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Abstract

Polish coal mines are characterized by severe geological conditions and the co-occurrence of natural hazards. These hazards are
associated with methane and dust emissions during mining processes which can provide methane, dust or methane-dust explo-
sions. Besides, there are such natural hazards as gas and rock outbursts, rock bursts, spontaneous combustion of coal and
environmental heat load. The mutual influences of various geological conditions, as well as the natural hazards, intensify the
increase of the methane explosion hazard. The occurrence of methane explosions in the Polish mining industry between 2013 and
2108 are analyzed. Fatal accidents are compared with similar events in the global mining industry. The methods of preventing the
explosion hazard as well as methane emission control in the Polish coal mining sector are presented. Methane hazard prevention
should be adapted to levels and other natural hazards, especially those related to ventilation of underground mine. The methods of
preventing methane emissions into mine excavations are often contrary to the means of preventing other ventilation-related
hazards in the underground mine, e.g. the prevention of spontaneous combustion of coal in the goaf of longwall panel. Therefore,
the design of longwall panels should be preceded by a detailed analysis of the results of both methane emission prediction and

forecast of other ventilation-related hazards.
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1 Introduction

The main sources of methane are coal seams because it is
autochthonous gas and it is closely related to the coalification
process of coal beds in late Carboniferous times. Methane
content in the coal seams depends on numerous factors; main-
ly on the presence or lack of impermeable sediments in over-
burden that allow or not on degasification and migration of
methane into surrounding rocks, where it has been trapped in
the pore spaces and structures of methane-bearing strata.
Polish coal mines extract coalbed primarily in the Upper
Silesian Coal Basin (USCB), which is characterized by a di-
versity of coalbed methane occurrences and various methane
content in coal seams lying in different parts of the basin. The
USCB is located in southern Poland and in the Ostrava—
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Karvina region of the Czech Republic, with an area of ~
7400 km? [9, 14]. It is the largest coal basin in Poland and
one of the largest in Europe [14-16].

Gas contents in the multiple seams vary considerably,
both vertically and horizontally. Generally, methane quan-
tities in coal seams increase with depth; however, the
most gas-rich interval occurs between 500 and 1100 m
below the ground. Methane contents in the coal seams
range from 0.01 to 1.00 m*/t coal daf in the shallower
strata and up to 20 m’/t coal daf in coal seams at the
depth 1200 m below the ground surface at the south part
of the USCB. Such distribution of methane content in the
coal seams was confirmed, among others, by Kotas [17],
Kedzior [15] and Szlazak et al. [37]. The average methane
content in coal seams of gassy mines in the south of the
USCB is around 10 m*/t coal daf [34].

Hence, there is a very large range of methane content in
coal seams of the USCB. There are coal seams without imper-
meable overburden containing only trace amounts of methane.
But, there are also coal seams with high methane contents
underneath the overlying impermeable thick siltstone or
claystone layers.
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Conducting mining operations in coal seams with high
methane content without using special measures to control
methane, like ventilation, methane drainage, gas monitor-
ing systems, would be impossible. The control of methane
emission also depends on other co-occurring natural haz-
ards (spontaneous fires, dust, coal and gas outbursts, rock
bursts and environmental heat loads). These preventive
actions eliminate methane hazard prevention. In the later
part of the article, the notion of natural hazard is under-
stood as a strata-related phenomenon that might have a
negative effect on miners or the mine environment.
Natural mine hazards associated with seam gas emission,
heat and dust are, to various degrees, production-depen-
dent. The risk of dangerous events may increase in the
future if the mines strive to improve production by con-
centrating mining works in one mining region [31, 37,
40].

Methane control techniques are often the cause of increas-
ing the risk of coal spontaneous coal combustion in the mined-
out area known as the goaf in longwall mining system. These
causes include increased migration of air through the goaf due
to the increase in the amount of air for diluting methane in the
tailgate road or the improper design of drainage boreholes
above the caving zone [29, 32, 40, 44].

On the other hand, spontaneous coal combustion in the
goaf may lead to methane explosion followed by a coal dust
explosion [29, 36]. Cases of self-ignition of coal followed by
methane explosion at sudden air inflow into the goaf with a
methane-air mixture are known from mining practice both in
Poland [37] and in China [4].

Safety in mines excavating coal seams with high methane
content depends on the correct estimation of methane hazard,
drawn up predictions of methane release, conducted observa-
tions, methane control and undertaken prevention measures.

Techniques of methane drainage while mining in a coal
mine can bring both financial benefits for mining entrepreneur
and ecological for the environment [8].

However, if the only asset of the mine is the production of
coal, then, methane drainage together with other methane con-
trol methods are used primarily to ensure safety in the mine.
Capital expenditures are incurred through these mines for this
purpose. The hazard resulting from the possibility of danger-
ous concentrations of methane in excavations may lead to
disasters. Profits of a mining entrepreneur are then incompa-
rable with not only financial losses but also both marketing
and moral ones.

