir constants ( Vzpr; pink curve); matrix permeability (4n; red curves), fracture porosity (¢; orange curves),
fracture spacing (a; green curves), and coal fracture permeability (& blue curves); (Bottom) coal fracture
porosity (¢ red curves), coal Young’s modulus (£} orange curves), coal Poisson’s ratio (1; green curves), coal
maximum volumetric strain at infinite pressure (blue curves), and coal half-strain pressure (light blue
curves). The ratios of the cumulative production between the model with the average coal fracture compac-
tion/dilation parameters and the model with constant coal fracture permeability is also shown (black
curves).

less water production, while the longer period of dewatering required by the

higher gas saturations decreases the impact on the water production with time
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(Figure 4(b) and Figure 4(c)). Increasing the coal gas content between the
end-member values results in 1.1x less produced water after 1 month of produc-
tion and slightly (5.9%) less produced water after 10 years of production.

The higher cumulative gas production associated with higher coal gas con-
tents results from the increased recovery of coal gas, whereas the recovery of
shale gas decreases, due to the pressure maintenance of the coals. Increasing the
coal gas content between the end-member values results in 1.5x more recovered
coal gas after 10 years of production (dotted curves in Figure 4(a)) and 1.2x less
recovered shale gas (dashed curves in Figure 4(a)). The importance of shale gas;
therefore, decreases for higher coal OGIPs, resulting in a lower ratio of shale to

coal gas (0.92 versus 1.6).

3.3. Coal Fracture Porosity

The Mannville coal has two well developed orthogonal cleats perpendicular to
banding throughout the producing fairway; however, the in situ fracture aperture
and hence the fracture porosity is poorly constrained as a result of dilation of the
cleat with core recovery. Lacking physical measurements of the fracture porosity, a
value has been estimated based on the match-stick model (ex. [11] [12]). The
match-stick model relates the average effective fracture spacing, fracture aperture
width, initial fracture permeability, and fracture porosity. Therefore, the coal frac-
ture porosity is recalculated when the coal fracture spacing and coal fracture per-
meability are varied during the parametric analysis. Increasing the coal fracture
spacing from 0.1 m to 1 m, decreases the coal fracture porosity from 0.03% to 7x
107% and decreasing the coal fracture permeability from 31 md to 0.5 md, de-
creases the coal fracture porosity from 0.02% to 6x 107%.

Decreasing the coal fracture porosity from the maximum to minimum
end-member values (from 0.03% to 6x 107%), which decreases the storage capac-
ity of the fracture network for water (2.8x lower original-water-in-place, OWIP),
results in a near-term higher relative permeability to gas and thus higher gas pro-
duction and lower water production. Decreasing the coal fracture porosity be-
tween end-member values results in a 1.4x higher initial peak gas production rate
(Figure 6(b)). The faster initial dewatering of the near wellbore region for smaller
coal fracture porosities decreases the impact on the cumulative gas production to
1.2x after ~10 days of production (Figure 5(a) and Figure 6(a)). After which, the
impact increases to 1.3x at the end of the 10 year production history as a result of
the shorter required period of dewatering for smaller coal fracture porosities. Va-
rying the coal fracture porosity between end-member values predicts 1.2x more
coal gas and 1.4x more shale gas after 10 years of production (dotted and dashed
curves in Figure 6(a)), resulting in a 1.1x higher ratio of recovered shale gas to
coal gas (1.2 versus 1.0).

Varying the coal fracture porosity from the maximum to minimum
end-member values results in 3.0x less produced water after 1 day of production,
and the difference in produced water decreases to 2.1x after 5 years of production,

due to the shorter period of dewatering required for smaller coal fracture
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Figure 6. Comparison of the gas (top) and water (bottom) cumulative production (left) and production rates
(right) simulated for the average model (0.01%; green curves) versus models with end-member coal fracture poros-
ities: minimum value of 6 X 107% (red curves) and maximum value of 0.03% (blue curves). The recovered coal gas
(dotted curves) versus recovered shale gas (dashed curves) is also shown for the end-member models on the cumu-
lative gas production plot (a).

porosities (Figure 5(b) and Figure 6(c)). After 5 years, the impact of the coal
fracture porosity on the cumulative water production slightly increases until the
end of the 10 year period (difference of 2.1x after 10 years of production).

3.4. Coal Fracture Spacing

In reservoirs with low matrix permeability, the path length for gas transport
through the matrix to the fracture network can limit the productivity. The path
length is defined by the spacing between fractures that effectively transport gas.
Although the Mannville coals have a well developed cleat system commonly
spaced at less than 1 cm, the low system permeability indicates that most cleats
must have no effective permeability to gas, either due to absence of fracture
aperture due to high stress, or high compressibility of the coal matrix. The me-

thods that exist for estimating the fracture spacing, which include geomechanical
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modelling, borehole image logs, and structural geometry, only provide a meas-
ure of the spacing between fractures that exist and not between effective frac-
tures. Since we lack an accurate measure of the effective fracture spacing we have
assumed an average effective fracture spacing of 0.50 m and end-member values
of 0.1 m and 1 m in the coals.

Decreasing the coal effective fracture spacing between end-member values has
a significant impact on the initial gas production rates (1.7x higher), but an in-
significant impact on the cumulative gas production following the initial pro-
duction period (0.040% difference after 10 years). However, the assumption of
the applicability of the match-stick model leads to an increase in coal fracture
porosity for decreasing coal fracture spacing. Decreasing the coal fracture spac-
ing from the average value to the minimum end-member value increases the
coal fracture porosity, resulting in a higher OWIP and a lower initial peak gas
production rate. Whereas, increasing the coal fracture spacing from the average
value to the maximum end-member value, results in a lower coal fracture poros-
ity and OWIP and a higher initial peak gas production rate. Therefore, varying
the coal fracture porosity with changes in the coal fracture spacing according to
the match-stick model, predicts a smaller impact on the initial peak gas produc-
tion rate than when the coal fracture porosity is held constant at the average
value (1.2x versus 1.7x). Although decreasing the coal fracture spacing between
end-member values results in a 1.2x higher initial peak gas production rate, the
greater sensitivity of the producability to coal fracture porosity than coal fracture
spacing, results in 1.3x less recovered gas after 10 years of production for a
model with the smaller coal fracture spacing, but larger coal fracture porosity
(Figure 5(a)). The larger coal fracture porosity for the minimum than the
maximum end-member coal fracture spacing also results in 2.0x more produced
water (Figure 5(b)) and a 1.1x lower ratio of recovered shale to coal gas after 10

years of production (1.0 versus 1.1).

3.5. Coal Fracture Permeability

The system permeability, which was obtained through pressure buildup testing
of the Mannville coals at the well site, is approximated as the fracture permeabil-
ity, due to the relatively much lower matrix permeability. The coal fracture per-
meability has the greatest impact on the producability of the Mannville reservoir
of all the coal parameters. Increasing the coal fracture permeability from the
minimum to maximum end-member values (0.5 md to 31 md), while holding
the coal fracture porosity constant, results in 17x more produced gas and 8.0x
more produced water after 10 years of production.

