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Abstract: One of the ways to resolve the “green energy-economic development” dilemma, in which
the coal industry is situated, is by the improvement of technologies and the integrated use of extracted
resources, including methane gas as a clean energy source. Using the example of the Kirova mine,
located in Kuznetsk coal basin—one of the ecologically unfavorable coal mining regions of Russia—
this article discusses an integrated technology for the extraction of coalbed methane (ECBM), which
makes it possible to reduce greenhouse gas (methane) emissions and improve the safety and intensity
of coal mining. The Kirova mine, with its 3 Mt production in 2019, is one of the coal mining leaders
in Russia. The available mining equipment has the potential to significantly increase the output;
however, gas is a limiting factor to this. The customary approaches to coal seam degassing have
already been petered out. The miners and mine science are facing a challenge to validate and test
an alternative technology to ensure effective in-seam gas drainage prior to vigorous mining. This
article gives an account of the improvement track record of the in-seam gas drainage technology
used to pre-treat coal seams for intensive and safe extraction. This technology suggests, at the first
stage, hydraulic loosening of the target coal seam through wells drilled from the surface (SSHL),
then hydraulic fracturing (HF) of the coal seam through the boreholes drilled from underground
development headings, followed by methane extraction from the high-permeability coal-gas reservoir
created through standard in-seam gas drainage underground wells. Results are presented in this
paper of field testing of the improved SSHL technique. Findings are presented on the effective
parameters of the HF technology. Methodological recommendations are offered for selecting viable
in-seam gas drainage technology.

Keywords: intensive coal mining; in-seam gas drainage; surface wells; hydraulic slotting; under-
ground boreholes; hydraulic fracturing; in situ tests; improvement of technology

1. Introduction

For many decades, coal has been at the forefront of the global energy sector. In
connection with the European Union’s ambition to make Europe the first climate-neutral
continent by 2050 [1] and the elimination of subsidies for the coal industry (Council Decision
2010/787/EU), a number of European countries are in the process of closing coal mines [2].
There are still protests against the construction of new mines [3,4] and different understand-
ings of the role and position of the mining industry and mining science in society are being
discussed [5,6]. At the same time, new coal mining enterprises are opening in China [7],
India [8], Australia [9], Russia [10], and other countries [11,12]. Under these circumstances,
one of the ways to preserve the ecological balance on the planet and solve the dilemma of
“climate-trade” and “climate-production of hydrocarbons” [13] and “production-social and
ecological risks” [14,15] is to improve technology and comprehensive use of minerals.

Coalbed methane (CBM) is a valuable energy source [16] and its use can reduce the
impact of coal mining on the climate and the environment [17]. At the same time, methane is
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a limiting factor in high-productivity production, being one of the most dangerous factors
in mining [18]. Safe and efficient coal mining is achieved through coal bed degassing
(ECBM), which is carried out in underground mine workings [19], from the surface [20], or
complexly [21].

Dozens of gas drainage methods and technologies are known internationally [22].
The most effectively used methods of gas drainage are those where methane is drained
from the stress-relieved coal seam [23,24]. The effectiveness of these methods is over 80%,
which from a cause-and-effect viewpoint is due to the extraction of liberated gas. Whatever
issues arise do not represent conceptual scientific problems and their solution depends
on competent engineering support. In Russia, these methods are most representatively
described in [25].

The situation is different with coal seams still exposed to strata pressure, where gas
drainage efficiency is significantly lower [26]. In this situation, there are also other problems
with mining [27,28]. Worldwide, a common approach to achieve high production from a
face, while ensuring gas-related safety of the mining operations, is to apply the in-seam
gas drainage technology (also called coalbed methane recovery). However, the efficiency
of traditional technology is often very low [29]. To increase efficiency, various methods of
impact on the coal seam have been developed: the method of hydraulic fracturing (HF)
is widely used [30]. the ousting of methane by carbon dioxide [31,32] or water [33] is
practiced, thermal impact [34-36] and auto-pneumatic impact (API) is applied, and various
methods of changing reservoir properties or changing the stress state near drainage wells
are used [37,38]. Hydraulic loosening (HL) is also used for permeability increases of the
coal seams [39].