The objectives of this article are to present current methods
of methane control during multi-seam extraction by longwall
mining in Polish mines. The next part will discuss factors that
should be taken into account when designing mining opera-
tions in such coalbeds, which are characterized by a strong
intensity of other natural hazards such as coal and gas out-
burst, spontaneous fire and environmental heat loads.
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2 State of Methane Hazard in Polish Coal
Mines

Methane in coal seams constitutes a serious hazard to safety in
underground coal mines. Geological conditions of methane
occurrence in coal seams, as well as the low permeability of
Polish coal, cause the low-methane release without the mining
operation. The amount of methane released in a coal mine is
closely related with the range of conducted mining works, i.e.
the number of longwall panels as well as the number of de-
velopment headings [34].

Methane emission into the working areas of a mine may
lead to dangerous events related to methane ignition or explo-
sion [4, 27, 31, 36, 37, 42]. There is a high risk of a methane
explosion in the world mining industry. Chinese coal mines
produce globally the largest amount of coal, which is why
most methane-related accidents occur there. As shown by
Yin et al. [47], the number of methane-related fatalities
dropped significantly in the period of 2000-2014. Tong
et al. [40] revealed that 21 gas explosions occurred in 2017,
and 19 explosions in 2018, respectively.

The number of fatalities resulting from methane events in
the Polish and global mining sectors in the last 10 years are
presented in Table 1. In Poland, there have been 2 accidents
connected with explosions of methane during the 10 last
years, resulting in 8 miners losing their lives in relation to
843 in the global mining industry.

The list of events related to methane ignition in coal mining
sector is presented in Table 2, according to annual reports of
the State Mining Authority in Poland. During the past 6 years,
there have been 24 accidents connected with methane igni-
tions and 1 with the explosion of methane, resulting in 6
miners losing their lives, 15 were seriously injured, and 20
were slightly wounded.

The most common cause of methane ignition was sparking
resulting from cutting strong rocks by a shearer in longwall
faces or by roadheader in driven headings, respectively. The
statistical results show that 64% of methane-related events
have come from this source of methane ignition for last
7 years. Ignition of methane was also found from self-
ignition of coal in goaf of longwall face (9%) and electrical
spark (9%). There has not been the explosion of methane in
Polish coal mines since 2014. Methane ignition has been one
of the main reasons for the 13 accidents since 2014. Only one
of the miners lost his life in one of these accidents (Murcki-
Staszic Coal Mine—Operation Staszic) in 2016. These events
occurred in both, driven headings and longwall panels using
‘U’-type as well as a “Y’-type ventilation systems.

The Department of Underground Mining at AGH
University of Science and Technology has kept records of
the methane emission in Polish coal mines for many years
[36-38], mainly based on the State Mining Authority annual
reports on mining safety. In Poland in 2018, coal extraction
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Table 1 Fatalities resulting from

methane events in Polish and Country Date Underground mine Number of fatalities
global mining sectors since 2010

USA 5 April 2010 Upper Big Branch 29
Russia 8 May 2010 Raspadskaya 90
Turkey 17 May 2010 Karadon 28
Columbia 16 June 2010 San Fernando 73
New Zealand 19 November 2010 Pike River 29
Pakistan 20 March 2011 Sorange, Quetta 52
Poland 5 May 2011 Krupinski 3
Ukraine 29 July 2011 Suhodolskaya-Vostochnaya 19
Russia 11 February 2013 Workutinskaja 18
China 29 March 2013 Babao, Jilin 52
China 30 October 2013 Hengyang, Hunan 29
Ukraine 17 February 2014 Siewiernaja 7
Turkey 13 May 2014 Soma 301
Poland 6 October 2014 Myslowice-Wesola—O. Myslowice 5
Ukraine 4 March 2015 Zasyadko 34
Russia 25 February 2016 Vorkuta 36
Ukraine 2 March 2017 Stiepowa 8
Czech Republic 20 December 2018 CSM Stonava 13
Ukraine 25 April 2019 Shidkarbon 17

Entries in italics indicate fatalities in the Polish mining sector

amounted to 63.4 million tonnes. During coal production,
about 916.1 million m® of methane was emitted (total methane
emission) thus meaning 1743 m*CH,/min (including
1356.5 m>CH,/min was emitted together with the mine ven-
tilation air).

Table 3 presents the development of methane emission in
Polish coal mines in years 2007-2018 and the amount of
methane captured by the drainage system and utilized. The
relative methane emission oscillated in the range of 10.1 to
14.5 m3CH4/t. The increase of methane emissions, despite the
decline of coal output, has been observed in recent years. That
tendency is caused by the higher methane content of the coal
seams as well as increased mining of methane prone coal
seams.

Table 4 presents the methane emission from coal mines in
2018. The mines with the highest total methane emission in
2018 are as follows: Budryk Coal Mine—295.34 m3CH4/min,
Pniowek Coal Mine—212.01 m®>CH,/min and Brzeszcze
Coal Mine—187.69 m*CH,/min. The average methane drain-
age efficiency in 2018 was approximately 34.6%, and the
average methane utilization was equal to 64%. What follows
is that the past 2 years have seen an increase in effective
methane utilization by almost 7%.