Higher coal fracture permeabilities are associated with higher coal fracture
porosities and thus higher OWIPs. Including the assumption of the match-stick
model; therefore, results in a smaller impact of the coal fracture permeability on
gas production and a large impact on water production. Increasing the coal
fracture permeability from the minimum to maximum end-member values,

while also increasing the coal fracture porosity according to the match-stick
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model, predicts 14x more produced gas after 10 years of production (Figure
5(a) and Figure 7(a)). In addition to the faster drainage resulting from higher
coal fracture permeabilities, the larger coal fracture porosity also predicts higher
relative fracture permeability to water. Increasing the coal fracture permeability
from the minimum to maximum end-member values predicts 31X more pro-
duced water after 1 year of production (Figure 5(b) and Figure 7(c)). The im-
pact of the coal fracture permeability on water production decreases after ~1
year to 13x at the end of the 10 year production history, due to the shorter re-
quired period of dewatering.

Similarly to the other coal fabric parameters tested, the coal fracture permea-
bility has a greater impact on the recovery of shale gas than coal gas. After 10

years of production, increasing the coal fracture permeability from the minimum
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Figure 7. Comparison of the gas (top) and water (bottom) cumulative production (left) and production rates
(right) simulated for the average model (3.8 md, 0.01%; green curves) versus models with end-member coal frac-
ture permeabilities, when the coal fracture porosity is also changed according to the match-stick model: maximum
value of 31 md (0.02%; red curves) and minimum value of 0.5 md (blue curves). The recovered coal gas (dotted
curves) versus recovered shale gas (dashed curves) are also shown for the end-member models, on the cumulative

gas production plot (a).
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to maximum end-member values predicts 11x more produced coal gas (dotted
curves in Figure 7(a)) and 19x more produced shale gas (dashed curves in Fig-
ure 7(a)), resulting in a 1.8x higher ratio of recovered shale to coal gas (1.4 ver-
sus 0.78).

Increasing the coal fracture permeability has a greater impact on increasing
drainage from the main coal seam, where the lateral is placed, than the adjacent
coal seams. The impact of increasing coal fracture permeabilities on increasing
drainage from the minor coal seams decreases with distance from the wellbore.
After 10 years of production, 13x more coal gas is recovered from the main coal
seam for the maximum coal fracture permeability compared to 3.2x more from
U1 (L1-12x; L2-10x; U2, U3-6.2x; U1-3.2x; Figure 8; see Figure 2(b) for location
of seams). While the contribution from the main coal seam and L1 are higher for
the maximum coal fracture permeability (1.1x higher for main coal seam and
4.9% higher for L1), the contributions from the other four coal seams are lower
(U1-3.5x%; U2, U3-1.8x; L2-1.1x; Table 3).
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Figure 8. Comparison of cumulative gas recovered (left) and rate of gas recovery (right) from the main coal seam
(M), the upper coal seams: Ul (red), U2 (orange), and U3 (green); and the lower coal seams: L1 (light blue) and L2
(blue) for a model with maximum (31 md; top) and minimum (0.5 md; bottom) end-member coal fracture per-
meabilities, when the coal fracture porosity is also changed according to the match-stick model.
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Table 3. Contribution (in percentage) from coal seams to the produced coal gas for dif-
ferent lengths of production (in years).

31 md model 0.5 md model
Seam

1/12 1 5 10 1/12 1 5 10
U1 0.51 0.95 0.53 1.4 3.1 5.7 5.0 4.8
U2 0.10 0.41 1.1 2.4 0.61 2.9 4.0 4.2
U3 0.36 0.65 1.3 2.6 2.1 3.8 4.4 4.6
L1 2.2 14 22 23 5.8 19 22 22
L2 0.51 1.7 6.6 8.9 3.1 7.4 9.4 9.8
M 96 82 68 62 85 62 56 54

3.6. Shale Gas Content

The statistical analysis of gas content data from desorbed shale samples has a
P50 of 3.64 cc/g, which is significantly greater than the gas content calculated at
the reservoir pressure from the average Langmuir parameters (0.85 cc/g; [6]).
Canister sampling is skewed towards carbonaceous (organic) rich samples,
which have higher adsorption capacity, thus explaining the discrepancy between
desorption and adsorption measurements. To provide a conservative estimate of
the produced commingled shale gas, the average Langmuir parameters calcu-
lated from the adsorption data were input in the average model and the maxi-
mum and minimum values were input in the end-member models (Table 2).

Increasing the adsorbed gas content of the shale layers, by changing the
Langmuir parameters from the average to maximum values has an insignificant
impact on the producability of the Mannville reservoir (Figure 9(a)). At the
depth of the S4 interbedded shale layer, the higher gas content for the maximum
model results in a 2.9x higher OGIP than the average model; however, after 10
years, the cumulative gas production is only 0.13% higher (0.091% after 1 year).

In comparison, decreasing the adsorbed gas content of the shale layers be-
tween end-member values has a significant impact on the producability of the
Mannville reservoir. While the initial production rate is not sensitive to the shale
parameters (Figure 9(b)), as the production is initially restricted to the main
coal seam, the lower relative permeability to gas, in addition to a 37x lower
OGIP, for the minimum model delays gas recovery from the shales until after
the first year of production (compared to after ~1 month of production for the
maximum model; Figure 9(a)), resulting in 1.1x less produced gas after 1 year
of production (Figure 5(c)). Although the maximum model requires a slightly
longer period of dewatering than the minimum model (1860 vs 1700 days), the
slower decline in gas production rates during dewatering and the faster increase
in rates following dewatering increases the impact of the shale gas content on gas
production to 1.2x after 10 years. The minimum model predicts 1.1x higher
cumulative gas production after 10 years than a model with no adsorbed gas
stored in the shales (Figure 9(a)). The higher relative permeability to gas asso-
ciated with the higher shale OGIP for the maximum compared to the minimum
shale gas content predicts 1.2x less produced water after 10 years of production
(Figure 5(c) and Figure 9(c)).

