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The coalbed methane (CBM) resources in the Qinshui Basin are abundant with exceptional
production potential. Coalbed methane wells usually need to be hydraulically fractured to
build economical production. However, the exploration and production experiences have
shown that the penetration distances of hydraulic fractures in the vertical direction of coal
seams are uncertain, which may lead to fracture communication of the layers above and
beneath aquifer layers, resulting in divergent production dynamics among coalbed
methane producers. It has been observed that some of the CBM wells in Block M
produced significantly more water than other wells in the surrounding area. It is suspected
that the hydraulic fracturing among these producers may have communicated to the
sandstone aquifers. To address the above challenge, this study investigated the geological
characteristics of the aforementioned aquifer and coalbed layers, established a three-
dimensional geological model, applied numerical simulation to quantify the influence of the
aquifer on the production of the CBM wells, and developed a method to improve the
history matching of CBM production simulation with the influence of the aquifer
considered. This method has significantly improved the accuracy of the history
matching performance and the reliability of the remaining gas study. The results from
this study laid the foundation for the subsequent development strategy optimization.

Keywords: coalbed methane, fracturing, production capacity, aquifer, numerical simulation, top plate Chinese
library classification number: TE349

1 INTRODUCTION

The coalbed methane resources in the Qinshui Basin are abundant and have good production
potential. Unlike conventional oil and gas reservoirs, coalbed methane reservoirs tend to have
relatively unique reservoir characteristics. Coal reservoirs are characterized by loose texture, strong
adsorption, cutting development, a large surface area, and fracture development, and they tend to be
low-porosity, low-permeability, and low-pressure reservoirs with poor overall physical properties
(Qin et al., 2012; Guo and Zhang, 2017; Zhu et al., 2017; Lai, 2020; Cui et al., 2021; Taboada Jose and
Diaz-Casas VicenteYu, 2021). They usually need to be developed by hydraulic fracturing of gas wells,
drainage, reduction of formation pressure, coalbed methane desorption, and gas percolation (Ma,
2003; Zhang et al., 2017; Zhu et al., 2018; Zhu et al., 2019a; Hu et al., 2021; Zhang, 2021). Depending
on the background of coal seam formation, the upper and lower parts of coal seams are often
accompanied by top and bottom water-bearing layers, and the cores of water-bearing layers usually
include sandstone or tuff. A large number of studies have shown (Sun et al., 2007; Cai et al., 2009;
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Peng et al,, 2019; Lv et al,, 2020; Liu et al., 2021a; Liu et al., 2021b;
Wu et al., 2021) that the main coal reservoir parameters affecting
CBM well capacity include porosity, coalbed thickness,
permeability, gas content, desorption pressure, etc. In addition,
water- and gas-bearing formations near the top and bottom plates
can also significantly affect gas well capacity. Usually, hydraulic
fracturing is required to establish the production capacity of CBM
gas wells (Sang et al., 2011; Ting, 2017; Sun et al., 2019; Zhao,
2020; Mu et al,, 2021). In this study, the characteristics of the
sandstone aquifer at the top of the block are studied together with
the geological characteristics of the coal seam. Then, a three-
dimensional geological model of the coal seam + top aquifer is
established, and the fitting effect of special single wells is
improved by simulating the fracturing of the upper sandstone
aquifer in some gas wells during numerical simulation. At the
same time, the numerical simulation technique is applied to
quantify the degree of influence of the top and bottom
aquifers on the production status of CBM wells, and a method
to improve the fitting effect of numerical simulation of CBM
considering the influence of aquifers is established, which
significantly improves the fitting accuracy of the numerical
simulation history and the reliability of the remaining gas
study in the study block. The practice shows that the
penetration distance of hydraulic fracture joints in the
longitudinal direction has certain uncertainty, which may lead
to fracture to communicate the top-bottom plate water-bearing
layer or the top-bottom plate sandstone gas-bearing layer,
resulting in large differences between the production dynamics
of gas wells and the surrounding CBM wells under normal
conditions (Zhu et al, 2019b; Hou, 2020). During the
development of Block M, it was found that certain CBM gas
wells produced significantly more water than other surrounding
gas wells. Under the same geological background and coal seam
conditions, their production characteristics were significantly
different from normal, and the reason for the anomaly was
inferred to be the communication of the upper roof water-
bearing layer after fracturing (Deng et al., 2019). Therefore, in
the numerical simulation of this block when shooting holes at the
coal seam location only, the history fitting indicated that the
water in the coal seam was severely insufficient to simulate the
production history of some of the highly productive water wells.
Based on the hypothesis that it is possible that the producing wells
fractured the top sandstone water layer during the fracturing
process, resulting in some of the gas wells producing significantly
more water than the average producing wells, and this study
focuses on the effect of the water-bearing layer in the coal seam on
the gas production effect of CBM.