In the coming years, it is expected that the methane
emission will remain at a similar level in Polish coal min-
ing sector. It will make the methane hazard still dominant
in coal mines in Poland. Safe mining will be ensured only

if the predictive methane action will be properly selected.
The selection of methane preventive measures is closely
related to layout and ventilation of longwall panels.

The ventilation system should be dependent on predicted gas
emission and chosen at the design stage. Predictive methane
action includes identification and control methods of methane
emission as well as the means against the accumulation of ex-
plosive concentrations in workings. In the predictive methane
action in coal mines, the following methods play a dominant role:

—  Adequate ventilation to prevent the formation of the layering
methane or local methane accumulation in mine workings,

—  Methane drainage techniques which consist of drilling
cross-measure boreholes from the roadways or from the
surface to the de-stressed zone at the roof or the floor of
the mined coal seam,

—  Monitoring of methane content in accordance with the
regulations for locating sensors in particular types of
excavations,

— The method of installing additional ventilation de-
vices and installations in places with reduced venti-
lation intensity and the formation of local methane
accumulations.

The air quantities and airflow distribution in the longwall

panel are of great importance for maintaining safe concentra-
tions of methane in mine excavations [4, 22, 37].
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Table 2 List of events related to
methane ignition in Polish coal
mines in the years 2013-2018

@ Springer

Coal mine Year  Cause
Murcki-Staszic—O. Staszic 2013 Methane ignition from sparks resulting from cutting a strong roof
layer by a shearer
Murcki-Staszic—O. Staszic 2013  Methane ignition from the friction of the conveyor elements to
sandstone blocks under the shearer
Rydultowy-Anna 2013 Methane ignition from friction sparks resulting from cutting a strong
roof layer by a shearer
Knurow-Szczyglowice—O. 2013  Methane ignition from sparks resulting from cutting a strong roof
Szczyglowice layer by a shearer
Sosnica-Makoszowy—O. 2013  The appearance of an open fire from electrical sparks
Sosnica
Sosnica-Makoszowy—O. 2013 Local heating of cracked coal in the fence and sparking caused by
Sosnica the caving of strong roof rocks
Borynia-Zofiowka-Jastrzebie— 2013~ Methane ignition from sparks resulting from cutting a strong roof
0. Zofiowka layer by a shearer
Chwalowice 2014  Methane ignition while conducting blasting works in the area of the
intersection with the longwall face to force the caving of roof
rocks
Budryk 2014  Methane ignition from sparks created as a result of the cutting a
strong roof layer by a roadheader
Bielszowice 2014  Methane ignition from sparks created as a result of the cutting strong
roof layer by a roadheader
Myslowice-Wesola—O. 2014  The commission appointed by the President of the State Mining
Wesola Authority found that the cause of methane ignition and explosion
was self-ignition of coal in goaf of longwall face (5 fatalities).
Sosnica 2015  Methane ignition and fire occurred in the area of the intersection of a
tailgate roadway n108 with the face n108 in the 408/4 seam, at the
level of 950 m.
Myslowice-Wesola—O. 2015 A dangerous event of methane ignition took place in the 01 Aw
Wesola longwall face in the start-up phase due to cutting of the strong
layer by a shearer, in seam 510, at the level of 665 m.
Rydultowy-Anna 2015  The fire occurred in the roadway7a-E1, behind the line of the
VII-E1 longwall face in seam 703/1, level 1067 m.
Ruda—O. Halemba 2016  Sparks created during the cut strong rock by a shearer in the fault
zone
Krupinski 2016  Sparks created during the cut strong rock by a shearer in the fault
zone
Murcki-Staszic—O. Staszic 2016  Igniting methane by sparks created during the cut strong rock prone
to sparking by a roadheader
ZG Brzeszcze 2016  Igniting methane by sparks created during the cut strong rock prone
to sparking by a roadheader
Murcki-Staszic—O. Staszic 2016  The appearance of an open fire on the upcast shaft bottom due to the
ignition of the considerable volume of methane flowing from the
suddenly unseal area
Budryk 2017  Methane ignition from sparks created during the cut strong rock
prone to sparking by a roadheader
ZG Brzeszcze 2017  Methane ignition from sparks created during the cut strong rock by a
shearer in the fault zone
Borynia-Zofidowka-Jastrzgbie— 2017  Methane ignition from sparks created during the cut strong rock
O. Zofiowka prone to sparking by a roadheader during drivage of heading in
coal seam 505/1 at level of 900 m
Borynia-Zofidowka-Jastrzgbie— 2018  Methane ignition from sparks created during the cut sandstone in the
0. Zofiowka roof layer by a shearer in the fault zone
Murcki-Staszic—O. Staszic 2018  Methane ignition from sparks created during the cut interfered