306

K2
o5
“2:0

Scientific Research Publishing



A. M. M. Bustin, R. M. Bustin

(@) (b)

7.
20 shale 10
|| gas content
—— P90
— P50
—169|—P10
=5
™ 4| —tota 1=
=] coals &10°%
Z 424 -=--shales 12
8 £
© o
(] [o]
= o
g ° %100
=
2 | 10
3
44
3 et SRR — 7 N S S —
0 2 4. 6 8 10 0.01 0.1 1 _ 10 100 1000 10,000
Time (years) Time (days)
(©) (d)
10 108
t s
S >
& S0
g °] 13
T | i)
3 g
24 5
k| 10"
2 ] =
3 2]
0 1004— T ; - - ——
0 2 10 0.01 0.1 00 1000 10,000

3 10 1
4’ime (years) Time (days)

Figure 9. Comparison of the gas (top) and water (bottom) cumulative production (left) and production rates
(right) simulated for the average model (V. = 1.5 cc/g and pr = 6.2 MPa - green curves) versus models with
end-member shale adsorption capacities: maximum value of V; = 7.2 cc/g and pr = 1.3 MPa (red curves) and min-
imum value of ¥z = 0.24 cc/g and pr = 11.4 MPa (blue curves). The recovered coal gas (dotted curves) versus re-
covered shale gas (dashed curves) are also shown for the end-member models on the cumulative gas production
plot (a). The cumulative gas production for the model with gas-bearing coals, but no shale gas (NSG; grey curve) is
also shown for comparison on plot (a). Note that the green curves for the average model (P50) are beneath the red
curves for the maximum end-member model.

The increase in cumulative gas production predicted for larger shale gas con-
tents results from increased shale gas recovery, while the coal gas recovery is re-
duced. After 10 years of production, 4.4x more shale gas (dashed curves in Fig-
ure 9(a)) and 1.5% less coal gas (dotted curves in Figure 9(a)) is predicted for
the maximum shale gas content model than the minimum model, resulting in a

6.4x higher ratio of recovered shale to coal gas (1.1 versus 0.17).

3.7. Shale Matrix Permeability

The gas transport through the matrix of coals and shales is by the processes of
diffusion and/or advection. Measuring the contribution from each process re-
quires more sophisticated experiments than generally performed in the labora-
tory, carried out at a variety of pressures and/or multiple gases (Ze. [13]). The
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matrix gas flux of the Mannville coal, calculated from experimental pulse decay
data on crushed samples using the technique described in [13] are on the order
of 107 md [14]. Shales generally have lower matrix gas transport rates than
coals, thus a permeability of 1 x 10 md or equivalently a diffusion of 0.0008
cm?/s was chosen for the average model and values an order of magnitude high-
er and lower were chosen for the end-member models. The matrix permeability
of the shales has a significant impact on the producability of the Mannville re-
servoir. While the initial production rate is not sensitive to the shale parameters,
because the initial drawdown is restricted to the main coal seam near the well-
bore, the maximum shale matrix permeability model predicts 1.6x more pro-
duced gas after 10 years of production than the minimum model (1 x 10~° md to
1 x 107 md; Figure 5(c) and Figure 10(a)). The impact of shale matrix permea-
bility on the cumulative gas production slightly decreases after ~7 years of pro-
duction until the end of the 10 year production history as a result of the shorter
period of dewatering and earlier increase in gas production rates for smaller
shale matrix permeabilities, due to the lower gas saturations.

Increasing the shale matrix permeability by one order of magnitude from the
average to maximum models results in 1.4x more produced gas after 10 years,
whereas decreasing the shale matrix permeability by one order of magnitude
from the average to minimum models results in 1.2x less produced gas after 10
years (Figure 10(a)). Note that the shale matrix permeability in the maximum
model is only one order of magnitude lower than the average shale fracture
permeability (1 x 107 vs 1 x 10~ md). The gas in the maximum model can thus
be efficiently transported through the matrix without travelling through the
widely spaced fracture network (ie. 10 m). The impact of the shale matrix per-
meability; however, is less important for smaller shale matrix permeabilities as
there is a minimum gas production controlled by the coal fracture permeability.
Therefore, decreasing the shale matrix permeability from 1 x 107" md to 1 x 107®
md only has a slight impact on the produced gas (3.6% more for 1 x 107 md
than 1 x 10® md; Figure 10(a)).

The lower gas saturations for the minimum shale matrix permeability results
in 1.1x higher cumulative water production after 10 years of production history
than the maximum value (Figure 5(d) and Figure 10(c)). The impact of the
shale matrix permeability on the cumulative water production slightly decreases
after ~5 years of production, due to the shorter period of dewatering for smaller
shale matrix permeabilities. Similarly to the impact of the shale matrix permea-
bility on the gas production, the impact of the shale matrix permeability on the
water production is lower for smaller shale matrix permeabilities (ex. 3.8% dif-
ference between 1 x 107 md and 1 x 107® md; Figure 10(c)).

The higher produced gas predicted when increasing the shale matrix permea-
bility between the end-member values results from 3.3x higher recovery of shale
gas (dashed curves in Figure 10(a)), while the recovery of coal gas is 1.3x lower
(dotted curves in Figure 10(a)). The ratio of recovered shale to coal gas; there-
fore, is 4.1x greater for the maximum than the minimum shale matrix permea-

bilities after 10 years of production (2.1 versus 0.50).
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Figure 10. Comparison of the gas (top) and water (bottom) cumulative production (left) and production rates
(right) simulated for the average model (1 x 107> md green curves) versus models with end-member shale matrix
permeabilities: maximum value of 1 x 10~ md (red curves) and minimum value of 1 x 10~° md (blue curves); as
well as models with shale matrix permeabilities of 1 x 1077 md (light blue curves) and 1 x 10~® md (pink curves).
The recovered coal gas (dotted curves) versus recovered shale gas (dashed curves) are also shown for the
end-member models on the cumulative gas production plot (a).

3.8. Shale Fracture Permeability

The fracture permeability for the Mannville shales has not been measured and a

value of 0.001 md was estimated for the average model, based on measurements

for gas shales of similar composition and diagenesis [15] and on a general un-

derstanding of gas shales. The values for the end-member models are an order of

magnitude higher and lower than the assumed average value. Increasing the

shale fracture permeability from the minimum to maximum end-member values

(1 x 10* md to 0.01 md), while holding the coal fracture porosity constant at the

average value, results in 1.9x more produced gas and 1.8x more produced water

after 10 years of production.

Similarly to the coal fracture permeability, including the assumption of the
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match-stick model decreases the impact of the shale fracture permeability on gas
production and increases the impact on water production. The impact of the
shale fracture porosity decreases for smaller shale fracture permeabilities, due to
the lower contribution from the shales to the gas production. Increasing the
shale fracture permeability from the minimum to maximum end-member val-
ues, while also changing the shale fracture porosity according to the match-stick
model, predicts 1.7x more produced gas after 10 years of production (Figure
5(c) and Figure 11(a)) and a maximum of 2.3x less produced water after ~2
years of production (Figure 5(d) and Figure 11(c)). The faster dewatering for
larger shale fracture permeabilities decreases the impact on cumulative water
production from the maximum to 2.1x after 10 years of production. The higher

gas production predicted for the maximum than the minimum shale fracture
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Figure 11. Comparison of the gas (top) and water (bottom) cumulative production (left) and production rates
(right) simulated for the average model (1 x 107 md, 1 x 107%%; green curves) versus models with end-member
shale fracture permeabilities, when the shale fracture porosity is also changed according to the match-stick model:
maximum value of 1 X 1072 md (2 X 107#%; red curves) and minimum value of 1 X 10™* md (5 X 107°%; blue curves).
The recovered coal gas (dotted curves) versus recovered shale gas (dashed curves) are also shown for the
end-member models, with varying coal fracture porosity, on the cumulative gas production plot (a).
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permeabilities results from a 3.1x greater recovery of shale gas (dashed curves in
Figure 11(a)), while the recovery of coal gas is 1.1x lower (dotted curves in Fig-
ure 11(a)), resulting in a 3.5% higher ratio of shale to coal gas recovered after 10

years of production (2.1 versus 0.60).

