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Ján Kačur is an Associate Professor at the Institute of Control and Informatization of

Production Processes, Faculty BERG at the Technical University of Kosice. From a professional

point of view, he is dedicated to automation and the design of control systems. He is also devoted

to mathematical modeling based on machine learning. His research interests focus on underground

coal gasification and steelmaking. He is the author and co-author of 61 publications indexed by WoS

(see https://publons.com/wos-op/researcher/2678181/jan-kacur/) and 1 monograph. He has 305

citations with an h-index of 10, according to WoS. He has participated in 18 national and international

research projects. He is a member of the program committee of the International Carpathian Control

Conference and a member of the Slovak Association of Applied Cybernetics and Informatics (SSAKI).

Milan Durdán

Milan Durdán is an Associate Professor at the Institute of Control and Informatization of

Production Processes, Faculty BERG at the Technical University of Kosice. He completed his

habilitation thesis on earth resources extracting and processing in 2018 at the Technical University

in Košice. He is the author of a monograph entitled Annealing process control of steel coils, which

focuses on the proposal of models for calculating the temperature inside an annealed coil. He is also

the author of three teaching texts focused on modeling and optimizing the processes of the extraction

and processing of raw materials. He has 56 publications and 299 citations with an h-index of 10,

according to WoS (https://publons.com/researcher/2678237/milan-durdan/). He has participated

in 16 national and international research projects, in 1 of which he was the principal investigator.

He has been the supervisor for 9 bachelor’s and 16 diploma theses in the field of mathematical and

computer modeling, and the monitoring extraction and processing of raw material processes. In his

professional life, he is focused on mathematical modeling and optimization of raw material extraction

and processing processes. The applications of his research activity are primarily focused on modeling,

optimization, and monitoring systems and their use in the field of technological process control. He

has been a member of the Slovak Association of Applied Cybernetics and Informatics (SSAKI) since

2005.

vii





Preface to ”Modeling and Control of Energy

Conversion during Underground Coal Gasification

Process”

The underground coal gasification (UCG) technology is an unconventional method of coal

mining, and its approaches represent new scientific knowledge. This continually evolving technology

is a large energy source that can be obtained at a lower cost than convection mining and is also

safer. The UCG process transforms the coal’s energy into the gas produced (i.e., syngas) during the

underground coal gasification process in the coal seam.

For successful energy conversion, i.e., obtaining the syngas with a higher calorific value, it is

essential to develop new modeling methods and control this process. Modeling methods will make

it possible to identify the individual stages of the UCG process more precisely and, thus, improve

the knowledge of this process. Various UCG models, e.g., models based on CFD, machine models

for syngas composition, or temperature prediction, were recently investigated. By synthesizing

suitable algorithms and mathematical models, it is possible to obtain simulation models of the

process. These simulation models can be used to design the control systems and the optimal setting

of process parameters. In the control of UCG, the significant issue is to ensure sufficient underground

temperature and the calorific value of syngas. This issue can be solved by advanced control methods

and optimization of operating variables.

The present book contains nine articles that were accepted and published in the Special Issue

“Modeling and Control of Energy Conversion during Underground Coal Gasification Process” of the MDPI

Energies journal. This book focuses on the energy conversion processes in underground coal

gasification (UCG), as well as on the modeling and control of this process.

Marek Laciak, Ján Kačur, and Milan Durdán

Editors
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1. Introduction

The underground coal gasification (UCG) technology is an unconventional method
of coal mining, and its approaches represent new scientific knowledge. This continually
evolving technology is a large energy source that can be obtained at a lower cost than
convection mining and is also safer. The UCG process transforms the coal’s energy into the
gas produced (i.e., syngas). The coal is converted into syngas during the underground coal
gasification process in the coal seam (i.e., in situ). The gas is produced and extracted by a
well drilled into the gasified coal seam. The injection well is used to inject oxidants, i.e.,
air, oxygen, vapor, or their mixture. The injection well also serves to ignite the coal seam
at the beginning of the UCG process. Production wells are used to transport the product
gas to the Earth’s surface (Figure 1) [1,2]. High-pressure gasification is carried out at a
temperature of 700–900 ◦C, but under certain conditions, a temperature of up to 1500 ◦C
can be achieved [2,3]. The coal is decomposed and mainly produces carbon dioxide (i.e.,
CO2), hydrogen (i.e., H2), carbon monoxide (i.e., CO), small amounts of methane (i.e., CH4),
and hydrogen sulfide (i.e., H2S) in the UCG process [3,4].

Figure 1. Principle of the UCG process [5].
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For successful energy conversion, i.e., obtaining the syngas with a higher calorific
value, it is essential to develop new modeling methods and control this process. Modeling
methods will make it possible to identify the individual stages of the UCG process more
precisely, and thus improve the knowledge of this process. Recently, various UCG models,
e.g., models based on CFD, machine models for syngas composition, or temperature
prediction, were investigated. By synthesizing suitable algorithms and mathematical
models, it is possible to obtain simulation models of the process. These simulation models
can be used to design the control systems and the optimal setting of process parameters. In
the control of UCG, the significant issue is to ensure sufficient underground temperature
and the calorific value of syngas. This issue can be solved by advanced control methods
and optimization of operating variables.

This Special Issue (SI) of Energies journal focused on the energy conversion processes
in underground coal gasification and the modeling and control of this process. A brief
review of the articles published in the SI “Modeling and Control of Energy Conversion
during Underground Coal Gasification Process” will be presented in the next section.

2. Special Issue Articles’ Short Review

Articles published in Energies as a part of this Special Issue can be divided into the
three thematic parts of research in the field of underground coal gasification technology. The
first part is the impact of technology on the environment, the second is research (studies)
the coal areas and coal properties for UCG technology, and the third is the monitoring,
modeling, and control of UCG processes.

This study [6] provides an overview of the systematic methods of the in situ coal
gasification process. In the paper, it has been presented the model of the porous structure
of coal and the gas movement taking place in the carbon matrix, which is part of the bed.
The experimental tests were carried out with the use of air forced through the nozzle in
the form of a gas stream spreading in many directions in a porous bed under bubbling
conditions. The gas flow resistance coefficient was determined as a function of the Reynolds
number in relation to the diameter of the gas flow nozzle. The evaluation showed that
the models available in the literature have a limited scope of application to skeletal media,
characterized by a significant internal structure of the porous material. The test results
show that under bubbling conditions, it is possible to accurately assess the gas permeability,
which makes it possible to comprehensively assess the properties of the porous material in
terms of the process for UCG technology.

The main purpose of the study described in the article [7] was a qualitative and
quantitative characterization of the UCG wastewater produced during four different UCG
experiments. The experiments were carried out in an ex situ UCG installation located in
the Clean Coal Technology Centre of the Central Mining Institute (Mikołów, Poland). One
of the most important issues during UCG process is wastewater production and treatment.
Condensed gasification wastewater is contaminated by many hazardous compounds. The
composition of the generated UCG-derived wastewater may vary depending on the type
of gasified coal and conditions of the gasification process. The conducted studies revealed
significant relationships between the physicochemical composition of the wastewater and
the coal properties, as well as the gasification pressure. The strongest impact is noticeable
in the case of organic pollutants, especially phenols, BTEX and PAHs. The most abundant
group of pollutants were phenols. The experimental studies have shown that concentrations
of phenols, BTEX, and PAHs decrease with increasing pressure.

The conducted research has shown that UCG wastewater contains many hazardous
pollutants and requires the selection of an appropriate treatment method, for example, for
coking wastewater. The presented results in the paper [7] can help in the development
of an appropriate UCG wastewater treatment strategy depending on the coal used and
gasification parameters.

Article [8] presents the results of laboratory tests regarding the influence of high
temperatures on changes in the strength and structural parameters of rocks that are present
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in the immediate vicinity of a gasification channel. Sandstone and claystone samples were
heated at 300 ◦C, 600 ◦C, 900 ◦C, and 1200 ◦C. Additionally, the heated samples were
placed in water for 24 h. Strength tests regarding sandstone and claystone were carried
out in a hydraulic press at the laboratory of the Faculty of Civil Engineering and Resource
Management at the University of Science and Technology in Krakow.

The results of the laboratory tests were used in the numerical simulation using RS2
software. The main goal of modeling was to determine the extent of the rock destruction
zone around the gasification channel for dry and wet rock masses. On the basis of the
obtained results, it was found that the extent of rock destruction, both in the roof and
in the floor, is greater by several percent for a wet rock mass. For the first time, this
research presents the effect of water on heated rock samples in terms of the underground
coal gasification process. The results of laboratory tests and numerical simulations clearly
indicate a reduction in strength, deformation, and structural parameters for the temperature
of 1200 ◦C. Based on numerical results of the research, it can be concluded that, for the
width of the gasification channel equal to 10, 20, and 30 m, the maximum extent of rock
destruction for dry rock mass does not exceed 5, 10, and 15 m, but an increase in the extent
of rock destruction occurs for wet rock mass [8].

