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Considerable methane resources exist in abandoned coal mines. However, methane extraction from abandoned mines in China is
still in the exploratory stage. This study presents technologies and engineering practices suitable for the extraction of gob methane
from abandonedmines using surface vertical wells, includingmethane drainage systems, well bottom locations, and an intermittent
drainage method. Seven surface wells in the Yongan abandoned mine in China were selected for gob methane extraction. Field
results showed that the methane volumetric flow rate of a well whose bottomwas close to the gob bottomwas 2.5 times greater than
that of a well with a bottom located in the gob fractured zone.Moreover, intermittent extraction can enable a well to extractmethane
cyclically at a high volumetric flow rate. A well drilled mistakenly into a coal pillar can be reused through hydraulic fracturing.The
overall maximum methane volumetric flow rate, average concentration, and extraction span were 210m3/h, 83%, and 1100 days,
respectively.

1. Introduction

Coal mines are abandoned when they complete their useful
economic life, and abandoned underground mines can be
found in every country that has coal resources [1]. The
UK has 900 abandoned mines, of which approximately 400
leak methane into the atmosphere [2]. Europe, Ukraine, and
Russia also havemany abandonedmines [1]. In China, Shanxi
Province alone has more than 4700 abandoned mines, with
methane reserves of approximately 3 billion m3 [3]. Methane
in abandoned mines can create various environmental,
health, safety, and economic concerns. For example, methane
accumulated in abandoned mine gobs can leak out to the
surface through cracks [4].Therefore, it is necessary to extract
abandoned mine methane, and this has been successfully
done in the UK, Czech Republic, USA, Germany, France, and
China [5].

Many studies have focused on using surface wells
for stress-relief methane drainage to release the methane
pressure that accumulates in gobs or coal seams during

mining. Sang et al. [6] summarized current engineering
practice and technology for stress-relief methane drainage
with surface vertical wells in China. Sun et al. [7] studied
deformation of surface well casings. Sun et al. [8] developed a
shear deformation fracturemodel to study thewell casing dis-
placement that occurs as the working face advances. Schatzel
et al. [9] investigated the effects of reservoir conditions and
longwall panel response during mining on gob gas well
performance. Guo et al. [10] developed a conceptual model
to provide simple practical guidance for horizontal methane
drainage design. Karacan [11] assessed the production per-
formance of gob gas ventholes drilled along wall panels.
Zhang et al. [12] analyzed the total gas flow rates from
29 surface gas ventholes located on four longwall faces for
stress-relief methane drainage. Qin et al. [13] studied the
optimal placement of abandoned gob wells. Qu et al. [14]
conducted field trials at two Australian coal mines to eval-
uate the performance and effectiveness of surface directional
boreholes. Liu et al. [15] investigated the impact of gob gas
venthole drainage on gob gas flow. An et al. [16] applied
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Table 1: Coal seam occurrence in the Yongan mine.

Coal seam
number (#)

Coal seam
thickness (m) Coal seam distance (m)

Roof lithology Floor lithology WorkabilityMinimum–
maximum
Average

Minimum–maximum
Average

3 6.1–6.8
6.3

42.6–63.2
53.2

Mudstone
Siltstone

Mudstone
Siltstone

Completely
minable

9 0.3–1.0
0.6 21.0–34.1

28.1

Mudstone
Siltstone

Mudstone
Siltstone

Partially
minable

15 2.4–4.0
3.0 Limestone Mudstone

Siltstone
Partially
minable

directional boreholes formethane drainage in adjacent seams
during mining. These studies have all focused primarily on
the efficient extraction of stress-relief methane with surface
wells. Currently, the studies of methane extraction from
abandoned mines in China are still at an exploratory stage
[3].

Some studies about methane emissions and extraction of
abandoned mines have also been conducted. The EPA [17]
proposed a formula to calculate the methane emission rate
from abandoned coal mines in the United States. Leifer and
Wilson [18] measured the gas seepage at a repeatedly aban-
doned well in Nearshore Summerland, California. Palchik
[19] analyzed the data of time-dependent methane emission
and estimated the gas flow rate parameters and cumulative
production of the wells drilled to partly flooded abandoned
workings at shallow depth by exponential decline analysis.
Karacan [1] studied methane extraction characteristics of
abandoned mines by modeling study and data analysis. All
of these studies can provide theoretical guidance for methane
extraction from abandoned mines. However, existing studies
did not consider some unique characteristics of abandoned
mines in China, such as residual methane pressure, overlying
strata development, and aquifers. These characteristics will
directly affect the arrangements of the methane drainage
system, the well bottom location, and the methane drainage
adjustment used for the methane drainage of abandoned
mines [5, 20]. It is essential to propose some technologies,
especially considering these unique characteristics.