3.9. Stress-Dependent Coal Fracture Permeability

The fracture permeability in coal and shale reservoirs can vary strongly with ef-
fective stress. The drawdown in fluid pressure accompanying production results
in an increase in effective stress, which can reduce the fracture permeability, the
amount of which depends on the rock mechanical properties and fabric of the
reservoir. The decrease in permeability may be offset by matrix shrinkage due to
methane desorption during production, which depending on the sorption-in
duced volumetric strain, enhances the fracture permeability and potentially
causes the permeability to rebound. Several analytical models are available for
predicting the stress-dependent fracture permeability of coal seams during pro-
duction ([5] [16] [17] [18]). As part of the parametric analysis, the Pal-
mer-Manssori model [5], which is incorporated in the GEM simulator, is used to
investigate the variability in productivity with changes in the coal seam Young’s
modulus (£), Poisson’s ratio (v), average half-strain pressure ( p,), and maxi-
mum strain at infinite pressure (&) (Table 2). The equation for the permeability
multiplier (&/k) used by the simulator to calculate the stress-dependent fracture

permeability depends on the change in pressure ( p— p, ) according to:

3

K_(¢

Ko _(%J , N
where:

v ) i[l—ﬁj[L—LJ @
) exp(Cf(p pO))+¢o M\ p,+P, P+DP, , )
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3(1—20) Y
1

¢, = Mg and )
Mog_ (7)) ®)

(1+v)(1-20)

which was modified by CMG from the original Palmer-Mansoori model to avoid
negative porosity values.

Although some rock mechanics data are available for the organic rich shales
interbedded with the Mannville coal seams, the long test-times (up to a year),
due to the very low matrix permeability of shales, has hindered laboratory sorp-
tion-induced strain experiments, and thus the dynamic changes in shale fracture
permeability are poorly understood. The fracture permeability for the shales was

thus held constant during the modeling.
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3.9.1. The Average Stress-Dependent Coal Fracture Permeability Model

Including the coal fracture compaction/dilation parameters, with the average
parameter values listed in Table 2, in the model to predict the dynamic changes
in the coal fracture permeability during simulation increases the cumulative gas
production by 31x after 10 years of production (0.01% models in Figure 12(a))
and decreases the water production by 317x (Figure 12(c)). The dilation of the
coal fractures, due to matrix shrinkage with gas desorption, increases the maxi-
mum coal fracture permeability by up to 17 D (i.e 1.7 x 10* md) over the 10 year

production history. The coal fracture porosity estimated from the match-stick
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Figure 12. Comparison of the gas (top) and water (bottom) cumulative production (left) and production rates
(right) simulated for the constant coal fracture permeability model with average coal fracture porosity of 0.01%
calculated from the average effective coal fracture spacing (0.50 m) using the match-stick model (0.01% noSDK -
orange curves) and the stress-dependent coal fracture permeability model with the coal fracture porosity of 0.01%
(0.01% - red curves). The production histories for the constant coal fracture permeability model with coal fracture
porosity calculated from the observed average coal cleat spacing (0.05 m) using the match-stick model (0.05%
noSDK - light blue curves) and the stress-dependent coal fracture permeability model with the coal fracture poros-
ity of 0.05% (0.05% SDKave - blue curves) are also plotted. The inset plot in (c) shows the change in the fracture
permeability multiplier with pressure calculated from the modified Palmer-Mansoori equation used in the GEM
simulator for fracture porosities of 0.1, 0.01 and 1 x 107%.
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model; therefore, predicts an unrealistic increase in the coal fracture permeabili-
ty. The fracture porosity was calculated assuming the effective fracture spacing;
however, a fracture may have significant yet disconnected porosity. A true coal
cleat spacing, an order of magnitude smaller than the effective fracture spacing
(from 0.5 m to 0.05 m) was used to calculate the coal fracture porosity (0.05%),
which was held constant while varying the other coal fracture dilation/compact-
tion parameters.

A stress-dependent coal fracture permeability model with a coal fracture po-
rosity of 0.05% predicts 2.8x more produced gas than a constant coal fracture
permeability model with a coal fracture porosity of 0.05% after 10 years of pro-
duction (Figure 5(e) and Figure 12(a)) and 1.9x more produced water (Figure
5(f) and Figure 12(c)). The matrix strain due to increasing effective stress de-
creases the permeability by up to 2.3 md, while the matrix shrinkage then in-
creases the maximum coal fracture permeability by up to 140 md. Although the
initial peak gas production rate is 2.5x lower (Figure 12(b)) as a result of matrix
strain and the reduction of coal fracture permeabilities near the wellbore, the
rebound of the coal fracture permeabilities with matrix shrinkage predicts 1.9x
higher cumulative gas production after 1 month of production. The impact of
the dynamic changes in coal fracture permeability slightly increases from 1
month until the end of the 10 year production history.

The trade-off between coal fracture dilation and compaction result in undu-
lating production rates (Figure 12(b) and Figure 12(d)). Once the fracture
permeability in the coals near the wellbore rebounds, the fracture permeability
decreases in the coals farther from the wellbore, which increases the drainage
from the coals near the wellbore. The fracture permeability in the coals farther
from the wellbore rebounds with continued production, which decreases the
pressure in the coals near the wellbore thus decreasing the fracture permeability.

The enhanced coal fracture permeability with matrix shrinkage predicts 2.8x
higher coal gas recovery (solid curves in Figure 13(a)) and 2.9x higher shale gas
recovery (dotted curves in Figure 13(a)) resulting in a slightly higher ratio of
recovered shale to coal gas than the constant fracture permeability model (1.0
versus 0.97 after 10 years of production). While the enhanced permeability in-
creases drainage throughout the reservoir, the impact decreases with distance
from the wellbore. After 10 years of production, the enhanced coal fracture per-
meability predicts 3.0x higher gas recovery from the main coal seam compared
to 1.5x from Ul (L1-2.7x; L2-2.4x; U2, U3-2.0x; Figure 14(a) and Figure
14(c)). The enhanced permeability in the stress-dependent permeability model
compared to the constant permeability model increases the contribution of the
recovered gas from the main coal seams and decreases the contribution of the

recovery gas from the minor coal seams (Table 4).