Another paper [9] of this Special Issue was focused on the effect of lignite properties
on its suitability for the implementation of UCG process. Two experimental simulations
of UCG processes, using large bulk samples of lignites, were conducted in a surface labo-
ratory setup. Two different lignite samples were used for the oxygen-blown experiments,
i.e., “Velenje” meta-lignite (Slovenia) and “Oltenia” ortho-lignite (Romania). The average
moisture content of the samples was 31.6 wt.% and 45.6 wt.% for the Velenje and Oltenia
samples, respectively. The main aim of the study was to assess the suitability of the tested
lignites for the UCG process. The gas composition and its production rates, as well as
the temperatures in the artificial seams, were continuously monitored during the experi-
ments. The average calorific value of gas produced during the Velenje lignite experiment
(6.4 MJ/Nm3) was much higher compared to the result obtained for the experiment with
Oltenia lignite (4.8 MJ/Nm3). The Velenje lignite test was also characterized by significantly
higher energy efficiency, i.e., 44.6%, compared to the gasification of Oltenia lignite (33.4%).
The gasification experiments carried out showed that the physicochemical properties of
the lignite used considerably affect the in situ gasification process. The results of the study
indicate that underground gasification may be a feasible option for the extraction of lignite
deposits, especially in the case of Velenje lignite, which was characterized by a relatively
higher calorific value, and lower moisture and ash content.

The research presented in paper [10] is based on experimental studies UCG process
as in most articles of this Special Issue. The experimental equipment is designed and
patented at Dnipro University of Technology, and manufactured by Naftomash RMA under
financial support of the Ministry of Education and Science of Ukraine. A gas generator
model consists of four systems:

• An experimental stand;
• A system of supply of separated and mixed blow mixture;
• A gas outlet system;
• A system of control and measuring equipment (temperature control and control of

input and output gas mixtures).

This paper represents the results of experimental studies of physical modeling of the
underground coal gasification process in terms of implementation of design and technolog-
ical solutions aimed at intensification of a gasification process of thin coal seams. A series of
experimental studies were performed in terms of a stand unit with the provided criteria of
similarity to field conditions as well as the kinetics of thermochemical processes occurring
within a gas generator. Hard coal (high volatile bituminous coal) was selected as the raw
material to be gasified, as that coal grade prevails in the Ukrainian energy balance, since it
is represented by rather great reserves. Five blow types were tested during the research (air,
air–steam, oxygen–steam, oxygen-enriched, and carbon dioxide and oxygen). As a result,
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the effect of the tightness of a gas generator on the quantitative and qualitative parameters
of coal gasification while varying the blow by reagents and changing the pressure in a
reaction channel has been identified. Special attention was paid to the design solutions
involving blow supply immediately into the combustion face of a gas generator. The
experimental results demonstrate maximum efficiency of the applied gas generator design
involving flexible pipelines and activator in the reaction channel and a blow direction onto
the reaction channel face combined with blow stream reversing, which will make it possible
to improve caloricity of the generator gas up to 18% (i.e., from 8.4 to 12.8 MJ/m3 depending
upon a blow type). Consideration of the obtained results of physical modeling can be used
with sufficient accuracy to establish modern enterprises based on the underground coal
seam gasification; this will help develop more efficiently the substandard coal reserves to
generate heat energy as well as power-producing and chemical raw material. The research
conclusions can provide technical references for developing a new generation of UCG
technology [10].

Paper [11] researches the possibility of the model’s utilization for temperature pre-
diction in UCG process. Within experimental research, several regression models were
proposed that differed in their structures, i.e., the number and type of selected controllable
variables as independent variables. The goal was to find an optimal regression model
structure, where the underground temperature is predicted with the greatest possible
accuracy. The regression model structure proposal was realized on data obtained from two
laboratory measurements realized in the ex situ UCG reactor. These experiments differed
by the volume of gasified coal and thus also in the duration of the experiment. The proposal
of regression coefficients was performed on the data from the first experiment, but the
verification of the proposed regression models was performed mainly on the data from the
second experiment. The results of temperature models were evaluated using the multiple
coefficient of determination R2. The values of this coefficient were during the verification
of models on the second experiment lower than their values in the first experiment. The
maximum value of the multiple coefficient of determination was reached at the temperature
T8 (R2 = 0.87). The behavior of the measured and predicted temperature T8 by the model is
shown in Figure 2.

Figure 2. The measured (T) and modeled (T_MOD) temperature behavior [11].

The proposed models should contribute to developing a methodology for predicting
temperatures in a gasified coal seam. Improving the prediction of these temperatures with
higher accuracy makes it possible to identify places in the coal seam where coal to gas is
transformed, and the underground cavity is formed. In addition, the prediction of coal
seam temperatures allows the development of methods to control the UCG process based
on modeled temperatures in the coal seam [11].

Paper [12] presents an experimental study of optimization of operating variables
(airflow, oxygen flow, and syngas exhaust) during gasification in ex situ reactor. Opti-
mization aims to maximize syngas calorific value. The proposed optimization algorithm
was based on a simple gradient method that optimizes by experimental way of operating

4
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variables. The novelty and originality of the proposed solution of UCG control rests on a
model-free approach. This approach of automated control of UCG process to maximize
calorific value has not been investigated to date. Most of the research in the world focuses
on the model-based stabilization of calorific value and mathematical modeling of UCG
processes. However, research is lacking in improving the direct automated control of the
UCG process that is often controlled only blindly.

The proposed control algorithm has been implemented on a PLC; it does not require a
process model, and only online measured process data are needed. The algorithm, in four
tests, was able to increase the calorific value by optimizing the operating variables. Better
algorithm performance, i.e., higher syngas calorific value, was achieved by optimizing
three operating variables, i.e., when additional oxygen flow was optimized [12].

Article [13] investigated the possibility of using coal in situ, using UCG technology.
The authors of the paper focused on verified geological, hydrogeological, and tectonic
information about the selected brown coal deposit in Slovakia. Based on the analysis and
obtained information, possible adverse factors were evaluated. These factors affect the
rock environment around the underground generator by UCG activity. The article also
draws attention to the possible impact of pollution, taking into account the geological,
hydrogeological, and tectonic conditions in the selected locality. Attention was focused
on pollution from UCG process after experimental gasification, taking into account the
amounts of gasified coal based on analyses of tar.

3. Conclusions

The articles presented in the Special Issue “Modeling and Control of Energy Conver-
sion during Underground Coal Gasification Process” reflect current research trends in the
field of underground coal gasification. Most of the results reported in the articles are based
on experiments performed in laboratory conditions (ex situ reactor). These experiments are
significant for verifying the technology and its implementation in real conditions. Based on
experiments in laboratory conditions, the following is possible:

• Assess the suitability of the coal deposit for UCG technology;
• Assess the impact of UCG technology on the environment;
• Design and verify mathematical models that can use for the control and optimization

of the UCG process.

We firmly believe that the articles presented in the Special Issue will help in the
advancement of UCG technology and will be an inspiration for experts in this field.
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11. Durdán, M.; Benková, M.; Laciak, M.; Kačur, J.; Flegner, P. Regression Models Utilization to the Underground Temperature
Determination at Coal Energy Conversion. Energies 2021, 14, 5444. [CrossRef]
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Abstract: One of the most important issues during UCG process is wastewater production and
treatment. Condensed gasification wastewater is contaminated by many hazardous compounds. The
composition of the generated UCG-derived wastewater may vary depending on the type of gasified
coal and conditions of the gasification process. The main purpose of this study was a qualitative
and quantitative characterization of the UCG wastewater produced during four different UCG
experiments. Experiments were conducted using semi-anthracite and bituminous coal samples at
two distinct pressures, i.e., 20 and 40 bar. The conducted studies revealed significant relationships
between the physicochemical composition of the wastewater and the coal properties as well as the
gasification pressure. The strongest impact is noticeable in the case of organic pollutants, especially
phenols, BTEX and PAH’s. The most abundant group of pollutants were phenols. Conducted studies
showed significantly higher concentration levels for bituminous coal: 29.25–49.5 mg/L whereas
for semi-anthracite effluents these concentrations were in much lower range 2.1–29.7 mg/L. The
opposite situation occurs for BTEX, higher concentrations were in wastewater from semi-anthracite
gasification: 5483.1–1496.7 μg/L, while in samples from bituminous coal gasification average BTEX
concentrations were: 2514.3–1354.4 μg/L. A similar relationship occurs for the PAH’s concentrations.
The higher values were in case of wastewater from semi-anthracite coal experiments and were in
range 362–1658 μg/L while from bituminous coal gasification PAH’s values are in lower ranges
407–1090 μg/L. The studies conducted have shown that concentrations of phenols, BTEX and PAH’s
decrease with increasing pressure. Pearson’s correlation analysis was performed to enhance the
interpretation of the obtained experimental data and showed a very strong relationship between
three parameters: phenols, volatile phenols and CODcr.