sandstone in coal seam by a shearer
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Table 3  The balance of methane emissions in Polish coal mining sector for the last 12 years
Year 2007 2008 2009 2010 2011 2012 2013 2014 2015 2016 2017 2018
Total methane emission (million m3/year) 878.9 880.9 855.7 8349 828.8 828.2 847.8 891.1 933.0 933.8 948.5 916.1
Ventilation air methane (million m*/year) 610.1 606.7 5959 579.0 578.6 561.5 581.7 570.1 594.0 591.7 611.5 599.1
Methane obtained from the drainage system (million 268.8 274.2 259.8 2559 250.2 266.7 276.6 321.0 339.0 342.1 337.0 317.0
3
m’/year)
Amount of utilized methane (million m*/year) 165.7 156.5 159.5 161.1 166.3 178.6 187.7 2114 197.1 195.0 212.0 203.1
Methane emission to the atmosphere (million m*/year) 713.2 7244 690.7 673.8 662.5 649.6 660.1 679.7 7359 738.8 736.5 713.0
(line.2 + line.3 — line.4)
Coal output (million tonnes) 874 836 773 761 755 792 765 725 722 704 655 634

3 Longwall Ventilation Systems

Over the years, Polish mining industry has developed practical
rules for longwall panel development for balancing costs in-
curred on the number of gate roads with income earned from

rate of face advances. These rules, of course, take into account
the coexistence of ventilation-related natural hazards. It has led
to the application of currently only of retreat longwall faces.
In Polish coal mines, there is still a mistaken belief that the
ventilation of longwall panels depends on the development of

Table 4 Methane emission in

Polish coal mines in year 2018 Coal mine Operation Methane content
(based on data from [43])
Methane obtained Ventilation air Total methane
from drainage system  methane, VAM emission
m’CHy min m’CHy mln m’CHy min
min m>CH,/ min m>CH,/ min m>CH,/
year year year
1 Ruda O. Bielszowice 5.23 2.75 41.11 21.61 46.35 24.36
O. Halemba 6.68 3.51 28.39 14.92 35.06 18.43
0. Pokoj N.O. N.O. 2.26 1.19 2.26 1.19
2 ROW 0. Jankowice 18.26 9.6 37.18 19.54 55.44 29.14
0. Chwalowice 20.21 10.62 28.01 14.72 48.21 25.34
0. Marcel 9.11 4.79 29.81 15.67 38.93 20.46
O. Rydultowy 14.63 7.69 33.35 17.53 47.98 25.22
3 Budryk 119.82 62.98 175.51 92.25 295.34 155.23
4 Knurow-Szczyglowice 17.69 93 95.68 50.29 113.38 59.59
5 Sosnica 30.73 16.15 49.35 25.94 80.08 42.09
6 Makoszowy N.O. N.O. 0.89 0.47 0.89 0.47
7 Slask 2.68 1.41 1.81 0.95 4.49 2.36
8 Brzeszcze 94.03 49.42 93.66 49.23 187.69 98.65
9 Silesia 31.53 16.57 27.07 14.23 58.6 30.8
10 Murcki-Staszic 22.09 11.61 60.79 31.95 82.88 43.56
11 Myslowice-Wesola 394 20.71 94.84 49.85 134.25 70.56
12 Wujek 11.89 6.25 13.79 7.25 25.68 13.5
13 Wieczorek N.O. N.O. 28.33 14.89 28.33 14.89
14 Wieczorek 11 N.O. N.O. 13.28 6.98 13.28 6.98
15  Jas-Mos 16.61 8.73 0.36 0.19 16.97 8.92
16  Brzeszcze-Wschod N.O. N.O. 22.51 11.83 22.51 11.83
17  Borynia-Zofiowka-Jastrzebie =~ 31.49 16.55 123.19 64.75 154.68 81.3
18  Pniowek 81.47 42.82 130.54 68.61 212.01 111.43
19 Krupinski 29.51 15.51 8.07 4.24 37.58 19.75
Total 603.06 316.97 1139.78  599.08 1742.87  916.05

The notation N.O. used in the table means not occur
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the operation in the coalbed and the progress of the develop-
ment works as well as the operating variables related to the
coal output, direction of haulage, the transport of materials,
the power supply etc. In fact, the choice of ventilation system
should be determined by the condition of the predicted natural
hazards, which are ventilation-related. Such hazards like
methane emission or emanation from strata, coal and gas out-
bursts, spontaneous fires or environmental heat load should
take place at the stage of the design development works. The
ventilation of the mining district should be customized to
levels of predicting natural hazards. The decisive factor of
determining the ventilation should be the coexistence of meth-
ane emission with the risk of spontaneous fires and thermal
work conditions in the longwall panels.