3.9.2. Coal Fracture Porosity

Smaller fracture porosities predict a rebound in the coal fracture permeability at
higher pressures (i.e shorter production time) and a larger increase in fracture
permeability, due to matrix shrinkage (inset plot in Figure 12(c)). While a model
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Figure 13. Comparison of cumulative gas recovered (left) and rate of gas recovery (right) from all the coal seams
(solid curves), only the Mannville coal seam (dashed curves), and the shale layers (dotted curves) for the average
stress-dependent coal fracture permeability model (SDKave—green curves) and for the constant coal fracture per-

meability model (noSDK—Dblue curves).
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Figure 14. Comparison of cumulative gas recovered (left) and rate of gas recovery (right) from the upper coal
seams: Ul (red), U2 (orange), and U3 (green); and the lower coal seams: L1 (light blue) and L2 (blue) for the aver-
age stress-dependent coal fracture permeability model (SDKave—top) and for the constant coal fracture permeabil-
ity model (noSDK—bottom).
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Table 4. Contribution (in percentage) from coal seams to the produced coal gas for dif-
ferent lengths of production (in years).

No stress-dependent perm With stress-dependent perm
Seam

1/12 1 5 10 1/12 1 5 10
Ul 1.6 3.1 2.3 2.2 0.80 1.2 0.95 1.2
U2 0.47 1.3 2.1 2.5 0.24 0.55 1.2 1.8
U3 1.1 1.9 2.5 2.8 0.56 0.82 1.4 2.0
L1 2.3 15 21 21 1.3 14 20 21
L2 1.6 3.7 6.7 7.9 0.80 1.9 54 6.9
M 94 75 65 63 97 82 71 67

with the average coal fracture porosity (0.05%) predicts a maximum coal frac-
ture permeability of 1.4 x 10> md and a minimum coal fracture permeability of
1.7 md, a model with a smaller coal fracture porosity (0.01%) predicts a coal
fracture permeability of 1.7 x 10* md over the 10 year production history. The
smaller coal fracture porosity model predicts a maximum of 30x more produced
gas after ~9 months of production than the average model (0.05%; Figure 5(e)
and Figure 12(a)). The impact of the coal fracture porosity then decreases to
15x at the end of the 10 year production history as a result of the faster reservoir
depletion for smaller coal fracture porosities. The higher cumulative gas produc-
tion predicted for the smaller coal fracture porosity results from 17x more pro-
duced shale gas and 12x more produced coal gas, resulting in a higher ratio of
the recovered shale to coal gas (1.4 versus 1.0 after 10 years of production). The
initial water production rate for the smaller coal fracture porosity model is 1.5x
lower than the average model (Figure 12(d)) as a result of the higher gas satura-
tions and ceases after 25 m* have been produced, a volume 88x less than the
cumulative water production for the average model after 1 year and 8.6 x 10*x

less after 10 years (Figure 5(f) and Figure 12(c)).

3.9.3. Coal Young’s Modulus

The matrix shrinkage is independent of the Young’s modulus; however, the
Young’s modulus has a significant impact on the matrix dilation due to increas-
ing effective stress during production. Stiffer rocks with larger Young’s moduli,
induce smaller strains for the same change in stress, resulting in smaller de-
creases in fracture permeability with increasing effective stress (inset plot of
Figure 15(c)). Therefore, while a model with the maximum coal Young’s mod-
ulus (4.6 GPa) predicts enhanced fracture permeability in the main coal seam
surrounding the wellbore from the onset of production, a model with the mini-
mum coal Young’s modulus (0.5 GPa) initially predicts a large reduction in
permeability. Both models predict a large increase in fracture permeability in the
main coal seam near the wellbore later in the production history (by up to 1.5 x
10> md for the maximum model compared to 1.4 x 10> md for the minimum
model), while the fracture permeability farther from the wellbore decreases, due
to matrix strain, (by up to 0.52 md in the maximum model compared to 3.9 md

in the minimum model).
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Figure 15. Comparison of the gas (top) and water (bottom) cumulative production (left) and production rates
(right) simulated for the average stress-dependent coal fracture permeability model (2.3 GPa—green curves) versus
models with end-member coal Young’s modulus: maximum value of 4.6 GPa (red curves) and minimum value of
0.5 GPa (blue curves). The cumulative gas and water production for the constant coal fracture permeability model
are also shown (noSDK—green dashed curves). The inset plot in (c) shows the change in the fracture permeability
multiplier with pressure calculated from the modified Palmer-Mansoori equation used in the GEM simulator for
coal Young’s modulii of 0.5, 2.3, and 4.6 GPa.

The initial increase in fracture permeability in the main coal seam surround-

ing the wellbore for the maximum model and the initial decrease in fracture

permeability for the minimum model results in a 4.1x higher initial gas produc-

tion peak for the maximum than the minimum models (Figure 15(b)). The im-

pact of the coal Young’s modulus (Figure 5(e)) increases to a maximum of 16x

after ~3 days of production, due to the greater reduction in coal fracture per-

meability with matrix strain for smaller coal Young’s moduli. The delayed frac-

ture permeability rebound for smaller coal Young’s moduli decreases the impact

of the coal Young’s modulus on the cumulative gas production to 3.8x after 1

year of production and 1.5x after 10 years of production. The shale gas recovery

is 1.8x higher and the coal gas recovery is 1.3x higher for the model with the
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maximum coal Young’s modulus, resulting in a 1.3x higher ratio of shale to coal
gas than the model with the minimum coal Young’s modulus after 10 years of
production (ratio of 1.1 versus 0.84). While the model with the larger coal
Young’s modulus initially predicts a lower water production rate (Figure 15(d)),
the cumulative water production is 3.8x higher after ~2 years of production and
1.9x higher at the end of the 10 year period (Figure 5(f) and Figure 15(c)).

3.9.4. Coal Poisson’s Ratio

A larger Poisson’s ratio implies a larger pore volume modulus, which induces
smaller reductions in the pore volume of rock thus resulting in smaller reduc-
tions in coal fracture permeability with increasing effective stress (inset plot of
Figure 16(c)). The Poisson’s ratio also has a significant impact on the matrix

shrinkage with gas desorption. Smaller Poisson’s ratios result in earlier fracture
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Figure 16. Comparison of the gas (top) and water (bottom) cumulative production (left) and production rates
(right) simulated for the average stress-dependent coal fracture permeability model (0.36—green curves) versus
models with end-member coal Poisson’s ratios: maximum value of 0.25 (red curves) and minimum value of 0.47
(blue curves). The cumulative gas and water production for the constant coal fracture permeability model are also
shown (noSDK—green dashed curves). The inset plot in (c) shows the change in the fracture permeability multip-
lier with pressure calculated from the modified Palmer-Mansoori equation used in the GEM simulator for coal
Poisson’s ratios of 0.25, 0.36, and 0.47.
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permeability rebounds and greater increases in fracture permeability with matrix
shrinkage. Therefore, smaller coal Poisson’s ratios induce a much large range of
coal fracture permeabilities (1.7 x 10* - 4.8 x 10*> md for the minimum coal
Poisson’s ratio of 0.25 compared to 2.1 - 5.7 md for the maximum coal Poisson’s
ratio of 0.47).