Keywords: underground coal gasification; SNG; UCG wastewater; environmental impact assessment;
correlation analysis; effluents

1. Introduction

Nowadays meeting the challenges of energy supply safety and provision of competi-
tive energy costs is one of the most important challenges in the energy sector today. Despite
the current ecological trends towards shifting to renewable energy and green resources,
fossil fuels and coal will still be a major source of energy in a near future [1,2]. Coal has
been and still is one of the most crucial primary energies and contributes approximately
65% of the total fossil fuel reserves in the world [3]. It is estimated that 45% of global
energy demand will be covered by coal consumption by 2030 [2,4]. However, conventional
coal mining has become more difficult and controversial. Ecological and economic factors
stimulate searching for new ways and solutions for use of coal reserves. One of them is
underground coal gasification (UCG) which offers many potential advantages over the
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traditional mining methods [5,6]. UCG is a method of in-situ (directly in the underground
coal seam) thermochemical coal conversion into a synthetic gas [7–9]. The basis of the UCG
process is direct injection of gasifying reagents to the ignited coal seam and receiving the
gas product at the surface [10]. Compared to traditional mining UCG process has lower
surface impact and hence may contribute to the reduction of air pollutants and greenhouse
gas emission [11]. There are several process techniques for the UCG described in detail in
the literature [11–14]. The final gas composition is mainly H2, CH4, CO and CO2. The most
desirable product for UCG process is methane, which strongly improve calorific value of
gas [1,15]. Methane is formed in methanation reaction and directly from solid carbon in
hydrogenation reaction [1]:

CO + 3H2 → CH4 + H2O (ΔH= −206 kJ/mol)

C + 2H2 → CH4 (ΔH= −91 kJ/mol)

Methane rich gas called synthetic natural gas (SNG) can be used as a chemical feed-
stock or as a fuel for power generation [1,16]. SNG seems to be a future fuel and an
essential component in the energy production, which will make several energy-intense
industries more efficient and sustainable, while reducing their carbon footprint. However,
every thermochemical coal processing technology is associated with environmental impact
assessment. One of the most important issues is wastewater production and its treatment.
The raw UCG product gas, apart from tar compounds and particulates (coal and ash)
contains water vapour, mainly derived from the evaporation of coal moisture, the coal
pyrolysis (pyrogenic water) or from hydrogen combustion. These gas components tend to
condense onto the cooler parts of the facilities, such as the internal surfaces of gas pipelines
or in the gas-treatment module particular devices (e.g., water scrubber). These condensed
processing wastewater is contaminated by many hazardous compounds such as polycyclic
aromatic hydrocarbons (PAHs), phenols, monoaromatic compounds including benzene,
toluene, ethylbenzene and xylene [10,17–20]. Heavy metals are another group of UCG-
derived contaminants [10,17,18]. Due to its specific nature, the UCG wastewater requires
an appropriately tailored treatment technique. In 1988 Bryant et al. evaluate the biological
treatability of wastewater from the UCG pilot installation in Hanna, Wyoming [21]. Zhang
et al. propose pretreatment of wastewater generated during coal gasification by acidifi-
cation demulsion [22]. A large number of toxic compounds present in UCG wastewater
are difficult to decompose if only biological methods are used [23]. Thomas et al. presents
the possibility of phenol removal from UCG effluents by using coagulation-flocculation
and the H2O2/UV Process [24]. Treatment of coal gasification wastewater by catalytic
oxidation with trace ozone is another promising technique [25]. In recent years there
have been several new developments involving biological coupling processes to treat
coal gasification wastewater. Biological coupling treatment methods including: conven-
tional biological processes, the combination of adsorption and biotechnology processes,
biological enhancement technologies, co-metabolism technologies and the combination
of advanced oxidation and biotechnology [23–30]. The development of an appropriate
treatment method to remove pollutants from UCG wastewater is of utmost importance
for the successful implementation of this technology. However, the composition of the
generated UCG-derived wastewater may vary depending on the type of gasified coal and
conditions of the gasification process.

The main aim of the study was to conduct the qualitative and quantitative charac-
terization of UCG wastewater generated during four different ex situ UCG experiments.
The effluents were collected during the experiments in order to correlate the compositions
and concentrations of produced contaminants with the coal properties (coal type) and
gasification conditions.
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2. Materials and Methods

2.1. Coal Samples and UCG Experiments

The four UCG experiments were carried out in an ex situ UCG installation located
in the Clean Coal Technology Centre of the Central Mining Institute (Mikołów, Poland).
The experimental installation enables simulation of the UCG process in surface conditions.
The schematic view of the installation and wastewater sampling point are presented in
Figures 1 and 2.

Figure 1. Schematic view of the ex-situ high pressure UCG installation. Reproduced from K. Kapusta et al. [1]. (1) reagent
supply system, (2) gasification reactor, (3) tar sampling point, (4) water scrubber—wastewater sampling point, (5) air cooler
for process gas, (6,7) gas separators, (8) thermal combustor, (9) gas purification module for GC analysis.

Figure 2. Water scrubber—wastewater sampling point.

Experiments were conducted using two different coal samples. Coal samples were
gathered from two various locations. The first semi-anthracite “Six feet” coal was obtained
from an open cast coal mine near Merthyr Tydfil (South Wales, UK) and the second one
bituminous coal was obtained from the “Wesoła” coal mine located in Mysłowice (Upper
Silesia, Poland). Detailed parameters of used coals are presented in Table 1. The raw
coal samples were tested for 18 elements, including selected metals and metalloids being
considered the most important for the aquatic environment. The results obtained are
presented in Table 2.
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Table 1. Characteristics of coals used for the UCG experiments.

Coal

Parameter “Six-Feet” Semi-Anthracite “Wesoła” Bituminous

As received
Total Moisture Wt

r, % 1.15 ± 0.40 3.60 ± 0.40
Ash At

r, % 4.61 ± 0.30 8.74 ± 40
Volatiles Vr, % 9.92 ± 0.12 27.67 ± 0.50

Total Sulphur St
r, % 1.55 ± 0.04 0.31 ± 0.02

Calorific value Qi
r, kJ/kg 33,416 ± 220 28,798 ± 200

Analytical
Moisture Wa, % 0.84 ± 0.30 2.18 ± 0.27

Ash Aa, % 4.62 ± 0.30 8.87 ± 0.63
Volatiles Va, % 9.95 ± 0.13 28.08 ± 0.92

Combustion Heat Qs
a, kJ/kg 34,414 ± 228 30,317 ± 161

Calorific value Qi
a, kJ/kg 33,527 ± 221 29,258 ± 201

Total Sulphur Sa, % 1.55 ±0.04 0.31 ± 0.08
Carbon Ct

a, % 87.31 ± 0.66 75.35 ± 1.13
Hydrogen Ht

a, % 3.97 ± 0.28 4.61 ±0.40
Nitrogen Na, % 1.29 ± 0.12 1.20 ± 0.22
Oxygen Od

a, % 0.50 ± 0.05 7.65 ± 0.1
Specific Gravity, g/cm3 1.35 ± 0.028 1.40 ±0.018

Vitrinite reflectance, Ro, % 1.67 ± 0.03 0.91 ± 0.03
Vitrinite, V, vol.% 72 ± 6 59 ± 6
Liplinite, L, vol.% 0 ± 1 6 ± 4
Inertinite, I, vol.% 28 ± 3 35 ± 7

Mineral matter, MM, vol.% 2 ± 1 4 ± 3

Table 2. Concentrations of metals and metalloids in raw coals.

Element “Six-Feet” Semi-Anthracite “Wesoła” Bituminous

mg/kg (ppm)
As 10 0
B 14 18

Cd 0 1
Co 10 0.5
Cr 73 0.3
Cu 25 13
Hg 0.22 0.02
Mn 218 357
Mo 4 0.1
Ni 52 2.6
Pb 27 0.8
Sb 17 0.4
Se 0 2.2
Zn 14 8.1

% mass
Al 1.05 0.07
Fe 1.04 1.43
K 0.09 0.002
Ti 0.04 0.001

All gasification tests were conducted for a period of 96 h and under two distinct
pressure regimes—20 and 40 bar. The general summary of the UCG experiments conducted
is presented in Table 3.
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Table 3. General summary of UCG experiments [1].

Coal Type
Semi-Anthracite “Six

Feet” (South Wales, UK)
Semi-Anthracite “Six

Feet” (South Wales, UK)

Bituminous “Wesoła”
Coal (Upper Silesia,

Poland)

Bituminous “Wesoła”
Coal (Upper Silesia,

Poland)

Gasification Reagent O2/H2O O2/H2O O2/H2O O2/H2O
Gasification Pressure, bar 20 40 20 40

Experiment duration 96 96 96 96
Average Gas Production

Rate, Nm3/h 9.0 9.4 9.3 9.4

Gas Yield, Nm3/kg of coal
consumed

1.98 1.98 1.77 1.70

Gas calorific value, Q,
MJ/Nm3 11.7 12.1 9.2 10.4

Coal gasified, kg 436.1 455.5 504.0 530.2
Total wastewater
production, kg 46.5 38.6 67.3 55.2

To investigate the effect of coal type and gasification pressure the oxidant supply rates
were the same in all experiments. During first 24 h of the process, oxygen was used as a
gasifying agent, with constant flow5 Nm3/h. After 24 h the processes were carried out
with oxygen and water with flow ratio 5 Nm3/h and 2.5 kg/h respectively.