2 GEOLOGICAL OVERVIEW OF THE BLOCK

2.1 Overview of the Qinshui Basin

The Qinshui Basin is a large syncline complex trending north to
south with rich sub-parallel hinge lines. The northern and
southern parts are mainly northern-southern oriented folds,
with locally eastern-western and northern-eastern trending
sub-folds; the central part of the basin is dominated by
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northern-eastern oriented folds. As shown in Figure 1, the
Shanxi and Taiyuan formations are the main coal-bearing
systems in the Qinshui Basin, and the #3 and #15 coal seams
are the important target layers for CBM production, among
which the #15 coal seam is the main coal seam in Block M
and Area A and is also the target layer in this study.

2.2 Characteristics of Coalbed Methaen

Block M is located at the western foot of Taihang Mountains,
the southeast wing of Taiyuan East Mountain Backslope, with
a topography of west high and east low, north high and south
low, and the elevation is 980-1342.10 m, but the relative height
difference is not big, generally between 100 and 200 m. The
north and the west are covered by red and yellow soil in the
new world and are relatively flat. The yellow soil ditch is
developed, and it is mostly U-shaped and dendritic, which
is a hilly landscape. In the south, the bedrock is well-exposed,
the rocks are seriously weathered and denuded, and the loess
only remains on the slope or the top of the mountain, with little
vegetation, which is a hilly landform.

After the deposition of the coal system in the Qinshui Basin, it
has been modified by three tectonic movements: the Indo-
Chinese, Yanshan, and Xishan. During the Indo-Chinese
period, a depression centered on the east-west trend of
Houma ~ Qinshui ~ Jiyuan was controlled by continuous
subsidence; the Triassic river-lake clastic rocks with a
thickness of several kilometers were deposited, and the
thickness increased from north to south. The Indo-Chinese
movement before the Triassic period caused the gradual
disintegration of the North China Plateau, and the Qinshui
Basin began to be uplifted as a whole and suffered from
weathering and denudation. During the Yanshan period, the
strongest tectonic movement in the Qinshui Basin was caused
by the north-west-south-east stress, and the
Carboniferous, Permian, and Triassic strata were uplifted and
folded with the rise of the Shanxi uplift, forming a compound
oblique in the axial direction near the north-south, with local
fractures, uplift, and denudation. At the same time, the Moho
surface arch in the Qinshui Basin and the local magmatic rock
intrusion formed an unbalanced high geothermal field, which
further deepened the coal metamorphism. Since the
metamorphism was carried out when the coal seam was
uplifted, folded, and stripped and the overlying static rock
pressure was gradually reduced, it had an impact on the
generation and preservation of fissures in the coal, which was
different from the deep metamorphism. During the Xishan
period, the tensional stress field at the eastern edge of the
Ordos Basin produced north-west to south-east tensional
stresses in the Shanxi uplift area, developed the Shanxi graben
system, and formed the Jin interruption in the Qinshui Basin
from Yuzi to Jiexiu, depositing thousands of meters of
Neoproterozoic and Quaternary terrestrial clastic rocks. The
north-east orthogonal fractures were formed in the north and
southeast due to tensioning, resulting in the present state of the
Qinshui Basin.

