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Abstract: Coal mining is still an important part of the global energy complex. Despite the active
development of technologies and modern equipment, coal mining remains one of the most dangerous
jobs in the world. The main danger is associated with a large number of the hard-predictable factors,
such as the opening of a toxic and flammable gas blister, the collapse of a mine due to a violation of
the mines’ structural integrity, etc. There are software and hardware systems capable of monitoring
the necessary parameters, but the problem lies in the complexity and costliness of the implementation
and maintenance, so even for the largest enterprises, the widespread implementation of such systems
is unprofitable. Previously conducted studies have established that most of the developed coal mining
monitoring systems are very expensive to implement and labor-consuming to use and support. This
article proposes to consider the developed prototype of a system for toxic and flammable gases
concentration real-time monitoring, capable of reading the information with sufficient speed and
transferring it to a system which triggers the response mechanism in cases where the specified
concentration limits would be exceeded.

Keywords: system analysis; monitoring systems; automation; computer modeling; Arduino; coalmines;
exploitation monitoring

1. Introduction

Coal is a significant source of heat energy worldwide. The fuel coal industry provides
heating of housing and communal complexes, the movement of vehicles, as well as electric-
ity generation. In industry, this resource is used to ensure furnaces’ operation, as well as
for the manufacture of nitrogen fertilizers, plastic products, explosives, and alcohols [1].

During expert assessments of the coal’s industry condition, the share of this fossil is
approximately 27% of all fuel total indicators. In the field of metallurgy, as well as the field
of electric power industry, coal is always used as a fuel more actively than other industries.
About 44% of all electricity in the world is produced using coal products. Given the current
trend of replacing gas with coal, in the fuel industry of countries such as China, the USA,
India, South Africa, and Australia, it can be concluded that the coal industry is one of the
main vectors for the development of energy in advanced countries [2,3].

However, along with active development, this industry is also one of the most dan-
gerous in terms of the workers’ deaths risk. Coalmines located in the territory of the
Russian Federation remain one of the most dangerous facilities compared to enterprises
in other countries. It should be taken into account that in Russia, a significant percentage
of underground mining is carried out in unfavorable mining and geological conditions.
In the Russian Federation, 19 coalmines (31.7%) operate at a depth of about 500 m; two
mines, Vorkutinskaya and Komsomolskaya, operate at a depth of up to 1 km. In 2018,
the average depth of mines in Russia reached 482.5 m against 431 m in 2010. Among coal
seams, 90.8% are classified as hazardous according to one of the influencing factors, and
74% of the given mines are dangerous according to two or more factors at the same time.
The percentage of those layers that are dangerous due to the explosiveness of the dust is
critically high—87.3% [4].
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2. Problem Statement

During the process of coalmines developing by the underground method, it is neces-
sary to be sensitive to possible emergencies, which really affect the level of danger and lead
to accidents and injuries at coal-mining enterprises.

Significant hazards at coalmines can appear during the intensive mining in difficult
conditions: methane explosions, ignition of coal dust, rock collapse, water breakthroughs,
release of explosive gases, sudden outbursts of coal and gas, underground fires. Analyzing
the statistics of accidents in the coalmines of the Kemerovo region, companies in the coal
industry are ready to actively finance the provision of industrial safety and human labor
protection. Since 2004, there have been approximately 20 accidents in coalmines and 220
victims, 206 of whom died due to gas explosions—methane. This problem significantly
reduces the competitiveness of coal enterprises [5].

Another acute problem is the increase of the cost of coal due to the unprofitability of
investments in the automation of technological and supporting processes, which is directly
related to the high cost of imported equipment. The coal industry is lagging behind in the
global implementation of mining automation, 3D technologies in modeling and designing
deposits, studying the development of geological exploration and mining, and monitoring
the state of physical processes. The increase in labor productivity at the coal enterprises
of the Russian Federation often occurs due to the involvement of more human resources.
The use of a generally approved industrial safety management system will significantly
reduce the risk of occupational diseases and industrial injuries. The implementation of
this type of system for the remote monitoring of the state of physical processes in coal
deposits provides for automated collection, consolidation, generalization, systematization,
and analysis of information about the obtained values of the parameters of the state of
physical processes in order to determine the state of industrial safety.