The minimum mean velocity of the airflow both in road-
ways and in longwall faces is 0.3 m/s in coal fields with
methane contents. The maximum mean velocities are 5 m/s
in faces and 8 m/s in roadways, respectively. Practically, the
velocity in the faces ranges from 2.5 to 3.5 m/s. However, the
ventilation system must allow the possibility of providing
5 m/s. According to Polish mining regulations, if the maxi-
mum allowable concentration of methane in the workings
reaches 2% vol., electricity is turned off, and extra measure-
ments are taken. Then, active methods of reducing concentra-
tion are selected. If the concentration of methane reaches 3%
vol., miners are withdrawn from the dangerous area, and fur-
ther actions are carried out on the special principles of a rescue
operation.

The required air velocities determine the airflow rates.
In gas fields, the airflows in the longwall panel usually
range between 800 and 3500 m>/min depending on both
the coal seam thickness and methane emission. Ventilation
networks of coal mines are extensive and very complex.
Mines lead to less face advance rate during the release of
methane. Therefore, there may be even a dozen or so
longwall panels in such mines, but most often number
does not exceed a few panels. Total airflow rate in the
mines reaches up to a few thousands of cubic metres per
minute. Mining is usually multi-levels with a few shafts,
and main fan collar pressures are usually in the range
from 2000 to 3500 Pa. The minimum static pressure re-
quired by law and regulations at the outlet of upcast shaft
is 785 Pa.

The most frequently used ventilation systems for retreat
longwall panels at the moment are [37]:

* A ‘U’-type ventilation system,

* A ‘U’-type ventilation system with parallel return
roadway,

* A “Y’-type ventilation system:

* Return side ventilation system,

e With return air distribution in two directions (bleeder
system).

@ Springer

Fig. 1 The most popular localisation of the additional ventilation devices P
for methane control in the tailgate for the ‘U’-type ventilation of the
longwall panel. a The layout of ‘U’-type ventilation system. b The
using of the ‘wing curtains’ and air-movers. ¢ The using of the brattice
and air-movers. d The using of the ducting and air-movers

In Polish gassy mines, a number of preventive measures are
used to conduct safe longwall mining. Among them, one can
mention the increase of airflow rates, methane drainage and
the monitoring of methane release into workings. Sometimes
it is necessary to use additional devices or ventilation installa-
tions to the control of gas emissions (see Fig. 1). With the
installation of an additional ventilation facility in the tailgate,
the values of methane concentration can maintain below 2%
vol. Methane sensors with functions, both real-time concen-
tration recording and de-energizing electrical devices, are ap-
plied to a continuous atmospheric monitoring system.

In most cases, additional ventilation devices are used to
lower the methane concentrations in the zone of crossing the
face outlet with the tailgate road. There are both curtains called
‘wing curtain’ and air-movers powered with the compressed
air, which are designed to direct the air to the side of the
liquidation of the tailgate road behind the line of longwall
face. Increased airflow rates in this zone dilute methane. In
the case of increased methane emission, the so-called mixing
chamber is used. The idea of a ‘mixing chamber’ consists in
dividing the section of the tailgate with two parts using a
brattice. In this way, ventilation similar to the “Y’-type system
is obtained. Beside, recirculation of air into the ‘mixing cham-
ber’ can be carried out. Supply fresh air provided by ducting to
the ‘mixing chamber’ is the other solution. Such ventilation
solutions are described, inter alia, in the works [33, 37].

Intensive ventilation of longwall panels is conducted in
order to dilute methane emitted to workings so that its
concentration drops to the level required by the mining
regulations aimed at guaranteeing work safety. However,
such ventilation is often either insufficient to ensure
planned mining-process parameters or impossible to be
employed without additional devices or ventilation instal-
lations. Therefore, methane drainage is implemented in
coal mines during mining activities [33]. Geological prop-
erties (porosity, permeability, reservoir pressure, diffusiv-
ity) of coal seams, coalbed methane content and low de-
sorption of Polish coal seams result in low gas emission
without disturbing the structure of strata. Therefore, the
amount of released methane is closely connected with the
range and scale of mining activities, both during the de-
velopment stage and during mining process [18].

The ‘U’-type ventilation system for retreating longwall
panels limits the control of methane emission due to the lack
of possibilities of effective methane drainage. Szlazak et al.
[34] showed that the efficiency of methane drainage with such
ventilation system is on average 40%. Although, this
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efficiency depends on the total methane emission and may
increase up to 50% at emissions greater than 50 m*/min. The
relatively low efficiency of methane capture results from the
small emission from the worked-seam and the need to degas
the over- and underlying coal seams. It may cause difficulties
in maintaining safe concentrations of methane, especially in
low-height faces because of the difficulties in supplying the
required airflow in the face.

The ‘U’-type ventilation system effectively limits the prog-
ress of coal spontaneous coal combustion. It ensures limited
airflow through goaf and lowers the spontaneous fire only in
the case of proper longwall face advance rate. The complicat-
ed tectonics of coal seams and geological disturbances might
cause problems in obtaining the extraction advance that min-
imizes spontaneous fire risk. In the case of spontaneous fire in
goaf of longwall panel, this system reduces the possibilities of
its elimination. In the case when there is serious methane
hazard with limited face advance rate and spontaneous coal
combustion occurs. This system makes it difficult to combat
with co-occurring hazards effectively.