Equipment is being developed to equip drainage wells [40], work is underway to
substantiate their parameters and the length of sealing zones [41,42], and modeling and
laboratory experiments are being carried out [43,44]. The greatest effect is achieved when
several methods are combined. For example, in the article by Zhu et al. [45], a method
of alternating water and gas injection into the reservoir is proposed to improve drainage
parameters. In the work of Li et al. [30], the authors propose to drill wells according to a
tree-like scheme. In the work of Yan et al. [46], the authors propose to combine hydraulic
fracturing and hydraulic slotting.

The problem of coalbed methane in Russia is very important both for safety and for
the environment, since the gas content in layers reaches 16 m>/t and more [47]. The leader
amongst coal mining regions of Russia is Kuzbass (Kuznetsk coal basin), where 220 Mt of
coal was mined in 2020. In Kuzbass, environmental problems are acute and the application
of measures to protect the environment is required [48,49]. SUEK-Kuzbass JSC is one of the
leaders in the coal industry in Kuzbass and Russia. In 2018, the company set a world record
for monthly production from one longwall face—1.7 million tons. The Kirova mine with
its 3 Mt production in 2019 is one of the key assets of the company. It is currently a single
LW mine operating in the 2.2-m-thick Boldyrevsky Seam. The gas content in this seam
averages 16 m>/t. The company management aims to further increase production while
maintaining the conditions for safe mining. The key limiting factor for further production
intensification is the gas factor, which sets the task of ensuring effective and early in-seam
gas drainage.

Yet, at depths of 400 m and below, the effectiveness of the in-seam gas drainage
technology at SUEK-Kuzbass JSC mines is only 10-15%. Therefore, the gas factor is the
obvious bottleneck in the face output and impedes more intensive mining in high-gas coal
seams. Hence, the challenge is to develop new effective coalbed gas drainage technologies.

At the initiative of the authors—and with the support of the company’s management—
in recent years, experimental and implementation work at Kirova mine to substantiate
effective technological gas drainage systems has been carried out, and this work is ongoing.
In this paper, we consider the experience of developing new (for Russia) integrated schemes
for the stepwise degassing of the development areas, using the example of Kirova mine,
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which allow us to increase the rate of coal production and simultaneously to reduce the
methane emissions to the environment.

2. Methodology
Improving the In-Seam Gas Drainage Technology Prior to Intense Underground Mining

The layout of the mine workings in the Boldyrevsky Seam is provided in Figure 1.
The extraction blocks 2458, 2459, 2460, and 2462 were mined out in recent years; extraction
blocks 2463 and 2464 have been in operation during 2019-2021. In blocks 2458, 2459, 2460,
and 2462, the standard technique, i.e., in-seam gas drainage from development headings,
was applied as a baseline scheme since it has been well proven in the mines of Russia. The
parameters of this standard technology are set out in the current guideline document: Gas
Drainage Instructions [25].
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Figure 1. Mine workings layout in Boldyrevsky Seam.

In block 2458, the intense coal production, using the baseline gas drainage scheme, was
supplemented by seam hydraulic fracturing technology. In this production block, hydraulic
fracturing was performed from 12 underground wells (UgHF technology). The effectiveness
of this auxiliary technological scheme was evaluated during coal-face operations. The
following factors were taken into account: gas emission rate, resultant quantity of methane
captured from the in-seam gas drainage wells, reduced amount of gas in production
workings, reduced longwall downtime due to gas factor, and increased output from the
production face.