The greater reduction in fracture permeability, due to matrix swelling, for the
smaller coal Poisson’s ratios results in a 1.6x lower initial peak gas production
rate (Figure 16(b)).

However, the earlier coal fracture permeability rebound and greater matrix
shrinkage for the minimum coal Poisson’s ratio, delays dewatering until ~2 years
of production, while the lower matrix shrinkage predicted for the maximum coal
Poisson’s ratio results in continuously declining gas production rates over the 10
year production history. The minimum model thus predicts a maximum of 11x
more produced gas and 38x less produced water after ~2 years of production
(Figure 5(e) and Figure 5(f) and Figure 16(a) and Figure 16(c)). After which,
the impact of the coal Poisson’s ratio on gas production decreases to 9.8x after
~5 years of production, during dewatering for the minimum coal Poisson’s ratio,
and then following dewatering, the impact increases to 10x at the end of the 10
year period. The shale gas recovery for the minimum model is 12x higher and
the coal gas recovery is 8.8x higher, resulting in a 1.4x higher ratio of recovery
shale to coal gas than the maximum model after 10 years of production (1.2 ver-
sus 0.87). The influx of water from the enhanced fracture permeability in the
coals farther from the wellbore, following dewatering for the minimum model,
results in greater cumulative water production after ~5.5 years of production
and a maximum of 1.1x more produced water after ~9.5 years of production,
following which the impact on cumulative water production slightly decreases as

a result of the faster dewatering for the minimum model.

3.9.5. Coal Maximum Volumetric Strain at Infinite Pressure

While the maximum volumetric strain at infinite pressure has no influence on
the matrix swelling, larger coefficients induce greater matrix shrinkage resulting
in earlier fracture permeability rebound and a greater increase in fracture per-
meability with matrix shrinkage (inset plot in Figure 17(c)). Therefore, the
maximum end-member value for the coal max strain (1.6%) predicts smaller
reductions in fracture permeability (1.2 md versus 3.6 md) and larger increases
in coal fracture permeability (5.4 x 10> md versus 6.1 md) than the minimum
end-member value (0.47%).

The earlier coal fracture permeability rebound and greater matrix shrinkage
for larger coefficients, delays dewatering for the maximum model until ~3 years
of production, while the greater reduction in coal fracture permeability for the
minimum model results in a lower initial peak gas production rate and conti-
nuously declining gas production rates over the 10 year period (Figure 17(b)).
Thus, the maximum model predicts a maximum of 22x more produced gas and
51x less produced water than the minimum model after ~3 years of production
(Figure 5(e) and Figure 5(f) and Figure 17(a) and Figure 17(c)). After which,
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Figure 17. Comparison of the gas (top) and water (bottom) cumulative production (left) and production rates
(right) simulated for the average stress-dependent coal fracture permeability model (1.00%—green curves) versus
models with end-member coal maximum volumetric strain at infinite pressure: maximum value of 1.60% (red
curves) and minimum value of 0.42% (blue curves). The cumulative gas and water production for the constant coal
fracture permeability model are also shown (noSDK—green dashed curves). The inset plot in (c) shows the change

in the fracture permeability multiplier with pressure calculated from the modified Palmer-Mansoori equation used
in the GEM simulator for coal maximum volumetric strains at infinite pressure of 0.42%, 1.00% and 1.60%.

the impact of the coefficient decreases to 20x after ~5.5 years of production,
during dewatering for the maximum model, and then increases following dewa-
tering to 21x at the end of the 10 year production history. The recovered shale
gas is 31x higher and the recovered coal gas is 15x higher for the maximum
model, resulting in a 2.0x higher ratio of recovered shale to coal gas than the
minimum model (ratio of 1.2 versus 0.61). The influx of water from the en-
hanced fracture permeability in the coals farther from the wellbore, following
dewatering for the larger coefficient, results in a minimum of 0.85% less pro-
duced water after ~8 years of production, following which the impact on cumula-
tive water production slightly decreases as a result of the faster dewatering for
the maximum model (4.6% less produced water for maximum model after 10

year period).
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4. Discussion and Conclusions

The Mannville coal measures of the Western Canadian Sedimentary Basin are a
complex reservoir in which production from horizontal wells drilled and com-
pleted in the thickest coal seam in the succession (~1 m versus 3 m) has produc-
tion and pressure support from thinner coals in the adjacent stratigraphy and
from organic-rich shales interbedded and over and underlying the coal seams.
The results from a series of numerical simulations are summarized and dis-
cussed to investigate the impact of gas content and fabric parameters on the
producability of the gas stored within the minor coal seams and shale beds. The
goal of the modeling is to quantify and rank the importance of the coal and shale
parameters through a parametric analysis. The input parameters for the model-
ling were obtained through a statistical analysis of laboratory and field data
compiled from industry and academic databases as well as from new laboratory
tests.

The impacts of the model parameters, which were quantified during a para-
metric analysis as the ratio (or percent difference if ratio < 1.1x) of models with
end-member values, on the cumulative gas and water production, as well as on
the ratio of produced shale to coal gas after 10 years of production are compared
in Table 5 and Figure 18. The results for varying coal and shale parameters with

constant coal fracture permeability are first presented in order of decreasing

Table 5. Comparison of the impact of the model parameters after 10 years of production.
The impacts were quantified as the ratio (or percent difference if ratio < 1.1) of models
with end-member values.

Impacts

Parameter Gas Production Water Production Ratio of Shale to Coal gas
Coal & 14 13 1.8
Shale & 1.7 2.1 3.5
Shale km 1.6 1.2 4.1
Coal ¢ 1.3 2.1 1.1
Coal a 1.3 2.0 1.1
Shale Vipr 1.2 1.2 6.4
Coal Vipr 1.1 6% 1.7
Shale ¢ 3% 1.1 4%
Coal ki 1% 3% 2%
Shale a 0.02% 4% 1.1
coal £ SDK 21 5% 2.0
coal ¢ SDK 15 8.6 x 107 1.4
coal vSDK 10 1.1 1.4
coal £SDK 1.5 1.9 1.3
coal p: SDK 1.3 2% 1%

k-fracture permeability; k»-matrix permeability; ¢-fracture porosity; a-fracture spacing; Vip;-Langmuir
constants; SDK-stress-dependent coal & e-maximum volumetric strain; £-Young’s modulus; v-Poisson’s
ratio; p.-half-strain pressure.
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Figure 18. Comparison of the sensitivity of the cumulative gas (a) and water (b) production after 10 years of pro-
duction to the coal parameters (red boxes), shale parameters (blue boxes), and coal fracture compaction/dilation
parameters (green boxes) in order from most to least sensitive. The sensitivity is quantified as the ratio of the cu-
mulative production for the end-member parameter values. Increased cumulative production resulting from the
increase in model parameters from minimum to maximum end-member values are plotted on the right and in-
creased cumulative production resulting from the decrease in model parameters from maximum to minimum
end-member values are plotted on the left. kfracture permeability; k»-matrix permeability; ¢-fracture porosity;
a-fracture spacing; Vpr-Langmuir constants; &-maximum volumetric strain; £-Young’s modulus; v-Poisson’s ratio;
p-half-strain pressure.

impact. The results for varying coal fracture compaction/dilation parameters are
then compared (Table 5 and Figure 18).