The classification type of the coalbed methane reservoir in the
M area is based on the gas reservoir boundary type of the Qinshui

extrusion
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FIGURE 1 | Distribution of coal seam reservoirs in Block M.

#15 Coal

Basin, which should be an oblique-hydrodynamic blocked
coalbed methane reservoir. The main coal-bearing strata in the
Qinshui Basin are the Taiyuan Group and the Shanxi Group, and
the coal-bearing strata are about 150 m thick. The Taiyuan Group
contains 5-11 layers of coal, and its #15 coal is the main
recoverable coal seam. The Shanxi Group contains 3-4 layers
of coal; the #3 coal is the main recoverable coal seam, and the total
thickness of the two groups of coal seams is about 15 m. Usually,
the thickness of the #15 coal is 1-8 m, and the average thickness is
about 3m. The coal seams are assigned. The general
characteristics of the coal seam are thick in the east, thin in
the west, thick in the north, and thin in the south, and it is a stable
and mineable coal seam. The burial depth of the main layer of the
#15 coal is 0-1500 m, and the current mining area does not
exceed 800 m. The main influencing factor of the coal seam
thickness is the geological evolution of the sedimentary
environment, according to the predevelopment practice.

Coalbed methane gas content: Most of the coalbed methane
components in the Qinshui Basin are methane, with content
usually greater than 98%, and a small amount of ethane,
nitrogen, carbon dioxide, etc., with content no more than
2%. At the edge of the basin, the coal seam is gradually
exposed to the surface, and the proportion of methane
gradually becomes smaller, while the proportion of nitrogen
and carbon dioxide increases. The coalbed methane content in
the Qinshui Basin is high, with most of the coalbed methane in
the Shanxi Group #3 coal seam ranging from 7 m*/t to 32 m’/t,
with the highest measured being 36 m*/t, and most of the
coalbed methane in the Taiyuan Group #15 coal seam
ranging from 6 m*/t to 21 m’/t, with the highest measured
being 27 m*/t. The southern part of the Qinshui Basin has a
high methane content and is one of the main areas of coalbed
methane enrichment in China.

3 COAL SEAM AND UPPER AQUIFER
CHARACTERISTICS

Block M is located at the northern end of the Qinshui Basin,
which is overall geographically higher in the north and lower
in the south. The overall monoclinic structure is always south-
dipping, and the local east-west oriented stress forms slightly
amplitude syncline and anticline structures. The depth of the
#15 coal increases from the north to the south, and the
variation range is between 393.00 and 1743.30 m, with an
average depth of 799 m; the thickness is stable and the
variation ranges from 0.5 to 9.52m, with an average of
3.6 m; the gas content is unevenly distributed in the plane,
and the variation range is from 1.04 to 24.48 m’/t, with an
average of 13.61 m’/t; the coal structure is mainly connate
fractured and locally granular.

From the logging curve, it is seen that the #15 coal seam is
stably distributed in the region, and the thick coal zone of the
#15 coal is mainly distributed as two strips in the east and
west of the block. According to the lithology analysis of
nearly 20 m formation above the #15 coal, the average
thickness of the water-bearing sandstone layer is about
7 m, and the middle region is thicker and gets thinner in
the east and west directions. This trend can be seen from
Figure 2.