As a solution to the above problems, the development and implementation of spe-
cialized systems for monitoring physical processes in coal deposits to analyze the hazard
factor at coal enterprises and justify a set of actions aimed at the timely notification of dan-
ger, which will increase the safety and productivity of underground mine operations, are
proposed. The purpose of this study is to develop a system with the optimal combination
of functionality and implementation costs.

The relevance of this development is that at this moment, it is important for Rus-
sian coalmines to reduce the number of accidents and eliminate work-related injuries.
Such problems in coalmines arise due to an inefficient control and monitoring system in
coalmines, as well as due to the lack of forecasting of hazardous phenomena and the lack
of work to prevent dangerous physical and mechanical phenomena in advance.

Monitoring systems for physical processes in coalmines significantly increase labor
productivity through monitoring, effective management, data collection, and the timely
notification of workers in coalmines. Monitoring is an important step in the automation of a
mining enterprise, as it allows you to transfer part of the authority in managing production
and making managerial decisions from a person to artificial intelligence.

3. Methods

Often, enterprises in Russia mine coal at a depth of more than one kilometer. With
an increase in the depth of work, the risk of developing adverse processes increases
significantly, e.g., an increase in the concentration of toxic or combustible gases (the release
of methane emissions from coal-bearing seams, etc.), partial/complete collapse of the mine
roof [6,7]. The presented phenomena are extremely dangerous for workers in a coalmine;
therefore, the main goal of developing a monitoring system is to ensure the safety of
personnel during mine operations at coal-bearing enterprises.

The probability of an accident in a coalmine is determined by the conditions that
occurred naturally and the development of coal seams, and significantly depends on the
elimination of various sudden and predictable manifestations of natural and industrial
hazards with the approved technology for conducting mine operations and the efficiency of
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the entire monitoring structure against accidents for the protection and training of workers
at coal enterprises personnel of all professions.

To detect stresses and deformations, the primary signal and the received signal in the
coal seam are correlated [8]. The application and use of pulsed signals is the basis and
substantiates the use and operation of the ultrasonic logging method [9,10].

X-ray & and B radiation underlie the methods of gamma radiation and are their basis.
Three concepts underlie all of the gamma methods that mine workers use to assess rock
porosity: the wide beam method, the narrow beam method, and the scatter gamma ray
method. Depth requirements are not subject to the above scientific methods due to the very
small ability to seep through. This makes it possible to evaluate rocks by porosity [11-13].
Ionizing radiation is rarely used to analyze and monitor coal seam stresses, as it requires
the use of specialized protective equipment and is characterized by hazardous production
factors. In the conditions of coal mining in the mine method, the wide beam method is most
often used, whereas the method differs from the remaining measurements, which is carried
out both scattered and with radiation with initial data and concentrations. Since all rocks
are and will continue to be dielectrics [14], in order to determine the level of stresses in a
coal mass, auxiliary laboratory diagnostics are required [15]. The interaction of pressure
and electrical resistance of rocks is the essence of the electrometric method and this is
discussed in the sources [16]. Such methods do not specialize in determining their absolute
values, but only allow obtaining very high-quality information about the redistribution
and redirection of stresses in a rock mass.

In the process of formation imbalance (for example, due to breaking coal or drilling a
well), the process of active mass transfer of methane develops, as well as its desorption and
entry into the area of reduced pressure, i.e., to the mining area [17,18]. The exclusivity of the
phenomenon of methane ingress from a coal-bearing seam can be noted the superposition
of two processes of mass transfer:

1.  Gas ventilation using a system of open cracks;
2.  The transition of methane from the solid solution into the filtration volume.

Filtering is the main process in this context. As the filtration progresses, the gas
pressure in the filtration volume decreases, which entails the formation of a thermodynamic
force for the desorption of methane from the blocks into the filtration volume through
diffusion.

The occurrence of coal seams occurs under the following physical processes and
conditions: the distance that is formed between these layers, the number of these layers
that are located in the same area, the thickness of each layer of rocks, the angle of incidence,
disturbance and destruction of the layers, destruction and disturbance, water that is formed
in coal seams, temperature indicators of seams, and the temperature of layers that are
located near seams with coal [19].

The chemical, physical, and mechanical properties and features of coal deposits and
rocks that contain coal minerals are jointing, collapse, predisposition of rocks and plats to
impacts, strength, dust explosion hazard, tendency of coal to oxidize, degree of metamor-
phism, and the proportion of free and released silicon [20].