It is necessary to apply additional solutions and ventilation
devices that do not completely bring the expected results. An
example is the use of an additional force ducting in the tailgate
road which supplies fresh air to the tailgate of the face. The
fresh air flowing out of the duct should dilute the methane in
the zone of the tailgate. This solution should be used when
operating low-height panels when there is no possibility of
increasing the airflow in the face. However, it was widely used
for all panels and assumed in technical projects. The correct
approach is to calculate the required airflow in the face and to
carry out such regulation in the ventilation network so that this
airflow is ensured. The use of ducting with fresh air should be
treated as an additional, not as the main protection against
methane emission in the zone of the face outlet.

It happens that methane emission to the airways during
extraction of longwall panels is significantly higher than esti-
mated in the technical project. Therefore, the replacing classic
‘U’-type system with parallel return roadway is necessary but
generates additional costs (second return roadway).

The ‘U’-type ventilation system in Polish coal mining is
generally used in longwall panels classified under the catego-
ries of I and II of methane hazard (Polish classification of
methane hazard in coal mines, which criterion is the methane
content in the coal), while categories of III and IV require its
use in combination with effective methane drainage [36].
Classification of whole mines or particular coal seams to
methane hazard is based on methane content in coal,
expressed in cubic metres of methane per tonne of coal daf.
This classification can be found, inter alia, in the work of
Kedzior [14] or Szlazak et al. [37].

The “Y’-type ventilation system (various types) is used to
control methane in longwall panels with high methane emis-
sion. The system is appropriate for either gassy or non-gassy
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longwall panels, or panels with or without high risk of spon-
tancous combustion of coal. Also, these longwall panels
achieve the record level of advance rates and coal output.

The “Y’-type return side ventilation system is used for
panels in low-thickness seams with high methane emission.
It allows movement of methane concentration towards goaf
from the longwall face. Intake air is supplied by two roadways
(headgate road and tailgate road). After the longwall face is
ventilated, the gases are mixed with fresh air and removed by
goaf-side tailgate road. This system also helps in controlling
thermal working conditions when there are high environmen-
tal heat loads at the outlet of the longwall face. The “Y’-type
ventilation system with return air distribution in two directions
(bleeder system) is convenient for longwall panels of low and
medium thickness of coal seams [33].

The ‘U’-type ventilation system with parallel return road-
way, sometimes known as ‘back return system’, is used in
conditions of very highly predicted methane emission.
Intake air is supplied to the longwall face through two road-
ways: the headgate road and the interior tailgate road, and
return air flows through the second (overlying) tailgate road
sometimes termed the exterior return roadway. The main ad-
vantage of this system is the possibility of extra airflow supply
which affects the limit of methane concentrations, the possi-
bility of controlling airflow in the longwall and convenience
in draining methane of over- and underlying coal seams. The
typical localisation of the additional ventilation devices are
presented in Fig. 2.

Additional ventilation devices for controlling methane in
the longwall face can be used in various places of the panel
depending on the local gas outflow. Such devices are also used
at the entrance to the face. An example of the location of such
devices, together with methane sensors, is shown in Fig. 3.

If there is no possibility of diluting methane below the
permissible concentrations in workings, drainage techniques
must be used, thus preventing the gas entering the ventilating
airstream. However, the right combination of ventilation sys-
tems and drainage methods is required.

4 Longwall Methane Drainage

The degasification of strata is categorized as pre-drainage or
post-drainage methods in relation to coal extraction. These
methods can be divided into surface-to-mine boreholes or
in-mine boreholes [48]. The Polish mining industry uses only
underground post-drainage methods using in-mine boreholes
to the relaxed strata, usually during and rare after coal extrac-
tion. These methods are the most effective method of control-
ling methane emission to longwall faces in a multi-seam min-
ing condition. They ensure gas capturing from overlying and/
or underlying source in relaxed zones created during mining
operations. Next, the gas is transporting to the surface through
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Fig. 2 The localisation of the
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pipelines, using the negative pressure from drainage station
extractors [1]. The known methods of drill holes in working
seam are not used due to the very low permeability of Polish
coal seams. Also, apturing from the goaf areas of the active
longwall panels using surface wells is not carried out due to
the considerable depth of coal extraction.

However, other non-mining entities attempt pre-drainage
techniques. Two projects were launched, one in the Wesola
Coal Mine and the other in the Gilowice area. The first, pilot
project, was related to two surface goaf wells into coal seam
510, vertical well and the pilot well, respectively. The coal
seam had to be hydraulically fractured with these wells in
order to achieve methane capturing. The gas pre-drainage
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1. Compressed air nozzles under the AFC
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. Air-mover powered with the compressed air
. Ducting with the fresh air

. Compressed air nozzles directed at the seal
. Methane sensor

. Seal made of chemical agents

. Seal made of quick-setting agents
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effect for the safety coal seam extraction by mining methods
has not been confirmed because it was not decided to develop
the works in that part of the seam. The second one is a pilot
project in the virgin coal deposit within the framework of
coalbed methane recovery and utilization. The third project
in the Bielszowice mine is at the design stage. The projects
are carried out by Polish Oil and Gas (PGNiG) company in
cooperation with other partners [10, 28].