2.2. Post-Processing Water Sampling

The UCG effluents produced in water scrubber were collected after completion of
each gasification experiment. They represented the average sample of wastewater for
given gasification experiment. After sampling, the wastewater were transported to the
laboratory for chemical analyses. Coal tars and other undissolved residues were removed
by vacuum filtration WhatmanTM Glass Microfiber Filters GF/CTM (GE Healthcare UK
Limited, Hatfield, UK), and filtrates were subsequently stored at 4 ◦C until analysed.

2.3. Chemical Analyses

The chemical analyses were carried out according to standard analytical methods.
The conductivity, pH and CODCr (chemical oxygen demand) were determined as typical
nonspecific industrial wastewater parameters. Following inorganic parameters were also
determined: total ammonia nitrogen, chlorides, cyanides, sulphates, sulphides and 17 metal
and metalloid trace elements (Mn, Fe, Sb, As, B, Cr, Zn, Al, Cd, Co, Cu, Mo, Ni, Pb, Hg,
Se, Ti). Organic analysis included benzene with its three alkyl homologues: toluene,
ethylbenzene and xylene (BTEX), total phenols and 15 polycyclic aromatic hydrocarbons
(PAHs). To determine pH and conductivity potentiometry and conductometry methods
were used according to PN-EN ISO 10523: 2012 and PN-EN 27888:1999 standards. CODCr
index was determined by spectrophotometric method according to PN-ISO 15705: 2005.
Ammonia nitrogen was determined by Flow Injection Analysis (FIA) with gaseous diffusion
and spectrophotometric detection according to PN-EN ISO 11732: 2007). The chlorides were
determined according to PN-ISO 9297: 1994. The cyanides and the volatile phenols were
determined by segment flow analysis (SFA) with spectrophotometric detection according to
PN-EN ISO 14403-2:2012 and PN-EN ISO 14402:2004. Sulphates were determined according
to PN-ISO 9280: 2002. Flow Injection Analysis (FIA) with spectrophotometric detection
was used to determined sulphides. To determined metals and metalloid trace elements
inductively coupled plasma-optical emission spectroscopy (ICP-OES) was used (PN-EN
ISO 11885: 2009). For the BTEX and phenols analysis the Agilent Technologies 7890A
chromatograph coupled with a static headspace auto sampler Agilent 7697A and FID
detector was applied. The chromatographic column was DB-5MS (30 m, 0.25 mm, 0.5 μm).
For determination of PAHs high-performance liquid chromatography was applied using
Agilent Technologies HPLC Series chromatograph equipped with fluorescence detector on
Agilent ZORBAX Eclipse PAH column (3.0 mm × 250 mm, 5 μm).
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2.4. Linear Correlation Analysis

Pearson’s correlation analysis was performed to enhance the interpretation of the
obtained experimental data. It is known as a valuable method of measuring the associa-
tion between variables data because it is based on the method of covariance. Pearson’s
correlation analysis gives information about the magnitude of the correlation and direction
of the relationship. The values of the Pearson coefficient “r” can fluctuate from −1 to 1.
An r = −1 indicates a perfect negative linear relationship, an r = 0 indicates no linear relation-
ship, and an r = 1 indicates a perfect positive linear relationship between variables. The closer
the indicator is to 1, the greater the correlation occurs. In statistical analysis, it is assumed
that the values >0.7 indicating significant correlation between the variables. Input data were
physicochemical parameters of obtained wastewater samples from all four UCG experiments.

3. Results and Discussion

The average physicochemical characteristics of the post processing water samples
obtained during all four UCG experiments are presented in the Table 4. Conducted study
revealed significant differences in the qualitative and quantitative characteristics of the
tested water samples. The differences obtained were related to both the type of the coal
used and the applied gasification pressure. The results of the Pearson’s correlation analysis
are presented in Table 5. The values of the Pearson coefficient >0.7 are bolded.

Table 4. Average values of physicochemical parameters determined in the UCG effluents from semi-anthracite and
bituminous coal experiments.

Parameters Unit
Semi-Anthracite Coal Bituminous Coal

20 Bar 40 Bar 20 Bar 40 Bar

pH pH 6.4 5.2 5.3 4.9
Conductivity μS/cm 1228.38 253.38 942 1006.71

CODCr mg/L O2 151.63 48.63 322.71 185.91
Ammonia nitrogen mg/L N 160.11 11.68 96.41 95.74

Chlorides mg/L 11.15 11.68 29.18 45.94
Cyanides mg/L 1.11 1.43 1.7 0.87

Total phenols
volatile mg/L 8.45 0.87 17.04 24.46

Sulphates mg/L 33.51 47.66 42.86 52.97
Sulphides mg/L 1.04 0.04 0.97 0.02

Mn mg/L 0.017 0.021 0.018 0.012
Fe mg/L 0.823 0.284 0.131 0.245
Sb mg/L 0.036 0.121 0.064 0.013
As mg/L 0.036 <0.02 <0.01 <0.01
B mg/L 0.072 0.056 0.130 0.252
Cr mg/L 0.013 0.012 0.010 0.006
Zn mg/L 0.021 0.499 0.320 0.200
Al mg/L 0.031 0.046 0.029 0.023
Cd mg/L <0.0005 0.001 <0.0005 <0.0005
Co mg/L 0.004 0.003 <0.003 <0.003
Cu mg/L 0.005 0.010 0.009 0.002
Mo mg/L 0.005 <0.005 0.026 <0.005
Ni mg/L 0.098 0.312 0.051 0.027
Pb mg/L <0.005 0.064 0.046 0.060
Hg mg/L <0.0005 <0.0005 <0.0005 <0.0005
Se mg/L 0.016 0.017 0.036 0.027
Ti mg/L <0.0005 0.001 0.001 <0.0005

Total BTEX μg/L 5483.13 1496.73 2514.32 1354.37
Including benzene μg/L 4156.08 1341.43 2196.75 1059.07

Total PAH μg/L 1657.98 361.99 1090.34 407.2
Including

Naphthalene μg/L 1321.25 320.88 905 305.74

Total Phenols mg/L 29.73 2.14 49.46 29.25
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Table 5. Pearson correlation matrix—results of the linear correlation analysis of physicochemical parameters of UCG
wastewater.

pH Cond. CODCr NH4
+ Cl− CN− Volatile

Phenols
SO4

2− S2− Fe B Zn Al Ni Pb Se BTEX PAH Phenols

pH 1.00
Cond. 0.55 1.00

CODCr 0.20 0.56 1.00
NH4

+ 0.63 0.99 0.53 1.00
Cl− −0.57 −0.07 0.23 −0.16 1.00

CN− 0.19 0.00 0.19 0.02 −0.11 1.00
Volatile
phenols 0.39 0.77 0.87 0.75 0.07 0.18 1.00

SO4
2− −0.64 0.05 0.10 −0.02 0.33 −0.14 0.04 1.00

S2− 0.31 0.44 0.13 0.46 −0.14 0.02 0.15 0.13 1.00
Fe −0.10 −0.15 −0.14 −0.16 −0.03 0.04 −0.15 0.04 0.06 1.00
B −0.16 0.59 0.57 0.52 0.41 −0.25 0.65 0.40 −0.07 −0.13 1.00

Zn −0.57 −0.55 −0.44 −0.56 −0.02 −0.02 −0.46 0.30 −0.34 −0.20 −0.19 1.00
Al −0.49 −0.18 −0.13 −0.23 0.28 0.24 −0.10 0.59 −0.21 −0.06 0.02 0.53 1.00
Ni −0.26 −0.28 −0.35 −0.27 −0.17 0.23 −0.28 0.34 −0.07 0.45 −0.24 0.50 0.66 1.00
Pb −0.71 −0.30 −0.15 −0.35 0.36 −0.33 −0.22 0.60 −0.21 −0.04 0.22 0.58 0.58 0.38 1.00
Se 0.35 0.87 0.61 0.83 0.09 0.03 0.83 0.14 0.25 −0.10 0.66 −0.41 −0.11 −0.25 −0.14 1.00

BTEX 0.35 0.21 0.18 0.22 −0.16 0.35 0.21 −0.20 0.45 0.66 −0.21 −0.50 −0.21 0.16 −0.44 0.16 1.00
PAH 0.37 0.63 0.31 0.64 −0.07 −0.12 0.32 0.15 0.89 −0.09 0.16 −0.50 −0.25 −0.28 −0.24 0.37 0.35 1.00

Phenols 0.43 0.67 0.75 0.66 −0.09 0.31 0.83 −0.06 0.34 −0.08 0.38 −0.53 −0.18 −0.32 −0.34 0.63 0.39 0.50 1.00