Hazardous phenomena leading to accidents due to natural modifications or any other
processes caused by nature are:

The release of methane, which is most dangerous due to its flammability;
Collapse and destruction;

The danger of coal because it belongs to flammable fossils;

Sudden release of various types of gases;

Disturbances in the formation itself;

Emission of coal dust;

Appearance or formation of water in formations;

Geological destruction and reservoir disturbance;

Increase in the temperature of rocks with the deepening of the mine.

XN
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Tables 1 and 2 describe the quantitative data on the main objects that affect the
occurrence of accidents [13]. As described above, the type of occurrence of accidents and
fires differs, but in this case, accidents can occur not only due to one influencing factor,
but also due to several factors and influencing objects. All of this naturally affects the
difficulty of monitoring, analyzing, and predicting physical hazardous processes, so it is of
paramount importance to analyze the existing experience and, first of all, pay attention to
the most common hazard phenomena and work on their prediction and elimination [21].

Table 1. Classification by objects leading to accidents at Russian coal enterprises.

Average Annual Number of

Main Objects of Accidents Proportion (%)

Accidents
Mining machines and mechanisms 1038 51.6
Underground vehicle 634 35.2
Recovery to the surface 73 42
Electronic equipment 121 5.5
On a surface 37 1.3
Other objects 54 2.3

Table 2. Classification by types of accidents at coal enterprises in Russia.

Average Annual Number of

Main Objects of Accidents Proportion (%)

Accidents
Destruction and landslides, accidents in 112 346
the faces and in the places of cleaning '
Sudden outbursts of coal or gases 137 38.4
Methane explosion, coal dust explosion 3 14
Sparks and flash fires 9 3
Accumulation and the water collapse 4 0.6
Underground fires 71 22

When analyzing the given tables data described, it can be assumed that the most
dangerous is the special equipment using—80 percent of all kinds of accidents, due to
which, accidents occur, which most often lead to fires, which are difficult to extinguish.
Nearly 17 percent of accidents are due to the destruction and initial disturbance of coal
rocks, and this includes underground fires, methane explosions, coal dust explosions
and ignitions, and explosions from other flammable substances [22,23]. This leads to the
conclusion that the means and capabilities of the monitoring, observation, and analysis of
physical processes are used insufficiently. In order to provide early warning of possible
negative consequences of physical processes, it is advisable to constantly monitor the state
of coal seams in the processing zones and tunnels of the enterprise, as well as to assume
and predict the possibility of such phenomena.

All sorts of information and analytical systems studied at coal mining enterprises do
not contain the functionality for obtaining real-time information from mine workers about
dynamic phenomena that have occurred in their vicinity. In this case, constant monitoring
and forecasting of such phenomena could create conditions for work in mine areas that are
dangerous due to dynamic phenomena. In order to diagnose fast dynamic phenomena in
a mountain range, it is necessary to create a continuous monitoring of the mine, namely
its underground sections; the conduct of mine operations must be at a certain level of
safety both for the team and for the outside world [24]. An early assessment of the state
of shock hazards and outburst hazards occurs on the basis of obtaining continuous data
on the massif and its state; it is also necessary to monitor and forecast depending on the
early assessment and geological conditions [25,26]. Without constant monitoring of the
mountain range, it is unrealistic to ensure the safety of mining operations.



Energies 2022, 15, 8917

50f13

4. Results

When developing physical process monitoring for the coal deposits, it is necessary to
analyze those processes that occur in a coal-bearing seam, describing the physic essentials
of the following processes. The danger of the coal mining process contains two main factors:
the self-pressure of the layers and the possible changes of the methane pocket conditions
and pressure [27]. The influence of those factors become stronger with the mining process
intensity and depth increasing. The main problem is that those processes proceed in a short
time, which makes it impossible to react and makes it necessary to arrange the real-time
monitoring [28].

The proposed monitoring algorithm has three stages:

1.  “Data acquisition” is necessary to receive and collect the coal mining processes’
parameters.
2. “Graphing” is necessary to visualize the received data on the operator’s station, which

gives an opportunity not only to see the actual responses from the sensors, but also
analyzes the parameter distribution regularities to predict the possible emergencies.