4 SIMULATION OF THE AQUIFER EFFECT

Based on the geological background of a district in the northern
part of the Qinshui Basin and the geological characteristics of the
main coal seam and the upper aquifer mentioned above, the well
group 165-166-167 in Area A was selected to establish the
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FIGURE 2 | Thickness distribution of the water-bearing sandstone layer near the upper 20 m of the top plate of the #15 coal seam.

simulation model. The corresponding physical parameters
including porosity, permeability, coal seam thickness, adsorbed
gas content, and initial pressure temperature of the model were
obtained from the average values of the logging interpretation
results of each well. Reservoir simulation software, tNavigator,
was used to create a three-dimensional dual-porosity geological
model of the upper aquifer and the main #15 coal seam. The
model contains three geologic layers including the aquifer, top
sealing layer, and coal seam reservoir. The model contains 200 x
200 x 6 grids in the I, J, and K directions. The size of the grid
dimension is 5 m in the I and J directions and 10, 10, and 5.4 m
for the aquifer, upper sealing layer, and coal seam layer,
respectively. The average well spacing of the three producers is
280 m.

4.1 Model Fitting Effect With Aquifer

The average water production rate around this well group is less than
20 m’/d, and the average gas production rate is 400 m’/d. However,
the initial average daily water production of well 165 in this well group
is as high as 70 m*/d. The high water production and low gas
production wells are a challenge to fit to the numerical simulation
history of CBM wells, and the historical production data of well 165
cannot be matched in the model with perforations only in #15 coalbed
formation. The analysis inferred that the producing well 165 fractured
the top sandstone water layer during the fracturing process, resulting
in a significantly different water production than other surrounding
gas wells in the same geological background and coal seam conditions.
Through the numerical simulation model of the reservoir with coal
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TABLE 1 | Numerical simulation production fitting parameters.

Parameters #15 Coal seam Top aquifer
Thickness, m 5.4 10
Porosity, % 5.2 20-30
Permeability, mD 1 30-100
Gas content, m®/t 12 0
Aquifer volume multiplier 1 100-300

165 166
167

FIGURE 3 | Three-layer mechanism model of the aquifer, sealing layer,
and coal seam.
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FIGURE 4 | History matching of daily gas and water production of
well 165.

seam with the top water layer established in this study, the influence of
the top water layer on the production status of the CBM well was
quantified by applying numerical simulation techniques. As shown in
Table 1, the values of coalbed parameters are taken to be the same as
the actual situation, and the maximum and minimum values of
aquifer parameters are within the reasonable range of the values
taken for the physical parameters of the aquifer in the block, which are
as close as possible to the actual geological parameters’ conditions of
the aquifer in a CBM block. Figures 3, 4 show the production history
matching of each well considering the influence of the aquifer. It can

Numerical Simulation of Coalbed Methane

be observed that when setting the thickness of the upper sandstone
aquifer to 10 m, the porosity at 30%, the permeability at 80 mD, and
the aquifer multiplier at 200 times of the primary water volume, the
production history matching results were significantly improved.
Following the traditional development strategy of drainage,
decompression, desorption, diffusion, and percolation to produce
a single layer of coalbed, the reservoir pressure depleted too
rapidly, and the water replenishment in the coal seam will be
insufficient. Therefore, the production history of some of the high
water cut wells was unable to be simulated. To resolve the
challenge, the adjacent aquifer is communicated to simulate
some of the long-term high water cut production wells
(inferring that a large amount of produced water originates
from the upper sandstone water layer). Special production
wells with high water production and low gas production are
simulated by opening the upper water layer to slow down the rate
of pressure drop in the coal seam, allowing a small amount of gas
desorption-diffusion in the coal seam. Since the water in the
aquifer is extracted and replenished to the coal seam, the pressure
drop rate in the coal seam was slowed down, and the ideal fitting
of gas and water production index can be achieved by adjusting
the water output from the aquifer to match the water production
rate in the fracture system of the coal seam. Therefore, the results
indicate that by perforating the water-bearing sandstone, the
fitting effect is ideal and in line with the real geology and gas
well productions through geologic engineering-integrated study.