3.1. Coal Type Effect

As can be seen from the Table 4 all analysed water samples exhibit high values of the
CODCr parameter, which is typical for effluents from the thermochemical processing of
coal. The much higher CODCr values were observed in water samples from gasification of
bituminous coal, ranged from 185.9 mg/LO2 to 322.7 mg/LO2, while for semi-anthracite
coal this parameter was in the range from 48.6 mg/LO2 to 151.6 mg/LO2. pH of analysed
water samples was slightly higher for semi-anthracite experiments, fluctuating within
5.2–6.4 level and 4.9–5.3 for bituminous coal. Ammonia nitrogen levels for bituminous
coal remained relatively constant from 95.7 mg/L to 96.4 mg/L, while for semi-anthracite
coal wastewater there was a wide concentration range from 11.7 mg/L to 160.1 mg/L.
This situation is determined by pH values, which were in a wider range and fluctuated
more during the gasification of semi-anthracite coal. For chlorides there was the opposite
situation and in effluents from gasification of semi-anthracite coal concentrations were
in the lower range 11.2–11.7 mg/L while for bituminous coal wastewater levels were
higher and fluctuated in a wider range from 29.2 mg/L to 45.9 mg/L. In all wastewater
samples low concentration levels of cyanides and sulphides were observed. Sulphates
levels were relatively higher for wastewater from bituminous coal gasification and were
from 42.9 mg/L to 53.0 mg/L while for semi-anthracite coal concentration values were in
range of 33.5–47.7 mg/L. The conducted studies have shown concentrations of metals and
metalloids in all studied water samples were at very low levels (Table 4). Among the 17 of
metals and metalloids, 9 of them (Mn, As, Cr, Cd, Co, Cu, Mo, Hg and Ti) were identified in
concentrations below the lower detection limit or in an amount not exceeding 0.036 mg/L
(for As). For the rest metals and metalloids concentrations were above lower detection
limits, but still at very low levels. While in raw coals the highest values were for Mn and
were 218 mg/kg and 357 mg/kg for semi-anthracite and bituminous coal respectively,
the highest values in effluents were observed for Fe. For semi-anthracite wastewater
concentrations varied from 0.284 to 0.823 mg/L, while for bituminous effluents Fe levels
were lower and range from 0.131 mg/L to 0.245 mg/L. Concentrations of metals and
metalloids occurring in the raw coal do not directly affect the composition of the wastewater
generated during the UCG process. This is due to the fact that their concentrations are
dependent on the solubility of the individual elements, which varies with pH and the
presence of other compounds (background) in the sample. The wastewater which are
formed during the process is water coming from condensation onto the cooler parts of
the installations (e.g., in particular devices of the gas-treatment module). Composition of
obtained wastewaters is therefore mainly determined by organic contaminants originating
from the tars which are generated during the gasification process. Therefore, the studies
carried out confirmed that type of coal used for gasification experiments has a significant
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impact on concentration levels of organic compounds. Among all pollutants, organic
compounds (phenols, BTEX, PAH) constituted the most significant group of contaminants
in UCG wastewater samples. Comparison of selected organic contaminants concentrations
in the wastewater from gasification experiments are presented in Figure 3.

Figure 3. Concentrations of selected organic contaminants in wastewater from gasification experiments—coal type impact.

As can be seen from the Figure 3 due to high water affinity, the most abundant group
of pollutants in analysed water samples were phenols. Conducted studies showed sig-
nificantly higher concentration levels for bituminous coal wastewater, with values from
29.25 to 49.5 mg/L whereas for semi-anthracite effluents these concentrations were in
much lower range 2.1–29.7 mg/L. An analogous situation exists for volatile phenols,
where average concentrations in bituminous coal wastewater were 17 and 24 mg/L at 20
and 40 bar, while for semi-anthracite coal wastewater the average concentrations were
proportionally lower 8.45 and 0.87 at 20 and 40 bar respectively. However the opposite
situation occurs for BTEX levels. The conducted studies showed that higher concentra-
tions occurs in wastewater from semi-anthracite gasification. BTEX average amounts are
5483.1 μg/L for 20 bar experiment and 1496.7 μg/L for 40 bar experiment, while in sam-
ples from bituminous coal gasification average BTEX concentrations were in lower range
2514.3–1354.4 μg/L. A similar relationship can be found for the PAH’s concentrations.
The higher values 362–1658 μg/L occurs in case of wastewater from semi-anthracite coal
experiments. For wastewater from bituminous coal gasification PAH’s values are in lower
ranges 407–1090 μg/L.

3.2. Effect of Gasification Pressure

The conducted studies revealed some dependencies between coal gasification pressure
and physicochemical composition of analysed post-processing water samples. It was
observed that pressure affects such parameters as chloride and sulphate concentrations. As
can be seen from Table 4 chloride release increases along with increasing pressure, especially
for bituminous coal effluents, where chlorides levels were 29.18 mg/L and 45.94 mg/L for
20 and 40 bar respectively. The same situation occurs for sulphates concentrations. For
20 bar pressure sulphates levels were 33.5 mg/L for bituminous coal and 42.9 mg/L for
semi-anthracite coal effluents. When process pressure increased to 40 bar, concentrations
were also higher and were 47.7 mg/L and 53.0 mg/L for bituminous and semi-anthracite
coal respectively.
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Just as it was in the case of coal impact the impact of pressure is especially noticeable
in the case of organic compounds such as phenols, BTEX and PAH. Comparison of selected
wastewater organic contaminants from gasification of semi-anthracite and bituminous coal
are presented in Figure 4.

 

Figure 4. Comparison of selected wastewater organic contaminants from gasification of semi-anthracite and bituminous
coal—pressure impact ((s)—semi-anthracite coal; (b)—bituminous coal).

The studies conducted have shown that concentrations of phenols decrease with
increasing pressure. When gasification pressure was lower (20 bar) phenols concentrations
were in the field of 29.7 mg/L and 49.46 mg/L for semi-anthracite and bituminous coal
respectively. Whereas in the case of the high-pressure experiments, there was more than
10-fold decrease in phenols concentration for hard coal and almost halved decrease for
bituminous coal, reaching values 2.14 mg/L and 29.25 mg/L respectively. This significant
decrease in the concentration of phenols with the increase in gasification pressure resulted
in a significant decrease in the value of CODCr parameter, which is strongly correlated with
the concentration of phenols (Table 5). The same situation occurred with the BTEX values
and with increasing pressure there were large decreases in BTEX concentrations. In the case
of 20 bar hard coal gasification process, the average BTEX values in the studied effluents
were 5483.1 μg/L, while for the high-pressure 40 bar process these values decreased
more than threefold to 1496.7 μg/L. For effluents from bituminous coal gasification, the
decrease was slightly lower, with BTEX values of 2514.2 μg/L at 20 bar and 1354.4 μg/L
at 40 bar, respectively. The effect of pressure was also observed for PAH levels. As the
pressure increases, there is a large decrease in PAH concentration in the studied wastewater
samples from all four experiments. In the case of semi-anthracite coal experiment there is
a decrease from 1658.0 μg/L to 362 μg/L. In the case of bituminous coal the difference is
also significant, for the 20 bar experiment the PAH value was 1090.3 μg/L while for the
40 bar experiment the average value was 407.2 μg/L. For all discussed organic compounds
groups the same dependence occurs, with the increase of pressure their concentration in
the studied effluents decreases. It can be explained by volatility of these compounds. At
lower pressure more of them are dissolved in the water phase. However, as the pressure
increases, a greater release of the compounds into UCG gas takes place.
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3.3. Pearson’s Correlation Analysis

Correlation analysis (Table 5) showed a strong relationship between the conductivity
of the studied effluents and the level of ammonia nitrogen. The Pearson’s correlation
coefficient was 0.99 which indicates an almost linear relationship between these two
parameters for all four gasification experiments. Furthermore, correlation analysis showed
a very strong relationship between three parameters: phenols, volatile phenols and CODcr.
The correlation coefficients were 0.87 and 0.75 for CODCr—phenols volatile and CODCr—
total phenols respectively. On the other hand, correlation analysis showed no significant
dependence between CODCr parameter and other toxic organic compounds concentrations
such as BTEX or PAH. Although high toxicity of these compounds, the general toxicity of
gasification wastewater is mainly determined by concentration of phenols [17]. The main
reason for this may be the levels of BTEX and PAH concentrations, which are several times
and in some cases even several dozen times lower than the levels of phenols. For metals
and metalloids no significant correlations were observed. This can be explained by the
low concentrations levels in studied wastewater samples. Only for Se correlation analysis
showed a high correlation coefficient between Se and conductivity (r = 0.87), Se and NH4

+

(r = 0.83) and Se—volatile phenols (r = 0.83).