4.1. Impact of Coal and Shale Parameters

The simulation results for a model with gas-bearing coal and shale layers predict
that the cumulative gas production from a single 1000 m long lateral in the main
Mannville coal seam increases by a maximum of 14x at the end of a 10 year his-
tory when the coal fracture permeability (&) is increased from the minimum to
the maximum end-member values (0.05 to 31 md), while holding all the other
model parameters constant at their average values and ignoring dynamic

changes in permeability with production (blue bar in red box in Figure 18(a)).
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In comparison, the model parameter with the next greatest impact on the gas
production is the shale & which when increased between end-member values (1 x
10™* and 0.01 md) increases the cumulative gas production by a maximum of
1.7x at the end of the 10 year period (blue bar in blue box in Figure 18(a)). The
impact of increasing the shale matrix permeability (&.; 1 x 1077 and 1 x 107%; red
bar in blue box in Figure 18(a)) is lower than the impact of increasing shale kat
the end of the 10 year production history (1.6x); however, the impact is greater
until ~6 years of production.

Lacking physical measurements, the coal fracture porosity (¢§) was estimated
during this study based on the match-stick model, which relates the fracture
spacing, porosity, and permeability. Decreasing coal ¢ (0.03% to 6 x 107%),
which decreases the storage capacity of the fracture network for water, predicts a
maximum of 1.3x higher cumulative gas production at the end of the 10 year
production history (orange bar in red box in Figure 18(a)). The coal ¢, which is
the coal parameter with the second greatest impact on the gas production after
coal %, initially has a greater impact than the shale matrix and fracture permea-
bilities (until ~4 months and ~9 months). The coal parameter with the least im-
pact on the cumulative gas production is the coal fracture spacing (4 1 and 0.01
m; 0.040% after 10 years); however, the associated changes in the coal ¢ result in
a similar impact as the coal ¢ over the 10 year production history (1.3x after 10
years; green bar in red box in Figure 18(a)). The model parameter with the next
greatest impact on the gas production is the shale gas content ( V;p;), which in-
creases the cumulative gas production by a maximum of 1.2x at the end of the
10 year history when increased between end-member values (0.24 cc/g, 1.3 MPa
and 7.2 cc/g, 11.4 MPa; pink bar in blue box in Figure 18(a)). Whereas, shale
Vipr has a greater impact than coal Vyp; at the end of the 10 year production
history (1.1x after 10 years; 9.9 cc/g, 3.8 MPa and 17.5cc/g, 7.6 MPa; pink bar in
red box in Figure 18(a)), the impact is lower until ~4 years of production. The
impact of coal Vyp; on the early cumulative gas production is also greater than

the impacts of coal ¢ and coal a until ~1.5 years of production.

4.1.1. Water Production

Increasing coal k& and shale & results in higher gas, as well as higher water pro-
duction (Figure 18(b)). In contrast, increasing the cumulative gas production by
varying the other model parameters decreases the cumulative water production
(Figure 18(b)). The cumulative water production is most sensitive to variations
in coal & which predicts a difference of 13x after 10 years (blue bar in red box in
Figure 18(b)). In comparison, the coal ¢, which has the next greatest impact on
the water production, predicts a difference of 2.1x after 10 years (orange bar in
red box in Figure 18(b)). The shale &k (2.1x after 10 years; blue bar in blue box in
Figure 18(b)) is the shale parameter with the largest impact on the cumulative
water production and while the impact is slightly lower than for coal ¢ at the end
of the 10 year history, the impact is greater from ~1.5 - 9.5 years of production.
The coal a (2.0x after 10 years; green bar in red box in Figure 18(b)), which in-
itially has a higher impact than shale & (until ~1 years) has the next greatest im-
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pact on the cumulative water production. The shale V;p; (1.2x after 10 years;
pink bar in blue box in Figure 18(b)), which is the shale parameter with the next
greatest impact on the water production after the shale k; has a greater impact
on the cumulative water production than the coal Vyp; after ~2.25 years of pro-
duction. The coal V;p; (6% after 10 years; pink bar in red box in Figure 18(b)) is
also initially greater than the impact of the shale &, (until ~3 years; 1.1x after 10
years; red bar in blue box in Figure 18(b)).

4.1.2. Produced Coal Gas versus Shale Gas

The importance of shale gas increases for more favourable shale parameters re-
sulting in higher ratios of recovered shale to coal gas. The higher cumulative gas
production for more favourable shale parameters results from the increased re-
covery of shale gas, while the recovery of coal gas is reduced for all shale para-
meters (with the exception of shale ¢). Such results indicate that once the easily
accessible coal gas has been recovered, the shale gas is preferentially recovered
resulting in the lower coal gas recovery for favourable shale parameters. The
importance of shale gas also increases for more favourable coal fabric parame-
ters, resulting in a higher ratio of recovered shale to coal gas, whereas the im-
portance of shale gas decreases for higher coal gas contents, resulting in a lower
ratio of recovered shale to coal gas. The maximum shale permeabilities predict
the highest ratios of recovered shale to coal gas (2.1 after 10 years), while the
minimum shale V;p; predicts the lowest (0.17 after years). Variations in shale
Vip: have the greatest impact on the ratio of recovered shale to coal gas of all the
parameters (1.1 versus 0.17; 6.4x after 10 years), followed by shale 4, (2.1 versus
0.50; 4.1x after 10 years), then shale & (2.1 versus 0.60; 3.5x after 10 years). The
coal parameters have lower impacts on the ratio of recovered shale to coal gas
compared to the shale parameters. The coal parameters with the greatest impact
on the ratio of recovered shale to coal gas are coal k (1.4 versus 0.78; 1.8x after
10 years) and coal Vip; (0.92 versus 1.6; 1.7x after 10 years), followed by coal ¢
and coal a (both 1.1x after 10 years).