This paper presents and describes in detail the technolo-
gies of the methane extraction of abandoned mines using
surface wells, especially considering those unique charac-
teristics of abandoned mines in China. These technologies
were then verified with a field engineering trial at the Yongan
abandoned mine in China.

2. Description of the Yongan Abandoned Mine

The Yongan abandoned mine is a gassy coal mine in China
that has been completely closed since November 2011. It
stretches from south to north and has a length of 5.2 km and
width of 2.8 km, covering a total area of 6.5101 km2. Before its
closure, themine produced 0.9million tons of anthracite coal
annually. The average original methane pressure and total
methane content were 1.08MPa and 18m3/t, respectively.

The Yongan mine is located in the southern part of the
Qinshui Coalfield, which is in an area with low mountains
and hills; the maximum relative elevation difference of the
terrain is approximately 283m. The mine has a moderate
hydrogeological type, and the groundwater storage is dom-
inated by diving. The aquifer thickness is small and has a
shallow water table depth.

The minable coal seams in the Yongan mine were coal
seam #3 in the lower group of the Shanxi Formation and
coal seams #9 and #15 in the Upper Carboniferous Taiyuan
Formation. As summarized in Table 1, coal seam #3 is nearly
horizontal and is stable in the mine area. This coal seam
is 6.1–6.8m thick, with an average thickness of 6.3m. The
immediate roof of coal seam #3 is approximately 5.3m
thick and is composed primarily of mudstone and siltstone.
The floor is mudstone and siltstone and has a thickness of
approximately 1.8m. Coal seam #9 is unstable, while coal
seam #15 is stable and minable in the entire mine area.

Historically, coal seam #3 of the Yongan mine was mined
using the longwall mining method at a mining depth of
between 320m and 360m.The distribution of coal mine gobs
formed within the Yongan mine range is shown in Figure 1.
Six surface wells have been drilled to extract the methane in
these abandoned gobs, and their locations are also shown in
Figure 1.

3. Methane Drainage Trials at
the Abandoned Mine

3.1. Methane Drainage System. Themethane drainage system
consists of the borehole camera detection method (Figure 2),
a configuration of wellbore (Figure 3), and a surface methane
drainage system (Figure 4). During the dynamic and contin-
uous mining process, the stresses in the overlying strata vary
continuously, which can significantly affect the stability of
the surface vertical wells located in the overlying strata [6].
Therefore, structural designs for these surface wells mainly
consider the effects of mining stress [7, 8, 21, 22]. However,
in an abandoned mine, the mining stress has stabilized, and
thus water influx from aquifers into the abandoned gobs is
the most significant problem. The drilled wells pass through
aquifers to reach the gobs, which can allow underground
water to flow into the gobs, significantly affecting the gob
methane flow to the wells.
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Figure 1: Abandoned gob distribution within the Yongan mine range.
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Figure 2: Borehole camera images along the drilled wells.

A borehole camera detection method [23] was used to
detect aquifers above the abandoned gobs in the Yongan
mine. Figure 2 shows images from the borehole at well #1
(shown in Figure 1). These images show an obvious point at
which groundwater is pouring out of the well wall, indicating
the location of an aquifer. The water from these points flows
directly to the bottom of the drilled well.Thus, it is important

that all aquifer positions are detected and sealed before the
drilled wells reach the gobs.

When the gob has collapsed and the aquifers above the
gob are sealed, the surface well used to drain the abandoned
gob methane can be divided into three parts, as shown in
Figure 3(a). In this case, the top part of the well is drilled
through the topsoil overburden and enters the 10m deep
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Figure 3: Sketch of two surface well structures: (a) surface well structure used in the Yongan mine area and (b) surface well structure used
in the Chengzhuang mine area.

bedrock with a bore diameter of 425mm, followed by intro-
duction of a 339mm diameter seamless tube, which is fixed
to the well wall with high-strength, low-density cement. The
second part of the well is drilled with a 311mm bore diameter
through all detected aquifers, followed by introduction of
a 244mm diameter seamless tube, which is sealed against
the aquifers with cement. Finally, the third part of the well
is drilled into the lower gob with a 215mm bore diameter,
followed by a slotted tube, which is used in case awell collapse
blocks airflow passage in the gob.