An important aspect of the work carried out using this technology was the search for
effective parameters of UgHF technology, primarily the effective length of UgHF wells. So,
the plan for exploratory experimental studies on in-seam gas drainage in the extraction
block 2460, Boldyrevsky Seam, includes the hydraulic fracturing operations with effective
lengths of hydraulic fracturing wells varying at 5, 35, 70, and 110 m (Table 1).
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Table 1. Technical specifications of the ECBM for the block 2460 in Boldyrevsky seam (Hydrofracture
location-vent. raise 2460).
No Parameter Unit Value
110 (for bh.9-13)
1 Effective length of hydrofracture M 70 (for bh.14-18)
’ boreholes 35 (for bh.19-23)
5 (for bh.24-28)
2 Drill bit dia Mm 93-132
3. Casing pipe dia Mm 70
4 Pump pressure at seam MPa 12-30
hydrofracture
5. Fluid pumping rate 1/s unto 10
6. Seam hydro-conditioning radius M 25
Quantity of fluid for 3 .
7. hydrofracture m 550
8. M.m tlme of s'eam treatment Min 80
considering varied pumping rate
As shown in Table 1, four zones were laid out in the extraction block 2460, where

in-seam gas drainage was performed by underground hydraulic fracturing through wells
with various effective lengths (i.e., lengths of the open/uncased part of the borehole). In

the first group of wells No. 9-13 (zone 1 in Figure 2), the effective length of the hydraulic
fracturing wells was 110 m; in the second group of wells No. 14-18 (zone 2 in Figure 2), this
parameter was 70 m; in the third group of wells No. 19-23 (zone 3 in Figure 2), it was 35 m;
and in the fourth group of wells No. 24-28 (zone 4 in Figure 2), it was 5 m, respectively.
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Figure 2. Location of UgHF wells of various lengths at extraction block 2460.
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The length of the uncased part increases only when the hydraulic fracturing mode is
achieved, i.e., when pressure is stabilized at a certain level while working fluid is being
injected into the seam. The design quantity of working fluid for injection is 50 m®. The
injection volume allowable, for various technological reasons (mainly liquid breakout into
the mine working, water drip from under the roof bolts), can vary between 5 and 50 mS.
Concurrently, the technology of the auto-pneumatic impact on a coal seam was initially
tested in extraction block 2455 [36]. During auto-pneumatic impact (API) on a coal seam,
the sliding valve in a gas drainage well is shut off from time to time. When the valve is

shut, the pressure in the well rises to the value that hypothetically levels off with that in the
seam, hence increasing the coal seam permeability in the near-wellbore zone.
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3. Results
3.1. Results of Combining the In-Seam Gas Drainage Baseline Scheme with Seam Hydrofracture
Technology

The very first results of the underground hydrofracture technique application in
intensive coal extraction block 2458 demonstrated a 3- to 4-fold long-term (7-8 months
prior to face breakthrough) increase in methane yield attributed to the in-seam gas drainage
holes drilled in the fracture target areas. The average value of the relative gas content at the
LW face was reduced by 30%, process shutdowns due to “gas barrier” decreased by 42%,
and coal production was increased by 21% on average. Subsequently, the technology of
underground hydraulic fracturing was successfully used in extraction blocks 2459, 2460,
and 2462.

3.2. The Results of the Underground Hydrofracture Parameter Optimization

One of the key parameters of the underground hydrofracture technique is the effective
length of the UgHF hole. The time-related changes in the amount of methane removed
from wells in 2460 ventilation increase with different effective lengths, which is shown in
Figure 3.
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Figure 3. Time-related changing flow rate of methane from various effective length boreholes
observed in ventilation raise 2460.

The methane yield analysis shows that the integrated in-seam gas drainage process is
most effective when the length of the wells is 70 m (red line in Figure 3).

At the present stage of research, our recommendation is a range of effective UgHF
well lengths between 35 and 70 m.

3.3. Results of Combining the In-Seam Gas Drainage Baseline Scheme with the Technology of
Preumatic Impact on a Coal Seam

Technological tests of the seam pneumatic impact in block 2455 provided the following
data. In eight trial gas drainage wells, after the valve was shut off, the pressure rose to
2.0-2.5 MPa. Thereafter, the methane flow rate increased from 3-8 to 22-27 L /min, which
significantly improved the effectiveness of the in-seam gas drainage.