4.2. Impact of Coal Fracture Dilation/Compaction Parameters

The variation in coal & with effective stress and matrix shrinkage due to produc-
tion predicts 2.8x more produced gas, 1.9x more produced water, and a slightly
higher ratio of recovered shale to coal gas (3.0% after 10 years) than for a con-
stant coal & after 10 years of production. The dynamic changes in coal k£ and the
resulting impact on producability are very sensitive to variations in the coal
fracture dilation/compaction parameters. Varying coal ¢ has the greatest impact
on the dynamic changes in coal & during production, resulting in the greatest
change in the cumulative gas production (30x at 9 month). The coal maximum
volumetric strain (& 21x; blue bar in green box in Figure 18(a)); however, has a
greater impact on the cumulative gas production than coal ¢ (15x after 10 years;
red bar in green box in Figure 18(a)) after ~3.5 years of production. The impact
of varying a constant coal & (i.e. when dynamic changes with production are ig-
nored; 14x after 10 years; blue bar in red box in Figure 18(a)), are lower than
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the impacts of coal £and coal ¢, while greater for most or all of the 10 year his-
tory than the impacts of the coal Poisson’s ratio (1 lower from ~0.5 - 2 years)
and coal Young’s modulus (£ lower from ~4 - 6 months). The coal E (1.5x after
10 years; orange bar in green box in Figure 18(a)) has a greater impact on the
cumulative gas production than coal v (10x after 10 years; green bar in green
box in Figure 18(a)) until ~6 months of production; however, has a much lower
impact than coal vat the end of the production history. The impact of coal £'is
also lower than the impacts of shale k and shale &, after ~6 years of production.

4.2.1. Water Production

The large matrix shrinkage predicted for smaller coal ¢, which results in higher
cumulative gas production, ceases water production following the initial draw-
down. Decreasing the coal ¢, for stress-dependent coal %, thus results in much
lower cumulative water production and a much greater impact on the cumula-
tive water production than the other model parameters (8.6 x 102x after 10
years; red bar in green box in Figure 18(b)). The large matrix shrinkage pre-
dicted for large coal eand small coal vdelays the water production resulting in a
peak impact on the cumulative water production early in the production history
(51x after ~3 years for coal g 38x after ~2 years for coal ). The enhanced per-
meability decreases the impacts following the peaks and while the cumulative
water production for the maximum coal & remains lower, the cumulative water
production is higher for the minimum coal vafter ~5.5 years of production. The
enhanced coal & for the maximum coal £ results in higher cumulative gas and
water production over the majority of the 10 year production history, although
the smaller matrix swelling results in lower cumulative water production until
~4 months of production.

After 10 years of production, coal £ (1.9x after 10 years; orange bar in green
box in Figure 18(b)) is the coal fracture compaction/dilation parameter with the
next greatest impact on cumulative water production, after coal ¢. However, the
large impacts of coal & (4.6% after 10 years; blue bar in green box in Figure
18(b)) and coal v (1.1x after 10 years; green bar in green box in Figure 18(b))
on the early cumulative water production are greater than the impact of coal £as
well as all the coal and shale parameters. The impact of coal ¢ decreases and re-
mains lower than all the model parameters and the impact of v also decreases
lower than the impacts of the other model parameters with the exception of coal

Vipr and shale &,

4.2.2. Produced Coal Gas versus Shale Gas

Increasing the cumulative gas production by varying the coal fracture compac-
tion/dilation parameters, similarly to varying a constant coal & (i.e. assuming no
dynamics changes), results in a greater ratio of recovered shale to coal gas. The
impact of coal £(2.0x after 10 years) on the ratio of recovered shale to coal gas,
which is greater than the other coal fracture compaction/dilation parameters, is
also greater than all the coal parameters. In contrast, the other coal fracture

compaction/dilation parameters have lower impacts on the ratio of recovered
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shale to coal gas than coal V;p; and constant coal 4 The impacts of coal ¢ and
coal v are approximately the same (both 1.4 after 10 years, although impact of
coal vis very slightly greater) and slightly greater than the impact of coal £(1.3x
after 10 years).

4.3. Conclusions

The results of the parametric analysis predict that the coal fracture permeability
has the greatest impact on the cumulative gas and water production, when dy-
namic changes with production are ignored. At the end of 10 years of produc-
tion, 14x more gas and 13x more water is predicted when the coal fracture per-
meability is increased between end-member values (0.5 md and 31 md). In
comparison, the parameters with the next greatest impacts on the gas produc-
tion are the fracture and matrix permeabilities of adjacent organic rich shales.
After 10 years, an increase in shale fracture permeability from end member val-
ues of 1 X 10™* and 0.01 md predicts an increase in production of 1.7x and an
increase in shale matrix permeability from 1 x 107 to 1 x 10~ md predicts an
increase in production of 1.6x. The coal and shale fracture permeabilities are the
only parameters that result in increased water production when the gas produc-
tion increased. The parameters with the greatest impacts on the cumulative wa-
ter production evaluated after 10 years of production. Following coal fracture
permeability are coal fracture porosity (2.1x), shale fracture permeability (2.1x),
and coal fracture porosity (2.0x).

Organic rich shales over and underlying the completed coal seams contribute
significantly to the total gas produced. The relative contribution of shale gas to
total gas varies with the shale and coal storage and properties. The higher cumu-
lative gas production for more favourable shale parameters (with the exception
of shale fracture porosity) is due to greater recovery of gas from the shales.
While less coal gas is recovered, resulting in higher ratios of recovered shale to
coal gas. More favourable coal fabric parameters predict greater recovery from
both the shales F and the coals, also resulting in higher ratios of recovered shale
to coal gas; however, with a lower impact than the shale parameters. Whereas,
increasing the coal gas content predicts greater coal gas recovery and lower shale
gas recovery resulting in a lower ratio. The maximum shale permeabilities pre-
dict the highest ratios of recovered shale to coal gas (2.1 after 10 years), while the
minimum shale gas content predicts the lowest (0.17 after years). Variations in
shale gas content have the greatest impact on the ratio of recovered shale to coal
gas of all the parameters (1.1 versus 0.17 after 10 years), followed by shale matrix
permeability (2.1 versus 0.50 after 10 years), then shale fracture permaeability
(2.1 versus 0.60 after 10 years). The coal parameters with the greatest impact on
the ratio of recovered shale to coal gas are coal fracture permeability (1.4 versus
0.78 after 10 years) and coal gas content (0.92 versus 1.6 after 10 years).

Varying the coal fracture permeability with effective stress and matrix shrin-
kage predicts 2.8x more produced gas, 1.9x more produced water, and a slightly

higher ratio of recovered shale to coal gas (3.0% after 10 years) than when the
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coal fracture permeability is held constant during production. Dynamic changes
in the coal fracture permeability and the resulting impact on production are sen-
sitive to variations in the coal fracture dilation/compaction parameters. In par-
ticular, the volumetric strain (21x after 10 years), fracture porosity (15x) and the
Poisson’s ratio (10x) have great impacts on the cumulative gas production, while
the fracture porosity (8.6 x 10*x after 10 years) has a great impact on the water

production.
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