Adopting this type of wellbore configuration can improve
the efficiency of draining the abandoned gobs and reduce
construction costs of the surface vertical wells. This configu-
ration accounts for sealing of the aquifers without the unnec-
essary fixation of slotted tubes in the abandoned boreholes
shown in Figure 3(b) [20].

Based on the proposed wellbore configuration and the
geological conditions at the Yongan mine, the surface
methane drainage system shown in Figure 4 was used for
methane extraction. This surface methane drainage system
consists of a pressure gauge, wellhead gate valve, one-way
valve, tailrace, flame arrester, solenoid valve, temperature
sensor, methane concentration sensor, oxygen concentration
sensor, vacuum negative pressure gauge, panel, water-ring
vacuum pump, screw supercharger, flow meter, air collector,
master valve, and gathering station.

The six wells were closed and sealed after drilling was
completed, and then pressure gauges (Figure 4)were installed
at the upper part of each well to monitor the residual
methane pressure in the abandoned mine gobs, as shown
in Figure 5. The pressure measured at those wells was only
0.002–0.020MPa, which is much lower than the original

methane pressure of 1.08MPa. For comparison, the reported
residual methane pressures at the Peyerimhoff abandoned
mine in France and the Markham abandoned mine in
England are between 0.050MPa and 0.102MPa [5].

The desorbed (released) methane in the gobs is extracted
by utilizing the negative pressure at the well bottom produced
by a water-ring vacuum pump. The methane is then pres-
surized to 0.2–0.3MPa with a screw supercharger and trans-
ported to the air collector and gathering station.Themethane
extraction parameters are monitored with the methane con-
centration sensor, oxygen concentration sensor, temperature
sensor, vacuum negative pressure gauge, and flow meter. The
panel control programmodulates the solenoid valve to adjust
the methane extraction pressure, which directly affects the
methane extraction concentration and flow. Owing to the
low residual methane pressure in the abandoned gobs, the
methane extraction pressure must be set to a micropositive
pressure or micronegative pressure in the range of −7 to
+2 kPa to ensure the stability of the methane production.

3.2. Location of the Well Bottom. Figure 6 shows a sketch of
various surface well bottom locations. It is generally accepted
that a well location in the fractured zone near the caved zone
is most effective for gob methane drainage as this location
is enriched by gob stress-relief methane [6]. Surface Well
I, which has a well bottom located in the “O-ring” of the
fractured zone, as shown in Figure 6, is typically used to drain
the abandoned gob methane.

The methane flow in abandoned mine gobs can be
described by Darcy’s law [24]:

𝑢 = −
𝐾𝑝

𝜇
∇𝑃, (1)
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Figure 4: Surface methane drainage system: (a) physical image map and (b) schematic diagram.

where 𝑢 is the relative velocity between the fluid and the solid
structure, 𝜇 is the dynamic viscosity of the fluid, ∇𝑃 is the
pressure gradient that acts as the driving force for fluid flow
through the porous media, and𝐾𝑝 is the permeability.

Darcy’s law indicates that Well I will only be suitable
for use with a newly formed gob that has a relatively high
residual methane pressure. There will be a relatively large
pressure gradient between the lower area and the upper area
of this type of gob after the free gob methane is extracted
by the surface well, allowing the methane to flow easily into
Well I.

However, the low methane pressure in an abandoned
gob corresponds to a low negative pressure extraction, which

means that Well I has a small effective extraction range. The
gob methane cannot easily flow into that small range in a
reasonable amount of time owing to the very low pressure
gradient.Therefore, it is necessary to change the conventional
well bottom position for use in abandoned mine gobs. Well
II has a bottom located near the residual coal and the gob
bottom and should be used for quick and efficient extraction
of the desorbed methane from the residual coal.

Occasionally, incomplete or inaccurate abandoned gob
information may lead to a well being mistakenly drilled
into the coal pillar around a gob. Because of the poor
permeability of the original coal seam in the Yongan mine,
the methane drainage flow from this well was poor and
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it had to be abandoned. Figure 7 shows that this well was
mistakenly drilled into the coal pillar of coal seam#3. To reuse
this abandoned well, drilling should continue until the well
penetrates coal seams #9 and #15 located below coal seam #3.
A hydraulic fracturing method [25–27] could then be used to
increase the original permeability of the three coal seams and
allow the abandoned well to be reused.