4.2 Comparison of Traditional Simulation

Results

Removing the aquifer from the model, a single coal seam model is
established to simulate single mining of the #15 coal seam with a
constant flow pressure drop. Taking well 165 as an example, the
daily water production is less than 1/3 of the actual produced
water volume. If the sandstone aquifer is not considered, the
output water is completely extracted from the coal seam matrix
and fracture drainage, but after a large amount of coal seam
drainage, the formation pressure drops greatly, the gas desorption
is fast, and a large amount of gas is produced, resulting in high gas
production and insufficient water production in the gas well
during the simulation, both of which did not match the
production history, and the matching was poor.

According to the statistics shown in Table 2, the simulated peak
gas production from a single coal seam layer is twice as high as the
actual value, and the average gas production from a single well is
5.3 times higher than the actual one, indicating that the aquifer of
the roof formation has an obvious inhibiting effect on the release of
the actual gas production capacity of the coal seam in the model.
Through the comprehensive analysis of geology (fine
interpretation of logging), engineering (fracturing), drainage,
and numerical simulation, it can be judged that the aquifer
layer is the main controlling factor for the production capacity
of CBM wells in a certain region, and the development of top plate
water-bearing sandstone or fracturing communication will lead to
the drainage of high water production and low gas production, thus
affecting the overall regional drainage and gas production. The
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TABLE 2 | Comparison of fitting results of different models with actual values.

Average gas rate,

m®/d
Actual value 52.1
Simulation results of coal seam with the aquifer model 48.9
Coal seam only model simulation results 261.1

peak water production of this well is 26 m*/d. According to the
understanding of the integrated geology and engineering study in
the early stage of the block, the peak water production exceeding
10 m’/d is most likely to be water production from the sandstone of
the top aquifer, which indicates that the numerical simulation
model of coal seam-aquifer coproduction is more in line with the
real geological situation. The simulation shows that the water
production of each well at the later stage is lower than 5m’/d,
which is consistent with the reality, indicating that the limited
water body is gradually emptied by the multi-well productions of
the aquifer, and the water production at the later stage mainly
reflects the real water production capacity of the coal seam.

5 UPSCALED MODEL SIMULATION

5.1 Numerical Simulation Model
Block M Area A is selected to establish a three-dimensional dual-
porosity (matrix and fracture systems) model including the aquifer,
sealing layer, and coal seam, with corner point grid dimensions of
50 m x 50 m x 4.08 m and a total count of grid dimensions of 307 x
162 x 6 = 298404. The initial reservoir pressure of the coal seam is
3.3 MPa, and 206 producers are included in the model. The gas
saturation in the aquifer matrix and fracture system is 0, and the
water volume is set to be 186.47 x 108 m’; the aquifer fracture system
contains 8.8 x 108 m® of water. The gas volume in the coalbed matrix
system is 84.8 x 108 m” without water, and the water volume in the
coalbed fracture system is 2.8 x 107 m’ without containing gas.
The model aquifer matrix porosity is 30%, and the aquifer
fracture porosity is 30%. The coal seam matrix porosity is 100%,
and the coal seam fracture porosity is 2.6% on average. Model
permeability parameters: the permeability of the model aquifer
matrix system is O0mD, and the permeability of the aquifer
fracture system is 30 mD. The permeability of the coalbed matrix
system is 0 mD, and the permeability of the coalbed fracture system
is 7.8 mD on average. The water saturation of both the model aquifer
matrix system and the fracture system is 100%. The water content
saturation in the model coalbed matrix system is 0%, and the
distributions are shown in Figure 5.

5.2 Comparison of History Matching

5.2.1 Overall Block History Matching Results

During the production, the water rate is greater than historical data
and the gas production is slightly lower than historical data. From
the production during 2005-2020, 66 wells in block A produced
843 x 107 m’ cumulatively, with an average pressure decline of
1.0 MPa in the gas reservoir. The historical water production was

Numerical Simulation of Coalbed Methane

Peak gas rate, m®/d Average water rate, Peak water rate,

m®/d m®/d
395 6.5 25.8
390 6.4 26.2
800 4.3 12.1

6.60 x 106 m>, and the simulated water production was 6.62 x
106 m®. The historical gas production was 8.43 x 107 m’, and the
simulated gas production was 8.41 x 107 m’. Using the method
proposed in this study, for some of the abnormal high water
production wells, after opening the top aquifer layer, the history
matching was significantly improved, and the main fitting
indicators of the block are shown in Figure 6 below.