All these activities are used to test support development of
CBM production technologies. So far, no direct effect has
been shown to improve safety when coal is extracted.
Therefore, the Polish mining sector focuses on post-drainage
methods to ensure the safety of the mining process.
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Fig. 3 The localisation of the
additional ventilation devices for
methane control in the headgate
for ‘U’-type ventilation system
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The methane drainage performance from goaf areas in
Polish mining is given very often. However, it should be noted
that the mines present methane extraction from behind sealed
goaf areas by in-mine techniques. Again, non-mining entities
extract methane from the goaf areas of abandoned mines using
surface vertical wells as abandoned mine methane (AMM) or
abandoned goaf/gob methane (AGM) extraction, but the ex-
tracted gas is not included in the methane balance of Polish
coal companies (Table 3).

At this point, it should also be noted that in the Polish
mining industry, laboratory IUMK-1 installation for methane
recovery from ventilation air with the thermal capacity of
1 kW at the shaft VI in the Jas-Mos Coal Mine was launched
in 2012 [23, 39].

In Polish coal mines, in the case of methane-rich coal
seams under high pressure, prior selection of overlying or
underlying coal seams for extraction is applicable. This is
one of the methods of gas and coal outburst prevention.
These mining techniques contribute to the permeability-
increasing area of the protected coal seam [50]. However,
in the USCB, there are numerous, thin, methane-rich coal
seams between the seams expected to be extracted.
Therefore, this technique is sporadically used in Polish
mining, and methane drainage technologies evolve.

There are two technologies of gas drainage applied in the
Polish coal mining industry. The first one involves drilling
cross-measure boreholes from the roadways to the mining-
induced fracture zones in the overlying or underlying strata.
The location of the cross-measure boreholes depends on the
longwall panel design as well as the ventilation system [5, 6,
37, 45].

It is necessary to determine the boundaries of the natural
gas emission zone in mining-induced strata for applying

@ Springer
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methane drainage boreholes within adjacent (overlying and
underlying) coal seams [25, 26].

Through theoretical research and many investigations, this
zone in the overlying strata is divided into three vertical zones
named caving, fracture and constrained, respectively. Many
researchers conducted the rules for determining these zones
[1,2,6,7,11,12,25,26,36,46, 50, 51]. A detailed analysis of
the development of research on the determination of these
zones was presented by Majdi et al. [21]. Degassing of over-
burden is effective if the drainage boreholes cross the fracture
zone and reach the constrained zone, but they should not cross
the caving zone [34]. The most effective boreholes are these,
which enter a fracture zone but in the area where there is a
significant dominance of tensional stress over compression
stress. The tensional stress zone is located on the edge of the
longwall panel, in contrast to the occurrence of compressional
stress in the centre of the panel development. In the rock mass
with tensional stress, there are through-going vertical frac-
tures, and they are gas migration pathways in fractured strata
[6, 7, 11, 12, 25, 49].

The length and inclination of boreholes must be chosen
such that they should cross the fracture zone until the
constrained zone. Szlazak et al. [35] give the method of deter-
mining this zone on the base of the theoretical model given by
Fliigge G. in 1971. Determining the size of the degassing zone
in the geological conditions of the USCB was also presented,
among others, by Krause and Lukowicz [ 18] and Szlazak et al.
[34].

The second method involves drilling drainage heading
in overworked or underworked coal seams; therefore, it is
called the overlying or underlying drainage method [35],
detailing the rules for the location of the excavation in the
fracture zone.
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The location of drilled boreholes is dependent on development
methods of panels and ventilation systems. There are various
forms of panel layout for retreat longwall mining. These forms
depend on the number of gate roads, which develop the panel.
The ventilation is related to the form of panel layout. The results
of drainage efficiency in longwall panels with different variations
of ventilation systems were presented in publications as follows:
[13, 33, 37, 38, 41]. The average methane drainage efficiency in
the last 10 years was 54%. The lowest methane drainage efficien-
cy of 41% was obtained in panels with a “U’-type ventilation
system. The highest average methane drainage efficiency, which
was equal to 63%, was obtained in longwalls with a ‘U’-type
ventilation system with a parallel tailgate roadway and an over-
lying drainage heading. In longwall panels with a “Y-type’ sys-
tem, methane drainage efficiency amounted to 49% [38].

In recent years, in-mine directional drilling technology into
the fractured zone has advanced, and the concept of long bore-
holes equipped with perforated pipes has been proposed. It is
planned that piped-boreholes should work on the boundary of
the caving and fracture zones over the longwall face [24].

Although these drainage methods ensure the desired pa-
rameters of ventilation, they impose certain requirements
concerning the development of works in gassy coal seams.