3.3. Intermittent Efficient Methane Drainage. The desorption
rate of the residual coal in abandoned mine gobs initially
decreases sharply with increasing desorption time, after
which it decreases more gradually [19]. As a result, the
methane pressure in the abandoned gob decreases as the

gob methane is extracted. The free methane content can be
obtained with Mariotte’s law [28]:

𝑉𝑔 =
𝜙𝑟𝑝𝑇0
𝑝0𝑇𝑍
, (2)

where 𝑉𝑔 is the free methane volume in the normal state
(m3/t);𝜑𝑟 is the residual pore volume (m3/t);𝑝 is themethane
pressure (MPa);𝑝0 and𝑇0 are the pressure in the normal state
(0.101325MPa) and absolute temperature (273K), respec-
tively; 𝑇 is the reservoir temperature, which can be estimated
by the depth; and 𝑍 is the methane compressibility factor,
which can be obtained from generalized compressibility
charts. Duringmethane drainage, themethane pressure in an
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Figure 7: Schematic of the methane extraction through a coal pillar
using hydraulic fracturing.

abandoned gob becomes relatively low, at which point the gob
has a low free methane volume, as indicated by (2).

The adsorbed methane and desorbed methane in the
coal are in a dynamic equilibrium. As the methane pressure
successively decreases and increases, the coal will undergo
corresponding successive desorption and adsorption pro-
cesses. As the coal desorption rate and the free methane
content decrease, the methane drainage flow will gradually
decrease and become exhausted. At this point, it is advisable
to cease drainage for a period to allow the methane in the
coal pillar, roadway, or other gobs to gradually accumulate in
the gob where the well is located; over time, the residual coal
in this gob can thus gradually return to the initial methane
pressure. When the methane extraction is restarted, the
residual coal will undergo methane desorption at a relatively
high rate again, enabling extraction of a high methane flow
from thewell.This technique could solve the problems of high
energy consumption and low production efficiency that are
experienced when the methane extraction flow of a well is
low.

4. Field Application Results

As shown in Figure 1, wells #1 and #2 are located in adjacent
gobs, which have similar geometrical and geological condi-
tions. As a result, the two wells have similar gas adsorptions
and flow conductivities. Moreover, the two wells have very
similar well locations and methods of extraction. Therefore,
wells #1 and #2 were selected to study the influence of the well
bottom position on the methane production.
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Figure 8: Comparison of methane extraction flow for different well
locations.

The bottom of well #1 is located in the gob fractured zone
approximately 40m above the roof of coal seam #3, whereas
the bottom of well #2 is located approximately 5m below the
floor coal seam#3.Themethane volumetric flow rates and the
methane volumes of the two wells are shown in Figure 8.

Figure 8 shows that there are some fluctuations for the
initial methane volumetric flow rate, similar to the results
obtained by Karacan (2015) [1], and then the overall trends of
wells #1 and #2 are declining in the duration of the methane
drainage, which are confirmed by EPA (2004) [17] and
Palchik (2014) [19].The averagemethane volumetric flow rate
of well #1 was only 40m3/h, whereas the average methane
volumetric flow rate of well #2 was 100m3/h, or 2.5 times
greater than that of well #1. During the first 350 days of
drainage, the methane volume in well #1 was 4.0 × 105m3,
whereas the methane volume in well #2 was 7.5 × 105m3,
which is nearly two times that of well #1. It is clear that
methane extraction at well #2 was much more effective than
at well #1. Therefore, it can be concluded that the methane
extraction is better the closer the well bottom is to the bottom
of the abandoned mine gob.

Well #3, shown in Figure 1, was chosen to investigate the
impact of intermittent extraction on methane production.
Figure 9 shows that, over 80 days of extraction at well #3,
the methane volumetric flow rate decreased significantly
from 325m3/h to 130m3/h, indicating the near exhaustion
of methane in the gob. At this point, well #3 was closed
for approximately 200 days to allow the methane from the
surrounding gobs to flow into that gob, accumulating until
the methane pressure returned to its original level.

When well #3 resumed extraction, the methane volu-
metric flow rate was initially relatively 380m3/h high, which
decreased sharply to approximately 150m3/h 140 days later.
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Table 2: Representative methane extraction effect of surface wells in the abandoned mine.

Methane
extraction time (d) Well number (#)

Average
concentration
Minimum∼

maximum (%)

Average methane
flow rate

Minimum∼
maximum (m3/h)

Cumulative
methane flow (m3)

1100 4 81
63∼89

76
60∼88 2.0 × 106

663 5 85
79∼95

80
63∼88 8.3 × 105

1016 6 83
77∼95

159
139∼210 4.4 × 106
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Figure 9: Methane extraction flows before and after intermittent
extraction.