3.  “Maintaining a document with read data” is necessary to collect and write all the
data to the files, which gives an opportunity to conduct operation analysis and better-
detailed future investigations.

The monitoring system makes it possible in real time to display the received informa-
tion on all sensors used in monitoring. Table 3 shows the MPC (Maximum Permissible
Concentration) for each indicator, as well as the sensors that are used to measure indicators.
For the model of monitoring the state of physical processes in coal deposits, the following
sensors, methane, propane, carbon monoxide, carbon dioxide, and sour gas sensors, are
used.

Table 3. Basic parameters of sensors.

Sensor Methane Propane Carbonic Oxide Carbonic Gas N-Gas

Name MQ-2 MQ-9 MQ-7 MQ-135 MQ-4
MPC (g/m3) 0.5% 2.2% 0.0017% 2% 0.5%
MPC (ppm) 500 2200 1.7 2000 500

The control of the content of methane, propane, carbon monoxide, carbon dioxide, and
N-gas is carried out in the bottom-hole sections of workings in a dead end with a length of
10 m or more and outgoing sections with a mine length of 50 m or more, provided that the
mines use electrical energy and methane emissions are formed. When operating in dead
ends of a mine, a moving substation is used in the area of the substation. In the case, when
mining was carried out during drilling and blasting, operations and concussion explosions
can be produced. Those emergencies are not dependent on the use of electrical energy, in
the dead ends of the mine, which are unsafe due to methane emissions. A coalmines” where
the digging depth over of 100 m, the subject to the use of electrical energy in addition to
areas of various accumulations was used.

Control of the methane, propane, carbon monoxide, carbon dioxide, and N-gas con-
centration was carried out in the bottom-hole sections of workings in a dead end with a
length of 10 m or more and outgoing sections with a mine length of 50 m or more, provided
that the mines use electrical energy and methane emissions are formed. When operating
in dead ends of a mine, a moving substation was used—in the area of the substation. If
mining was carried out during drilling and blasting operations and concussion explosions
can be produced, which is not dependent on the use of electrical energy, in the dead ends
of the mine, which are unsafe due to methane emissions, a duration of 100 m, subject to the
use of electrical energy, in addition to areas of various accumulations was used:

e Inareas of ventilation of external ventilation with electric motors during underground
mining of reservoir deposits, which are unsafe due to the likelihood of sudden out-
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bursts, as well as under the condition of operation of fans in areas with an outgoing
air stream from workings stopping and workings in blind alleys;

e In the air entering the workings with downward ventilation, with sequential ventila-
tion and under the condition of coal mining from seams;

e  Near the outgoing air from the workings, subject to the use of electrical energy, and in
the areas of excavation, without reference to the use of electrical energy;
In dead ends of ventilation working;
In areas where the machinery and electrical equipment are operated, which are venti-
lated with outgoing air, and in areas where electrical equipment is installed;

e Inareas with outgoing air outside the excavation areas (up to shafts), provided that
these areas contain machinery and electrical equipment or cables;
In the outgoing jets of mine structures;
At mixers of gas suction units;
In the chambers of fans for gas suction.

When receiving information about exceeding the agreed threshold, the monitoring
system warns of the danger with a sound or light signal. The time interval between the
sound signal for stationary sensors installed in the mine and the receipt of information
from them should not be more than 10s.

The system for monitoring physical processes in coal deposits is an air-gas control
system that is necessary to ensure the safety of underground mine operations through
continuous monitoring of the parameters read from sensors, which characterize the gas
regime of the mine [24]. Monitoring can be described in more detail as follows: we collect
the indicators of gas sensors and save them to a PC; for the convenience of information
perception, we display the saved information from the sensors on graphs, and we also save
information about the parameters of the gas mode for a certain period of time for further
information analytics, which is extremely important for the control of installations and
equipment, which maintains safety in terms of air and gas conditions in coalmines [23].
The sensor connection diagram is shown in Figure 1.

Acoustical signal

bk

L
MQ-2  mqQ-7 MQ8 mQ-9

Figure 1. The scheme of the sensors connecting.
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This monitoring system is required to perform the following functions:

e Air and gas monitoring in areas where sensors are installed in places in coalmines
(sensors are described and presented in Table 1);

e  Automatic control of the occurrence of hazards due to increased concentration and the
ability to remotely activate the operation of ventilation units in a coalmine;

e Activation of ventilation to ventilate the areas of the face of the mine during prepara-
tion for extraction in offline mode, as well as their control;
Automatic danger alert;
Automated control of equipment to maintain a safe aero-gas state in coalmines.