The pneumatic impact technology probe is recommended as a method to stimulate
gas release from slow-functioning typical underground wells of in-seam gas drainage.

3.4. Results of Work on Degassing a Coal Seam by Wells from the Surface at the Experimental Site

The results obtained on enhancing the effectiveness of in-seam gas drainage in hy-
draulically fractured zones in longwalls 2455, 2458, 2459, 2460, and 2462 served as the basis
for launching a larger-scale program of gas drainage trial operations in extraction block
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2463 in 2019. It is here that it became possible to implement the already proven technology
of early in-seam gas drainage through wells drilled from the surface (SSHL) [39,47] in
combination with hydraulic fracturing of the Boldyrevsky coal seam (UgHF).

The purpose of such integration is to achieve an even higher performance of the
gas drainage in operations, both to ensure intense coal excavation and reduce methane
emissions into the environment. The main idea of this experimental technology is to
improve the reservoir properties (porosity and permeability) of a coal seam by creating a
network of technogenic fractures by injecting water under high pressure.

The many-fold increase of the permeability and gas release potential of coal seams,
achieved by their SSHL, is due to their changed stress—strain condition and the physical
properties caused by the injection of working fluid in regimes exceeding the natural intake
capacity of the seams. Such injection results in widening of natural fissures and/or the
development of artificial fissures (all of them making up an integrated hydraulic system
oriented towards the well), becoming a canal for the subsequent extraction of liquid and gas
onto the surface. To prepare HL, a well is drilled to a target depth of 600-620 m, working
with an (ultimate) core bit diameter being 159 mm. The annular space is overlapped and
thoroughly grouted to the entire depth, including overlying worked out formations. Wells
are drilled from the surface, 0.5 m well depth span below the top of the seam is cased, and
coal seam undergoes hydraulic slotting.

Selection of the viable in-seam gas drainage technology for individual geological
and mining conditions is one of the most challenging issues. The key point here is the
magnitude of the “gas barrier”; hence, adequate in-seam gas drainage effectiveness shall
be defined. The nomogram on the required methane extraction as a result of in-seam gas
drainage in the Boldyrevsky coal seam is shown in Figure 4 and allows us to make an
adequate decision about the in-seam gas drainage option depending on the required output
of the production face.
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Figure 4. Methane extraction required to enhance production output depending on the baseline gas
content of the coal seam: (1) 18 m3/t; (2) 16 m3/t; (3) 14 m3/t; (4) 12 m3/t [50].

With an actual gas content of 16 m3/t in the extraction block 2463 of the Boldyrevsky
seam and an estimated production target of 14,000.00 tpd, the required volume of methane
removal in the process of in-seam gas drainage is 5 m>/t. Based on the available data on
the actual efficiency of in-seam gas drainage, the updated technology for early degassing
of coal seams through surface wells (SSHL) was advised. The proven efficiency thereof
is 0.3-0.5 and it can provide methane extraction at the level of 5 m?/t. The technology of
in-seam gas drainage from underground development headings in SSHL zones with an
extended grid of in-seam wells was recommended as a support measure.
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The first experimental area within the extraction block 2463 at Kirova mine covers
six seam hydraulic loosening boreholes (SSHL) No. 1-6 drilled from the surface. Part
of the program is to test a simplified SSHL procedure, whereby the target coal seam is
not screened by a perforated pipe. After the well has been cased, the entire complex of
equipment is moved down the hole and seam hydraulic loosening is performed by high-
pressure pumps with a total flow rate of up to 0.1 m3/s. Some details of the technology are
shown in the Supplementary Materials.

The pressure and flow rate are constantly monitored by gauges recording and visual-
izing data from a safe distance. The volume of water required for injection into one well is
at least 500 to 1000 m3. After the completion of HL, the wells remain inactive for up to 8-12
months or until the start of mining operations. At the experimental stage, the selection of
the working fluid from the well is brought to the surface with the removal of the methane;
however, at a later stage, the water must be discharged into underground workings.