4. Conclusions

The studies conducted revealed that the type of coal used and gasification pressure
have a significant impact on the wastewater parameters. The conducted studies on the
gasification effluents revealed significant relationships between the physicochemical com-
position of the wastewater and the coal properties as well as the gasification pressure.
Regarding the impact of the used coal, influence on parameters such as pH and chlo-
ride can be observed. The pH of the obtained water samples was slightly higher for the
semi-anthracite coal, whereas chloride levels were higher for effluents from gasification of
bituminous coal. The water samples from bituminous coal gasification showed significantly
higher levels of COD parameter. The studied water samples were characterised by a high
concentration of organic compounds, therefore the strongest impact is noticeable in the case
of these pollutants, especially volatile phenols, phenols, BTEX and PAH. Concentrations
of volatile phenols and phenols were much higher for bituminous coal. However, for the
BTEX and PAH levels, the opposite situation was observed and higher concentrations were
in the case of wastewater from gasification of semi-anthracite coal. Gasification pressure
has also noticeable impact on the composition of obtained gasification wastewater. As can
be seen from the presented data, there is a greater release of chlorides along with increasing
pressure, especially in the case of bituminous coal. The same situation also occurs for
sulphates concentrations. As well as for the impact of the coal type, gasification pressure
impact is the most significant in the case of organic compounds. As has been shown,
their concentrations are inversely proportional to the gasification pressure. The conducted
analysis showed that among the three main groups of organic pollutants: phenols, BTEX
and PAHs, phenols were present at the highest concentrations. Therefore, it can be assumed
that phenolic compounds will have the greatest impact on the toxicity level of the tested
UCG wastewater. Correlation analysis showed also a strong relationship between the con-
ductivity of the studied water samples and the level of ammonia nitrogen. The Pearson’s
correlation coefficient for these two parameters was 0.99 which indicates an almost linear
relationship between them. The conducted research has shown that the composition of
mineral matter of raw coals does not directly affect the composition of the UCG wastewater.
This is because the concentrations of metals and metalloids are strongly pH dependent.
Therefore, the composition of the obtained wastewater is determined mainly by organic
pollutants derived from tars, which are generated in the gasification process. The con-
ducted research has shown that UCG wastewater contains many hazardous pollutants and
requires the selection of an appropriate treatment method, for example, such as for coking
wastewater. The presented results can help in the development of an appropriate UCG
wastewater treatment strategy depending on the coal used and gasification parameters.
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Abstract: Countries of the European Union have stated transition to carbon-neutral economy until
the year of 2050. Countries with a higher share of coal-fired power generation currently have no
solution to end their combustion and use clean, emission-free energy immediately. The solution to
this problem in the energy industry appears to be the increased use of natural gas, which significantly
reduces CO2 emissions. In this article, we investigated the possibility of using coal in situ, using UCG
(underground coal gasification) technology. We focused on verified geological, hydrogeological, and
tectonic information about the selected brown coal deposit in Slovakia. This information has been
assessed in research projects in recent years at the Technical University. From the abovementioned
information, possible adverse factors were evaluated. These factors affect the rock environment
around the underground generator by UCG activity. As part of the process management, measures
were proposed to eliminate the occurrence of pollution and adverse effects on the environment. In the
final phase of the UCG technology, we proposed to carry out, in the boreholes and in the generator
cavity, water flushing and subsequent grouting. The proposed are suitable materials for solidification
and stabilization. Results of this article´s solutions are crucial in the case of usage of this so-called
clean technology, not only in Slovakia but also worldwide.

Keywords: low-carbon energy; UCG technology; grouting; solidification soil; soil air; statistic model;
soil contamination; atmospheric geochemical survey; environmental burden

1. Introduction

The European Union has set itself an ambitious target for the transition to a carbon-
neutral economy. In 2050, some countries are expected to be carbon-neutral without any
problems. However, in time, Europe will have to acknowledge that each country has started
from a different position, with a different background in history. Energy is a sector where
investment is made for decades to come. It is assumed that there will also be countries,
such as Poland, which currently obtain more than 80 percent of their energy from coal. It
is unrealistic to change the structure from full coal to carbon-free energy in 30 years, in
addition to the impending social consequences. Moreover, the current disparities between
the energies of the EU’s western and eastern countries could create tensions in certain
critical situations, and also determine the future and integrity of the European Union (EU).

The direction of European energy policy is determined mainly by the German economy.
The Czech Republic and Slovakia have to adapt to the fact that the time for national self-
sufficient energy has ended. Related to this is the transition to carbon-free technologies,
although it is not yet clear what energy will look like after 2050. If Slovakia manages to
put into operation the nuclear units in Mochovce, it should not have problems with the
transition to emission-free technologies in the production of electricity. The Czech Republic
and Poland may be in a more difficult position, in which the share of coal in production
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is more significant. The problem is also expected in the eastern part of Germany when
switching to a carbon-neutral economy.

However, the situation in Slovakia has changed in recent years. In 2010, the Govern-
ment of the Slovak Republic passed Resolution No. 47/2010, approved under the General
Economic Interest, directing the volumes of production and supply of electricity and heat
from domestic coal [1].

At the same time, this support also had a significant social dimension, which consisted
in maintaining employment in the Horna Nitra and Zahorie region. This measure ensured
the optimal level of coal mining and higher security of electricity supply as well as lower
energy dependence of the Slovak Republic for the period until 2020 and prospectively until
2035. The largest consumer of coal was Slovenské elektrárne, a.s.—Novaky Power Plant
(ENO) [2].

The security of energy supplies is important, of course, all in the context of inter-
national obligations, in particular, those relating to climate change and the environment,
especially air protection [3].

The change occurred in 2018 with the adoption of the Government Resolution
No. 580/2018, when there was a fundamental change: the end of support for the produc-
tion of electricity from domestic coal in 2023. In practice, this means the premature closure
of mining operations 7 years earlier than the original concept [4].

The government has already set targets where, after 2020, it will gradually replace
classical extraction methods by underground coal gasification, thereby ensuring synthesis
gas for electricity and heat or, more precisely, production for chemical use [5].

Measures have been set to achieve the objectives of:

- executing in situ research on underground coal gasification (2015);
- regularly assessing, in cooperation with the regulatory authority, the costs and benefits

resulting from supporting electricity generation, optimizing costs, and increasing the
efficiency of its production; and

- maintaining the general economic interest for the production and supply of electric-
ity produced from domestic coal during optimization of electricity generation, as
well as ensuring, through an appropriate regulatory framework, the return of invest-
ments necessary for fulfillment with the obligations under Directive 2010/75/EU on
industrial emissions [5,6].

In order to achieve carbon-free energy, it is primarily necessary, traditional, and non-
renewable sources such as coal, natural gas, and oil that need to be replaced by alternative
energy sources such as photovoltaic, wind, and nuclear energy [7,8].

The abovementioned situation in the developing low-carbon energy forces Slovakia
and other countries to think about the use of other technologies, in an effort to ensure
the required conditions. The key question to be answered in order to make a significant
contribution to environmental protection is: Which types of fuels would be the best
to reduce nitrogen oxides’ emissions and, at the same time, avoid the growth of other
gaseous pollutants?

The answer may be: Natural gas and propane-butane both serve as widely available
gaseous fuels. This would not create problems regarding the size and distribution of
pollutant particles and many others that need to be taken into account when testing solid
fuels [9].

One of the possibilities could be underground coal gasification in situ. The article was
designed in such a way to draw attention to important properties of the deposit, which are
closely related to the possibility of using UCG technology in the conditions of Slovakia.

The main advantages of the technology mentioned include reduction of two major
greenhouse gases, namely, methane and carbon monoxide. All the technologies for cap-
turing of methane are appreciated these days, as methane is emission gas that has up
to 20 times greater effect in the atmosphere than CO2. In the case of UCG technology,
no emission gas is consumed, but the idea of bringing UCG is interesting, as well as the
possibility of CO2 storage in the incurred cavity after coal gasification [10,11].
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The UCG center at the China University of Mining and Technology in Beijing is also
testing UCG in abandoned coal mines. A technical center for UCG has been set up in the
University of Beijing, and technical exchange of information on UCG is taking place in the
UK [12].

From 1997 through 2003 the Chinchilla project was made in Chinchilla, Queensland,
Australia. It was the largest UCG project to date in the western part of Australia. Project
layout, design, and operation of the UCG plant were done with the help of Ergo Exergy
Technologies Inc., Montreal, Canada (Ergo Exergy) [13].

UCG technology points to the need to know the geology, hydrogeology, and tectonic
faults of the deposit and its surroundings. These can affect the rock environment around
the underground generator.

The current idea of underground coal gasification is pointed out here, also due to the
fact that, according to the currently valid calculations, there are a number of reserves that
are impossible to be extracted by current technologies or they were recovered with high
losses. The new way of using lignite reserves should contribute to reducing the negative
impacts on the elements of the environment and increasing the usage of own resources of
mineral wealth.

Mining has a real impact on the environment and on the morphology of the whole
region. Manifestations of mining activity are of different characters. Depending on the
thickness of the overlying rocks and their composition, there is a decline in the terrain
above the excavated area. These morphological deformations have various characteristics
and manifestations, from simple cracks that close after a few months to extensive ground
disturbances such as soil subsidence, landslides, and rifts.

Larger landslides result in the flooding of the area with water. Local wetlands are
created, where new habitats with variable representations of plants and animals are present.
Local landslide areas are also formed, especially in hillside areas [14].

Undercutting of unstable slopes has been shown to reactivate slope landslides. The
slopes of the Vtacnik mountain range are primarily disturbed by landslides. They are
characterized by sensitivity to even minimal interventions in the stability system.

The danger of UCG and general effects are summarized in Table 1.

Table 1. Main dangers and adverse effects of UCG technology [15].

Main Dangers Adverse Effects of UCG Technology

- carcinogenic waste (coal tar) - dust and air pollution at the time
of production- contaminating layers creating water

- the danger of underground explosions - inhabited areas are not suitable for research

- gas emissions may come to the surface - delayed redevelopment of the area

- subsidence may occur even after several years - the threat of un-controlled expansion of
groundwater contamination

At present, according to the mining laws, extensive remediation works are being
carried out to adjust the affected areas so that they are economically usable and minimize
the adverse effects on the environment.