All described functions are used as a system that provides the following procedures
and operations:

e  Provision of notification with a sound signal and turning on and off of light indicators,
which is a signal for workers in a coalmine about an emergency (this procedure is
carried out by the operator and dispatcher);

e Data from sensors and sensors on the concentration of gases in the coalmine are
checked and monitored continuously by the dispatcher and the operator, and the
operator monitors the preservation of information on the concentration of gas;

e  There is a procedure for shutting down machinery and other equipment that uses elec-
trical energy. This de-energization procedure occurs automatically when a dangerous
concentration of gases is detected or the shutdown is performed by the dispatcher;

e  Procedure for rapid replacement or reconfiguration of the system for monitoring
physical processes in coal deposits in the event of a hazardous event;

e Saving data that were written off from sensors and transmitters for the analysis of
events after some time.

The APCS diagram is shown in Figure 2.

7~ z
AEROGAS CONTROL ‘ ‘
Automated workstation : InlelduaI Statlonar ; Portable ’
Ethernet g SN e
Above-ground structure MINE ROADWAYS
X v

Figure 2. PACS for gas-dynamic phenomena in mine monitoring.

Based on the research results, a layout was developed to represent a visual model of
the system for monitoring physical processes in coal deposits (Figure 3).
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Figure 3. The layout of the coal deposit system physical processes monitoring.

*

The structure of the presented system includes:

USB cable for power supply and transfer of read data;

Arduino microcontroller for reading and processing gas concentration data from
sensors. Signal—two wires (green and blue) and power wires—the remaining six
wires;

Prototyping board that provides connection of sensors to the controller, and also
allows them to be placed in different configurations;

Sensor MQ-135—measurement of CO_2 (more precisely, the concentration of carbon
dioxide in the atmosphere);

Sensor MQ-2—measurement of concentration in the atmosphere of propane;
MQ-9—measurement of CH_4 (more precisely, the concentration of methane in the
atmosphere);

MQ-7 sensor—measurement of carbon monoxide concentration in the atmosphere;
Sensor MQ-4 measurement of sulfur dioxide in the atmosphere of mine structures;
Next, it is proposed to consider the development of the system software.

The software was developed using the C language. The operation algorithm of the

prototype gas concentration monitoring system in a coalmine consists of the following
steps:

N oUW

Connecting libraries to simplify work with sensors and other components;

The maximum number of possible parameter measurements is determined;
Variables containing the parameters of each gas are presented as an array;

The minimum and maximum values for the y-axis are determined;

The primary array of data received from the sensors is formed;

Calling the module for constructing a graph and creating a session data storage file;
Calling the function that sets the basic parameters of clean air for each concentration;
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8.

9.

10.
11.
12.
13.
14.
15.

Calling a function that checks the compliance of each output of the Arduino board
with a given device;

Calling the function of the initial configuration of the library of each used sensor;
Calling the function of measuring carbon dioxide parameters from the MQ-135 sensor;
Calling the function of measuring gas parameters—propane from the MQ-2 sensor;
Calling the function of measuring natural gas parameters from the MQ-4 sensor;
Calling the function of measuring gas parameters—methane from the MQ-4 sensor;
Calling the function of measuring carbon monoxide parameters from the MQ-7 sensor;
The received data are recorded, transmitted to the workstation, and recorded.

Figure 4 shows the system interface, which displays graphs of the changes in gas

concentration. The graphical presentation of information is convenient in operation, as
well as for the analysis of changes occurring in coal deposits.

- O X
Carbonic gas

15.0 1

10.0

0.0

12.0 ]
10.0 ]
8.09
6.0
4.0
20
0.04

Open COM
E JWMANM\N A Settings
10 ) %0 P )
Propane 5
1% % %0 0 P
Methane

8

T T
200 00 00 500

Carbonic oxide

N-gas

509 ) /M\NJV] WW’\/\% R V2 ¥

°

100

T T T
200 00 400 S00

Figure 4. Monitoring system prototype interface.