4. Discussion and Further Development of the Integrated In-Seam Gas Drainage
Technology

4.1. Recommended Practice for Selecting the Most Viable Method of In-Seam Gas Drainage for
High-Production Mining Panels

Based on the results obtained, recommendations were drafted on the selection of
in-seam gas drainage methods for high-production mining panels, including two phases.
At the first stage of drafting recommendations, the required performance of in-seam gas
drainage is determined where the predicted gas yield, the time available for in-seam gas
drainage, and the scheduled face output are taken into account (Figure 5).

Predictiop of gas In-seam gas| |Assessment Finding
recovery n drainage of of the
unr.ehe.ved coal seam|=) time production required
taking into account allowance face output coal-seam
the formation degassing
pressure assessment rate

and the results of

gas-dynamic studies

of the coal seam

Figure 5. Methodological approach to defining the required effectiveness of in-seam gas drainage
(Phase 1).

At the second stage (Table 2), the specific integrated in-seam gas drainage technology
is selected (e.g., the conditions of Kirova mine with its extraction blocks 2458, 2459, 2460,
2462 and 2463, 2464, 2465, the extraction of which is coming).

As it can be seen from Table 2, the choice of the in-seam degassing technology depends
on the geological conditions of the mining site and the planned production indicators. The
baseline technology provided for the drilling of degassing wells from underground mine
workings justifies itself only for simple geological conditions and traditional rates of coal
production. In this case, when the degassing rate is only 15%, all the unrecovered gas
ultimately enters the environment. The increase in the rate of coal production, in which
coal companies are interested, necessitates deeper gas extraction from the seams, which
simultaneously increases the share of its use and reduces emissions to the environment.
Thus, an increase in the intensity of coal mining at the mines of JSC SUEK Kuzbass, which
has the necessary mining equipment, also leads to a decrease in methane emissions into
the environment.
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Table 2. Recommended practice for selecting the most viable method of in-seam gas drainage for
high-production mining panels (Phase 2).

. Recommended Practice for
The Required Selecting the Most Viable Contents of the Recommended

Coal-.Seam Method of In-Seam Gas Degassing Methlo.d, Application
Degassing Rate Drai Conditions
rainage
0.15 Baseline scheme In-seam gas drainage' from
underground workings
Support technology is UgHF
03 Baseline scheme + Support In-seam gas drainage from
' technology underground workings is used in zones
of UgHF
The enhancement technique is used in
cases where the use of the baseline and
support technology did not go well and
Baseline scheme + Support does not guarantee the achievement of
0.3 technology + enhancement the required coal-seam degassing rate,
technique but there is some margin of time for the
implementation of an additional
method of intensification, for example,
auto-pneumatic impact (API)
Hydpraulic loosening of a coal
seam carried out through
wells drilled from the surface Difficult mining and geological
(SSHL) as a basic degassing conditions, such as, at extraction
0.3-0.5 scheme + support technology sections 2463, 2464 and 2465.
(in-seam gas drainage from Time reserve for seam degassing of at
underground workings is least two years

used in zones of UgHF) +
enhancement technique (API)

4.2. Prospects for the Use of Integrated Degassing Technology at the Kirov Mine

The Kirov mine has modern high-performance degassing equipment, which opens up
opportunities for widespread use of the proposed integrated degassing technology. The
coal seam gas drainage work procedure, whereby HL is performed using surface boreholes,
most commonly includes three main phases: (1) hydrodynamic impact; (2) well completion
(removal of working fluid from the seam using pumps or in-seam wells, gas extraction);
and (3) gas extraction from the worked out space after wells have been negotiated by the
longwall operations.

Early gas drainage through the surface wells is normally effective when the methane
extraction period is more than 3 years [39,51]. However, it is possible to reduce this time to
less than 3 years, draining the HL zone by discharging water into the mine workings.