2. Material and Methods

The article addresses the issue of underground coal gasification, using knowledge of
geology, hydrogeology, and tectonic faults of the coal deposit. Gasification is a chemical
process of converting solid or liquid fuels into gaseous fuels, which takes place in gasifiers
(generators, reactors).

The principle of UCG technology is based on the existence of at least two wells
(often a series of wells), namely, injection and production wells, drilled into the coal seam.
After ignition of the seam, the oxidizer is blown into the injection borehole and low to
medium calorific gas is gathered by the production well. In the bearings, chemical reactions
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similar to those in conventional gasifying generators run. The extracted gas has a diverse
quality, which is dependent on the quality of coal, the type of oxidant, and coping with the
process [16,17].

The UCG is a transformation of heavy, liquid fuels into gaseous fuels, which occurs
in a coal bed. The gasification of coal under high temperatures causes decomposition of
organic substance, and tar, gas, cinder, and ashes are produced. During the UCG, controlled
burning occurs under the ground in the coal seam [18,19].

As already mentioned, at least two wells are injected into the coal layer (injection and
production). Through the injection well, the layer is burned with gasification medium. By
the second-production well, the produced gas gets to the surface (see Figure 1) [20,21].

 

Figure 1. Scheme of UCG technology [22].

The operational parameters of the gasifying agent (air or oxygen) have a significant
impact on the UCG process efficiency and could also affect its economic performance [23]
and gasification indexes including the syngas quality and yield, by regulating its injection
method, mixing ratio, and volume to meet different needs [24,25].

During coal gasification, the action of the gasification medium at high temperatures
leads to the decomposition of organic substance. The result is gaseous products, tars, and a
solid residue, which is cinders or ash. After cleaning, gaseous products are used for the
production of electricity or as a raw material for the production of chemical products.

The extracted gas normally contains more than 80% of methane. The gas composition,
particularly the methane content, is decisive for its use. It is commonly used to produce
electricity. However, with a high content of methane, over 90%, its use is the same as for
natural gas and the gas is pumped into pipelines [26,27].

The underground coal gasification is based on the same principle as classic gasification
with the only difference being the place of gasification in the coal seam [28].

UCG technology was verified in Slovakia within the projects, only in laboratory
conditions, for several experiments. The experiments differed in the methods of coal
storage, the use of different oxidants, and the methods of disposal. Experimental coal
gasification in laboratory conditions, which took place during the solution of applied
research projects, allowed us to gain knowledge about this process. We analyzed useful
but even harmful products of this so-called “clean technology”.

Currently, the biggest environmental polluters in the district of Prievidza are Power
Plants Slovenské elektrárne, Novaky Power Plant, Zemianske Kostolany Plant, The Novaky
Chemical Plant, and Novaky and Upper Nitra Coal Mines [4]. Based on the projects solved
so far at the Technical University in Košice dealing with the use of UCG technology in
Slovakia, the Mines Cigel and Upper Nitra Coal Mines Prievidza were determined to be
the most technically suitable.

From the methodology point of view, we stated for our research specific parameters:
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- Geology: geological-structural characteristics of the deposit;
- Hydrogeology: hydrogeological characteristics of the deposit and hydrochemical

characteristics of the deposit; and
- Tectonic structure of the deposit.

We stated benefits of this technology based on the accomplished operational tri-
als abroad.

We analyzed the possibility of influencing the rock environment by UCG activities
according to specific geological, hydrogeological, and tectonic conditions. Three models
of possible situations of behavior of the underground UCG generator on the surrounding
environment according to specific conditions were determined.

We proposed measures to eliminate the occurrence of pollution and adverse effects on
the environment.

3. Results

3.1. Geological and Hydrogeological Conditions in the Mining Area of the Cigel Mine

There are significant coal deposits in the Upper Nitra Basin. Deposits of caustobiolith
(brown coal and lignite) represent a significant raw material potential. Brown coal is
situated in the locality of the Handlová deposit and lignite is situated in the Novaky
deposit. Three mining areas are registered on two deposits: Cigel Mine, Handlova Mine,
and Novaky Mine (see Figure 2).

 

Figure 2. Definition of the territory, studied area: wider surroundings of mining areas (DP) of brown
coal deposits Novaky, Cigel, and Handlova [29].

The basic development of the coal basin was formed in the lower and middle Miocene.
In this environment, a massive formation of epiclastic rocks originating from the destructive
Baden strato-volcano from the southern part of the basin was deposited. The emerging,
fluvial-limnic environment created favorable conditions for the formation of rich plant
vegetation, from which coal seams were formed. Diagenesis of vegetation layers formed
coal seams in the central part of the basin [29].

3.1.1. Geological-Structural Characteristics of the Mining Area Cigel

The Cigel mining area covers the western part of the Handlova Coal Deposit, where
the Mine Cigel operates. In the northern part of the mining area is located the VII mining
section. The rock mass was built by a complex of Neogen rocks. The top cover was formed
by clays, clay stones, and andesite breccia of the highest part of the Sarmat. Part of the
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filling of the area consists of rocks of volcanic-detrital formation with an average thickness
of about 20–50 m. The direct overburden of the productive formation was created by gray
Kos-overburden clays. The total thickness of overburden (Kos) clays is variable, from 150
to 230 m.

The productive coal formation consists of several coal and clay layers. It has a total
thickness of about 20–55 m. The uppermost coal position is defined as the upper coal seam
(h1). The geological thickness of the layer is about 5–6 m. The total thickness of coal is
about 4–4.5 m. The calorific value of coal is about 13.0 MJ·kg−1. The compressive strength
of the coal deposit ranges from 17 to 21 MPa. The subsoil of the upper layer was formed by
the so-called interlinear sandy clays consisting of fine psammitic, illitic clays of varying
thickness and strength. Clays have the ability to swell in the presence of water. In the lower
part of the formation there is a lower layer-seam (h2). The calorific value of coal is about
12 MJ·kg−1, the compressive strength is from 12 to 18 MPa, and the geological thickness
is from 4 to 5 m. The bedrock below the lower layer consists of various tufitic clays, clay
stones, and sandstones (stone formations).

Storage conditions of the coal formation in area VII sections are variable, with the
lowest points in the central part of the section. In general, the whole area is slightly sloping
to the SW. As a result of active subsidence movements of the entire deposit area, sedimen-
tation anomalies occurred in local deposits, resulting in smaller deposits of caustobioliths.
In area VII, the section of Cigel Mine has a registered coal thickness of approx. 30–35 m
above the upper layer, overlying the coal seam, h0.

The morphology of the surface is of hilly character with a slope from east to west.
The coal formation in the given locality is situated at a depth of 190 to 430 m. After
the exploitation work, various modifications of tensile cracks appeared on the surface
(individual cracks are up to 1.0 m wide and about 20 m long), which closed after a certain
period and left a mediumly devastated surface (smaller sliding areas, disturbed original
vegetation, surface defects, and others) [30].

3.1.2. Tectonic Structure of the Deposit

Endogenous processes created a complex tectonic structure consisting of subsidence
and reverse fault defects.

The Handlova coal deposit represents a complex, asymmetrically developed ridge
with different tendencies of fractures, which are approximately in the NE-SW direction.
The prevailing opinion is that the foundation of the tectonic structure of the deposit has a
very close connection with the volcanic activity of the Vtacnik mountain range.

The basic network of tectonic fault forms elongated lenticular blocks of various lengths
and widths from a coal deposit. The vertical displacement between the individual blocks is
very variable and reaches values from decimeters to several tens of meters. The predomi-
nant type of tectonic structure is a declining tectonic fault.

The genesis of subsidence failures is evident in the fact that, in areas with volcanic
processes, different tensions arise in the foundation, but also in the higher parts of the rock
massif. As a result of these unequal tension states, some parts of the mountain massif are
displaced (raised, fall) in some areas, which can evoke various disjunctive surfaces in the
fragile coal and plastic clay layers.

By penetrating volcanic bodies into the base rocks, they can cause various vertical
movements of the rock layers, thus creating a basis for tectonic rock failure. These areas of
instability can very often be combined with the gravitational descent of the broken blocks
and can form a combined system of breakage in the rock layers.

The inclination of the disjunctive surfaces varies according to the character of the rock
layer from 15◦ to 60◦. Some tectonic faults may be of pre-sediment origin, as they can
only be identified in the base rocks without penetrating the productive layers. The second
groups of tectonic structures are tectonic faults in the coal seam itself. Another group of
disjunctive lines are those that disrupt the entire productive complex of strata (from the
subsoil through the coal seam to the overlying clays).
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Important knowledge about the genesis of tectonic defects was obtained from the area
of coal seam bifurcation. Another type of tectonic fault was found in the given locality,
where one tectonic line tends to disrupt the coal seam twice, but with opposite inclinations
of disjunctive surfaces (so-called paired tectonic faults).

A genetically separate part of the tectonic fault is the reverse fault tectonics, which oc-
cur in areas VII and VI of Section B. It is not possible to identify the origin and development
of shears and dips. The genesis of the reverse fault in the northern region of the deposit is
explained by the active penetration of magma into the productive complex of strata. The
tangential component of the pressure vector induced by volcanic processes caused shifts in
the upper part of the coal complex of the strata. In the southern part of the deposit there
is a shear structure that breaks the entire coal formation. This rearrangement system has
genesis in the area of the plutonic body, which is located at the southern boundary of the
coal deposit. The guide length depends on the intensity of the stress forces [30].