An important document that was developed and executed is a document presented

in a convenient table format, where each column is allocated for the parameters of each
individual gas, and where information on the concentration of gases is prescribed and
stored. An example of such a document is shown in Figure 5.
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CO2_ppm prop_ppm CH4_ppm CO_ppm LPG_ppm Mesurement time
3.05 4.81 11.27 3.24 3.19 5
3.55 5.06 13.22 3.4 3.64 10
5.09 6.19 18.28 3.98 5.12 15
10.03 8.38 39.75 5.2 8.96 20
10.16 8.06 35.04 4.73 7.36 25
4.72 5.84 17.33 3.83 4.73 30
4.68 5.66 16.54 - 4.39 35
4.43 5.54 16.03 3.78 4.51 40
4.59 5.66 16.67 3.83 4.57 45
5.02 6.01 18.01 3.96 5.05 50
2.74 4.47 8.42 3.12 2.98 55
2.83 4.55 8.35 3.16 3.06 60
2.89 4.57 8.05 3.17 3.15 65

3 4.87 8.05 3.26 3.28 70
3 4.79 7.68 3.24 3.24 75
3.02 4.87 7.33 3.25 3.24 80
6.02 6.25 17.33 4.09 5.12 85
4.68 5.59 14.45 3.82 4.45 90
4.95 4.96 10.43 3.32 3.56 95

Figure 5. An example of a writing data file.

For convenient use and prompt notification of a dangerous concentration of gas
emissions, a graph showing the concentration of gas when the concentration is exceeded
notifies of the danger by highlighting the graph in red. To alert workers who are directly in
the coalmine, an audible signal is turned on, which notifies of the danger. The result on
the example of exceeding the norm of the concentration of methane emissions is shown in
Figure 6.

The program code described above for reading information about the concentration of
gases in a coalmine; the program code for plotting graphs that clearly show the concen-
tration of dangerous gases; and the program code for collecting, storing, and analyzing
the received data on gas concentration will ensure the monitoring of physical processes in
coal deposits. Such a structure of actions makes it possible to notify workers in time about
a dangerous concentration of gases, to predict dangerous physical processes in coal de-
posits, and to analyze at what concentration and saturation values of certain gases physical
processes occurred, which affect the structure of coal mining.
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Figure 6. Display of the system’s response to exceeding the permissible parameters of the gas content.

Given the average number of mining areas and mines, the implementation of a full-
fledged system will require an enormous investment of funds and capacities. An alternative
to this solution could be a system that has a smaller set of functions, but is able to monitor
the most important safety indicators (gas concentration in a coalmine). The proposed
solution is a software and hardware complex capable of perceiving the information from
sensors and transmitting it to the operator’s workstation. The main functions of the system
are the constant monitoring of the concentration of the most frequently occurring gases,
alerting the operator and personnel in case of reaching critical concentration indicators and
generating an observation log, on the basis of which an analysis of the dynamics of changes
in gas concentration can be subsequently carried out depending on the nature, duration,
and intensity of work. The accumulated amount of knowledge can be used as input data
for a future forecasting system, as well as possible scientific research in this subject area.

5. Conclusions

The article presents the process of developing a prototype system for monitoring the
concentration of toxic and flammable gases in a coalmine. The analysis of the subject area
revealed that there are several full-featured developments that can not only monitor the
target parameters of gas concentration, but also model the nature and speed of its distribu-
tion. The advantages of these type of systems are an ergonomic interface and a wide range
of analysis, monitoring, and triggering functions, but the problem is the high complexity of
implementing such systems. In addition to the high cost, the use of these systems implies
making changes to each stage of the production process, including the installation of new
equipment, changing the structure of the data transmission network, partial replacement
of operator workstations, and a set of sensors and sensors. The complexity and importance
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of setting up the system makes it necessary to hire a narrowly specialized specialist who
must not only perform the initial setup and calibration of the equipment, but also train the
staff. In response to this, a large-scale spreading implementation of simple, but functionally
sufficient, systems was found.

As the result of this study, a prototype including a programmable board and a set of
sensors capable of measuring the concentrations of the most common gases was developed.
The test results showed that the proposed set of sensors and the computational circuit
are capable of determining the concentration of dangerous gases with sufficient accuracy,
transmitting data to the system and ensuring the timely response of the system when
critical indicators are reached.

The presented studies are the first stage of our own full-featured system for controlling
and monitoring the gas contamination of coalmine development.
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