Surface wells are located at a distance of at least 300 m from the existing workings, in
the direction of the main system of natural fissures in coal seams. If there is a fault with an
amplitude greater than the thickness of the seam, wells are located also at a distance not
less than its zone of influence.

Currently, the main factor complicating the running of mining operations is rock
pressure, which increases with the development of mining (extraction sections 2463, 2464,
and 2465). Under these conditions, the proposed combined degassing technologies, first
used in Russia, have great prospects for ensuring intensive safe coal mining and reducing
emissions of the greenhouse gas methane into the environment. Some additional material
can be found at Supplementary Section.

The parameters of in-seam gas drainage should also take into account the availability
and location of tectonically stressed and tectonically relieved zones that could be identified
by geodynamic zoning [50,52]. The latter aspect is the subject of additional research.
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5. Conclusions

The increase in the rate of coal production, in which coal companies are interested,
necessitates deeper gas extraction from seams, which simultaneously increases the share of
its use and reduces emissions to the environment. Thus, an increase in the intensity of coal
mining at the mines of JSC SUEK Kuzbass, which has the necessary mining equipment,
helps to reduce methane emissions into the environment.

Analysis performed for a number of production blocks of the Kirova mine on restric-
tions imposed on the face output by the gas factor shows that the required coal-seam
degassing rate should be up to 0.3 (30%) for the majority of production faces. Under
favorable conditions, this can be achieved by means of advanced gas drainage operations
carried out from development headings (in particular, the technological version of inte-
grated degassing using underground hydraulic fracturing, as shown in Table 2). This was
confirmed by successful practices in the extraction blocks 2458, 2459, and 2460 at Kirova
mine.

Mining is currently carried out at extraction block 2463, where in-seam gas drainage
facilities include UgHF and advance in-seam gas drainage wells. Gas is drained from
extraction block 2463, where the in-seam gas drainage complex also includes HL through
surface wells. Studies on the relative and absolute gas content in production faces and
downtime of mining equipment due to gas factor and mining intensity will make it possible
to provide adequate assessment of how viable the tested in-seam gas drainage technologies
are and estimate their feasibility and scope of their application.

It should be noted that Kirova mine, with its large-scale gas drainage project, is the
first ever mining company to pioneer such practice in Russia. This initiative is not only
undoubtedly of great interest to specialists in the field of ensuring the methane safety of
underground coal mines, but also contributes to the above-mentioned discussion about the
environmental impact of the mining industry, showing that an increase in mining intensity
leads to a decrease in methane emissions in the environment. Additionally, this research
could be useful for mono-industrial mining areas around the world [53,54].

6. Patents

In this work, ideas from Russia Patent No. 2 659 298, date 29 June 2018 (Slastunov
S.V,, Karkashadze G.G., Kolikov K.S., Yutyaev E.P.,, Mazanik E.V.,, Sadov A.P,, Ponizov A.V.,,
Nikitin S.G. “Method of preparing a gas-bearing coal seam for mining”) about combined
degassing technology were used.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/en15031047 /s1, Figure S1: Photos of the equipment for hydraulic
slotting of the target coal seam through wells drilled from the surface (SHS), field of Kirova mine.
Figure S2: The graph of water download volume and download rate during hydraulic slotting process
for the well No 1 at the experimental area. Figure S3: Graph of hydraulic slotting regime realization
(the well No 1, experimental area). Figure S4: Graph of hydraulic slotting regime realization (the well
No 3, experimental area). Figure S5: Connection equipment scheme for hydraulic slotting realization
(Kirova mine). Figure S6: Photo of spontaneous water degassing (The well No 1, experimental area).
Figure S7: Change in pressure in the hydraulic slotting borehole (No 2, experimental area ) when
carrying out hydro fracturing in underground well No 63/5. Figure S8. Kirova mine. Block of
the drainage station. Figure S9. Kirova mine. Methane power station. Figure S10. Kirova mine.
Converted Coal Mine Methane Boiler.
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