5.2.2 History Matching Without Aquifer

In the block model, some wells may exhibit a high gas production
rate without significant water cut. This could be resulting from the
different extent of local coal seam layer communication with the
upper aquifer layers and the seal layer in between was intact, and
these wells are referred to as “typical wells” in this study. The peak
gas production of a typical gas well can reach as high as 3,000 m’/d,
and the average gas production is in the range of 2000-2,500 m/d.
The gas production history matching of this well is basically
consistent with the history date, but the water production is
obviously insufficient. The actual water production at the
beginning of the well was 20 m’/d, while the highest water
production of the coal seam perforated only model is less than
15m’/d, and the water production cannot be matched. After
communicating with the upper aquifer, adjusting the permeability
of the aquifer fracture, and controlling the water supply from the
upper aquifer to the lower coal seam, when the fracture permeability
is adjusted to 135 mD, the well can significantly improve its water
production matching, as shown in Figure 7 below.

5.3 Analysis of Results

Combined with the analysis of dynamic and simulation results,
the upper aquifer developed at a distance of 0-20 m above the
sealing layer of the #15 coal seam in block M may be the main
source of abnormally large water production in some CBM wells.
If the average porosity of this sandstone aquifer layer is greater
than 5% and is about 10 m away from the coal seam, there is a
greater risk of abnormal water production. The aquifer at the top
of the block has good porosity and permeability; once
communicated, the CBM wells will have high water
production and low gas production, but through the overall
pressure reduction of multiple wells, the aquifer water will be
gradually depleted after about 2-4years, and the coalbed
desorption and gas production will be improved during the
pressure reduction. The drainage situation and numerical
simulation results showed that the aquifer layer on the top of
the #15 coal has a greater impact on the fracture transformation,
depressurization, and desorption of the coal seam. For wells
where the upper sealing layer of the coal seam is close to the
upper aquifers, fracturing design can be considered to avoid
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Porosity

FIGURE 5 | Porosity/permeability/gas content parameter fields of the fracture system in the coal seam.
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FIGURE 7 | History matching result of daily gas-water and cumulative
gas-water is significantly improved when the aquifer is considered.

pressing open the upper aquifer to optimize the #15 CBM
production capacity.

6 CONCLUSION

A CBM production simulation model that considers the
influence of the upper aquifer can simulate the abnormal

production situation of some gas wells with higher water
cut. This method can significantly improve the accuracy of
the numerical simulation history matching in the study area,
enhance the reliability of the remaining gas study, and lay the
foundation for the subsequent development strategy
optimization.

The upper sandstone aquifer developed at a distance of
0-20 m above the top of the #15 coal seam in Block M may
be the main source of abnormally large water production in some
CBM wells. If the average porosity of this sand layer is greater
than 5%, and there is a greater risk of abnormal water production
near the 10 m range from the coal seam.

The depletion and recovery strategy and numerical simulation
results showed that the upper aquifer on the top of the #15 coal seam
layer has a greater impact on the coal seam fracture transformation
and pressure drop and desorption. For wells where the upper sealing
layer of the coal seam is close to the upper aquifers, fracturing design
can be considered to avoid pressing open the upper aquifer to
optimize #15 CBM production capacity.

Numerical simulation techniques for coalbed methane
considering the upper aquifer layer near the top and bottom
of coal seams can be applied to modify the numerical simulation
model considering the action of water migration within the field
to quantitatively analyze the influence of aquifer layers on the
production performances of CBM wells. This method established
reliable quantitative analysis methods and techniques for three-
dimensional exploration and production of coalbed methane.
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