The concluded analysis by Szlazak et al. [34] has shown
that the highest efficiency of methane drainage has been
achieved by means of both the “U’-type ventilation system
with the parallel return roadway and the classic U system with
the overlying drainage heading, respectively.

The lowest methane drainage efficiency was obtained in
panels with a classic ‘U’-type system. This ventilation system
is not effective at very high methane emissions due to the diffi-
culty of capturing gas from above goaf of active longwall, which
is important for the multi-seam extraction. Regarding the effi-
ciency of methane drainage that has been obtained in Polish
mines, the predicted methane emission into excavations of
longwall panel with a ‘U’-type ventilation system should not
exceed 20 m*CH,/min. The methane drainage system or change
in the ventilation system must be used in this case.

When a typical “Y’-type system of ventilation is implemented,
the air-tightness of boreholes drilled from the tailgate road behind
the longwall face diminishes over time. It is caused by the
progressing degradation of the tailgate road and the fact that
casing pipes are placed in the immediate proximity of the goaf.
The length and inclination of boreholes must be chosen such that
over- or underlying seams are intersected. Poor positioning of the
holes can lead to an increase in a spontaneous combustion of coal
in the goaf, especially if its prone to the self-heating process is
high [3, 19]. When the location of boreholes or drainage pressure
inside them is too large, some of the air leaking from the working
face can increase the risk of spontaneous fire in the goaf area [19,
29].

By contrast, the ventilation system with parallel return
roadway leaves a coal pillar between them (Fig. 2), which

makes it possible to achieve enduring air-tightness of casing
pipes, resulting in a mixture of gases with higher methane
concentration. However, the coal pillars and a pack cavity
system means that more coal remains in the goaf area. If the
leakages of air through this area are significant, they may also
increase the self-heating process of coal [20, 30, 37, 44].

Very often, there are several natural hazards in Polish mines
that can lead to disasters. Besides co-occurrence of the meth-
ane explosion and spontaneous fire hazards, there is a hazard
of coal dust explosion, a hazard of the rock-gas outburst and a
hazard of a rockburst. Also, there is a very high risk of work-
ing in a hot microclimate in Polish mines, which can lead to
clinical disorders as a result of thermal stress [36]. Planning of
specific coal extraction in the conditions of so many hazards
should be a multiple-stage process and executed in the right
order concerning the security of all mining operations.

Szlazak et al. [36, 38] proposed a design procedure adapted
to the co-occurring hazards, which assumes planning a meth-
od of coal seam extraction adapted to the predicted hazards
instead of a so far method of selecting those prophylaxes to the
adopted method of the extraction.

5 Conclusions

The presented methane balance analysis of Polish coal mines
shows an increase in methane emission over several years due
to the higher share of the number of gassy coal seams in the
exploitation of coal deposits. However, it is expected that the
level of methane emission will be maintained at a similar level
in the following years. Therefore, methane emission will still
be the dominant hazard in Polish coal mining.

In order to improve safety during mining operations
surrounded by many natural hazards, the design of mining works
must be preceded by detailed analyses of the expected level of
risk to these hazards. The proposed algorithm for designing min-
ing works in the vicinity of many natural hazards with a predom-
inant methane hazard may help improve safety. The main design
principle should be the selection of the method of the mining
operation to the expected level of natural hazards. The matching
the prevention measures to the previously designed coal extrac-
tion method is not proper procedure.

The design and planning of longwall panels in methane-rich
coal seams should entail the further detailed prediction of the
methane emission rate. On the prediction results, a ventilation
system, a methane drainage method and other additional mea-
sures to prevent the accumulation of dangerous methane concen-
trations in mine excavations should be selected. The solutions
should not adversely affect the risk of spontaneous fires and do
not worsen the micro-climatic conditions at workplaces.

In the geological conditions of Polish mines, the “U’-type
ventilation system is most often used. In the case of increased
methane release at the outlet of the face, the additional ventilation
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devices such as ‘mixing chamber’, ducting with fresh air or air-
movers powered with the compressed air are used with positive
effect. In the conditions of Polish mines, the “U’-type ventilation
system is most often used. In the case of increased methane
release at the outlet of the face of the wall, the ventilation equip-
ment such as ducting with fresh air, wing curtains, air-movers or
set of nozzles powered with the compressed air are used with
positive effect. The methane drainage with definite efficiency or
another ventilation system must be applied in the case of predic-
tion of methane emissions above 20 m*CH,/min.

In the case of expected high methane emissions, it is a good
solution to vent longwall panels by the “Y’-type return side ven-
tilation system together with cross-measure boreholes in con-
junction with suitably adapted fire prevention measures or to
use the ‘U’-type ventilation system with an overlying drainage
heading. In both cases, it is also necessary to use real-time mon-
itoring systems to control the concentrations of both methane and
other gassy products of self-heating process of the coal. Such
solutions, together with the observance of general safety rules,
cause the safety of exploitation of methane-rich coal seams in
Polish mines does not differ from the global mining industry.
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