This suggests that the intermittent extraction method, that is,
extraction-pause-extraction, can enable the well to continue
extracting at a high methane volumetric flow rate and
significantly reduce energy consumption, thereby improving
the efficiency of the well.

Wells #4, #5, and #6 have the structure illustrated
in Figure 3 and used the extraction system illustrated in
Figure 4; the methane extraction results are summarized in
Table 2. The minimum methane volumetric flow rate was
60m3/h, the maximum was 210m3/h, the average methane
concentration was 83%, and themethane extraction time was
1100 days.

5. Conclusions

Abandonedminemethane can create various environmental,
health, safety, and economic concerns. It is necessary to
extract themethane fromabandoned gobs, which can contain
considerablemethane resources. However, methane drainage

from abandoned mines in China is still in the exploratory
stage compared to the stress-relief methane extraction
employed during mining. This study evaluates technologies
and engineering practices for surface vertical wells that are
different from those used in stress-relief methane extraction,
including a methane drainage system, well bottom locations,
and intermittent drainage.

Aquifer positions above abandoned gobs were detected
and sealed before drilled wells entered the gobs. A single well
drainage system was used to control the negative methane
extraction pressure at micropositive or micronegative pres-
sures of −7 to +2 kPa to ensure stability of methane pro-
duction. Because of the low gob methane pressure and low
extraction pressures, the optimal well location to efficiently
extract methane from the residual coal in a reasonable
amount of time was near the bottom of the gob. An intermit-
tent extraction method, that is, extraction-pause-extraction,
could be used to enable wells to resumemethane extraction at
high flow rates. For wells drilled into coal pillars around gobs,
it was suggested that the drilling should continue downwards
until it has penetrated all the coal seams, afterwhich hydraulic
fracturing can be used to improve the low permeability of
these coal seams.

The average methane volumetric flow rate at a well whose
bottom is close to the gob bottom is 2.5 times greater than that
of a well located in the gob fractured zone.When themethane
volumetric flow rate at awell exhibited a drastic decrease from
325m3/h to 130m3/h, it was closed for approximately 200
days. When the well resumed extraction after this pause, the
methane volumetric flow rate had returned to a relatively high
380m3/h. In addition, a well that had beenmistakenly drilled
into coal pillars could be reused using hydraulic fracturing.
The overall maximummethane volumetric flow rate, average
concentration, and extraction span were 210m3/h, 83%, and
1100 days, respectively, with the proposed well structure and
methane extraction system.
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[1] C. Ö. Karacan, “Modeling and analysis of gas capture from
sealed sections of abandoned coal mines,” International Journal
of Coal Geology, vol. 138, pp. 30–41, 2015.

[2] “Methane From Abandoned Coal Mines-A Solution for Con-
trolling Emissions, DTI/Pub URN 04/933, 2004”.

[3] Z.-P. Meng, X.-C. Shi, S.-S. Liu, Y.-D. Tian, and C. Li, “Evalua-
tion model of CBM resources in abandoned coal mine and its
application,” Meitan Xuebao/Journal of the China Coal Society,
vol. 41, no. 3, pp. 537–544, 2016.

[4] V. Palchik, “In situ study of intensity of weathering-induced
fractures and methane emission to the atmosphere through
these fractures,” Engineering Geology, vol. 125, pp. 56–65, 2012.

[5] J.-Q. Shi, R. M. Rubio, and S. Durucan, “An improved void-
resistance model for abandoned coal mine gas reservoirs,”
International Journal of Coal Geology, vol. 165, pp. 257–264,
2016.

[6] S. Sang, H. Xu, L. Fang, G. Li, and H. Huang, “Stress relief
coalbed methane drainage by surface vertical wells in China,”
International Journal of Coal Geology, vol. 82, no. 3-4, pp. 196–
203, 2010.

[7] H. T. Sun, Y. R. Zheng, Q. T. Hu, and F. J. Liu, “Surface borehole
casing coupling deformation mechanism,” Journal of China
Coal Society, vol. 36, pp. 823–829, 2011.

[8] H. T. Sun, F. J. Liu, and J. Zhang, “Shear deformation model on
surface drilling and its spatial analysis,” Journal of Mining and
Safety Engineering, vol. 28, pp. 72–76, 2011.
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