3.1.3. Hydrogeological Characteristics of the Deposit

The mine “Bana Cigel” mining area belongs to the Nitra river basin. The most
important streams flowing through the deposit are Mostenica, Ciglianka, Takov, and
Mraznica, which flow into Handlovka. The productive complex of strata is located above
the erosive base of the Nitra River with an elevation of about 250 m above sea level.

The area of the entire mining area and its surroundings is actually an infiltration
area. Atmospheric precipitation, which seeps into the rock environment and penetrates
the volcanic-detrital formation to an impermeable layer of overlying clays, which in an
intact state form an impermeable barrier. In the area of the absence of overlying clays, the
impermeable layer forms a coal seam. The general inclination of the impermeable subsoil
of the volcanic-detritic formation directs the underground filtration flow, which does not
run linearly but adapts to the relief of the overlying clays formed by erosion. In addition, it
is also affected by the position of individual tectonic blocks.

Streams forming local erosive bases located above the deposit are an important factor
in the saturate of the overburden.

Overall, we can determine the following causes of overburden flooding:

(1) permanent underground flow toward the erosive base of the Nitra River,
(2) streams that form local erosive bases and water supply volcanic-detritic formation,
(3) water supplying the volcanic-detrital formation through a series of tectonic faults

oriented approximately perpendicularly to the direction of the filtration flow.

In their natural state, overlying rocks are drained by various types of springs and
surface flows. However, the established natural hydrogeological regime is significantly
affected by mining activities. Drainage and pumping of water from the underground
creates new artificial drainage points, which cause changes in the flow of groundwater.

The geological structure of the overburden and the height position of the seam zone
in the mining areas of the mine “Bana Cigel” and Handlova conditioned, from the point
of view of mining safety, the need to drain mainly rocks of the overlying horizon of
volcanic-detritic formation and andesite.

The underlying water bearing in VII section has only local significance. In this area
there are layers of tuffites, the irrigation of which is tied to the near infiltration area
(Handlova, Morovno Prievidza). The tuffites continue toward the so-called negative zone
to the subsoil of the Novaky deposit, where they are intensively drained.

In relation to the seam zone, three hydrogeological units are separated on the deposit:
overlying, inter-layer, and underlying. The overlying irrigated horizon with a maximum
thickness of up to 400 m is represented by Quaternary sediments, products of overlying
volcanism, volcanic detritic formation, and the overlying formation of overburden. The
Quaternary is not essential from the point of view of deposit hydrogeology. The products
of overlying volcanism are tuffites, tuffo-breccia, and especially andesites of various types.
They predominate in the southern part of the deposit, where they reach up to 350 m and
here their thickness increases in the east–west direction.
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The groundwater of neovolcanics is bound to more intensively cracked parts of
volcanic massifs, to broken fault lines, and to their contact with low-permeable positions of
volcanoclastics. The filtration coefficient (k) of andesites has a wide range: 1 × 10−7 m·s−1

to 1.58 × 10−3 m·s−1. Cracked rock with signs of hydrothermal transformation, with
the occurrence of tectonic zones at the base, predetermines the intensive replenishment
of the seam zone with water. Individual hydrogeological boreholes, whether surface or
mining, are not, in most cases, goundwater levels related, and flow occurs in more locally
permeable areas and positions. In most cases, groundwater levels are not continuous
between individual hydrogeological boreholes, whether surface or mining, and the flow
occurs in more locally permeable positions.

The volcanic-detrital formation is petro graphically and granulometrically very di-
verse. It is a rock complex characterized by great heterogeneity. It is built of gravel
conglomerate sands, clays with sandstones, and tuffits, and tuffites are sporadically rep-
resented. The clays are sandy in places. In contact with water they quickly change their
consistency from a solid state to a plastic one.

In gravel, conglomerate was found, k from 3.8 × 10−5 to 5.7 × 10−8 m·s−1, and it had
more cracked than porous permeability. Pyroclastic-tuffitic breccia tuffaceous-conglomerate
has a verified k of 1.97 × 10−7 m·s−1 and a combined fissure-porous permeability.

In general, we can speak of a complex water-bearing strata system. The storage part
of the system consists of several water-bearing collectors, in which the level is either free
or tense. The thickness of the clay to the clay layer separating the seam zone from the
volcanic-detritic formation is important for the safe operation of the deposit.

At the southern, eastern, and northwestern edges of the deposit, erosion occurred and
there, in direct overburden of seam level, is placed a volcanic-detritic formation or, more
precisely, andesite. Overlying clays and clay stones serve as passive hydrogeological protec-
tion and, from this point of view, it is important that they are intact and non-disintegrating
in contact with water or, more precisely, they stay waterproof.

The inter-seam, water-bearing assise is developed locally. At the bifurcated seam its
thickness is max. 32 m. Inter-seam sediments are represented by silica sands, sandy clays,
clays, and tuffites with kf from 6.5 × 10−8 to 9.82 × 10−6 m·s−1 [30].

3.1.4. Hydrochemical Characteristics of the Deposit

The chemical composition of groundwater is influenced by the time of water circu-
lation in the rock, geochemical reactions during the mutual mixing of different types of
water, and changes in rock environments, temperature, and pressure conditions during
water flow. The chemical composition of water is, therefore, variable over time, not only by
the action of primary genetic factors but also secondarily by human activities.

Based on physicochemical analyzes, we can define two basic types of water:

(1) the basic calcium bicarbonate type with a transition to the calcium sulphate and
magnesium sulphate types, which is characteristic of Quaternary rocks, overlying-
overburden volcanism, volcanic-detrital formation, and aged water;

(2) the basic sodium bicarbonate type, which is characteristic of the waters of inter-seam
sands and the underlying assise but with higher mineralization [30].

3.2. Advantages of UCG Technology

Most countries with large coal reserves have almost 85% of known coal reserves,
which cannot be extracted using known mining methods. UCG technology can be the
solution to take full advantage of this valuable resource. Many experts argue that this
could double the availability of coal worldwide, which is currently expanding the number
of UCG projects.

The UCG principle is based on the existence of a minimum of two wells (more often a
series of wells), specifically injection and production wells, drilled into the coal seam. After
igniting the seam, an oxidizer is injected into the bearing through an injection well and
low to medium calorific gas is obtained by production. Chemical reactions in the deposit
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take place similarly to conventional gasification generators. The obtained gas has different
quality and depends on the quality of coal, type of oxidizer, process control, etc. [28].

UCG technology has a less negative impact on the environment because all the coal
remains underground and there are fewer emissions and fewer surface footprints because
no surface gasification is needed and the gas is processed to remove harmful particles,
including CO2 capture. This process is safe and economical, which also meets the re-
quirement of secure gas supply for domestic and industrial use. Hence, the potential
environmental concerns related to UCG need to be addressed and understood to allow for
its commercialization [31].

According to operational experiments abroad, the benefits of this technology are
summarized in the following points:

• low operating costs of the entire technological process,
• minimal surface changes above or around the deposit during and after mining,
• minimal danger to operating personnel,
• no ash from surface combustion, as in surface gasification,
• significantly lower CO2 emissions, and
• no surface or underground contamination related to technological processes that have

yet been recorded and only minimal reclamation is required after mining [28].

4. Discussion

4.1. Possibility of Influencing the Rock Environment by the Activities of UCG “Underground
Coal Gasification”

The possible influence of the rock environment in the vicinity of the underground
generator results from the following assumptions:

(1) Contaminants remain in a movable form in and around the generator.

The process of gasification, heating while there is absence of air, proceeds as follows.
At temperatures around 100 ◦C, part of the water is released as well as absorbed gases. Up
to 300 ◦C, a substantial part of the water and a certain amount of gases, mainly carbon
dioxide, are released from the brown coal, which releases, in particular, oxygen, a very small
amount of nitrogen, and carbon monoxide. By further heating in the range of 300–350 ◦C,
the splitting of bound water and oxygen continues and flammable gases (methane) begin
to appear. Only ballast, non-flammable substances are released to this temperature.

Above 350 ◦C, the decomposition of the carbonaceous component occurs and flammable
gases, hydrocarbon vapors, and tars, which occur here in the gas phase, begin to be released.
The highest production of vapors of hydrocarbons and tars, which, after cooling, give a
liquid fraction, can be obtained at a temperature of about 600 ◦C. At high temperatures
(1000 ◦C) most of the product is released in the form of gas and their amount decreases
rapidly after exceeding a temperature of 800 ◦C. In terms of solids, a porous residue is
formed in connection with the release of gas and vapor, which, if the heating temperatures
did not exceed about 600 ◦C, is referred to as low-temperature coke (semi-coke), when
heated to temperatures higher (up to 1000 ◦C and more) than coke. Higher temperatures
cause coal to decompose, resulting in a gaseous fraction and a solid residue [25].

By cooling these gases and vapors, a condensate is formed, which consists of a hydro-
carbon and an aqueous fraction. Their chemical character is identical to the fractions of
combustibles, which we mentioned as part of the composition of coal. Thus, in hydrocar-
bon fractions it is the same as in oil: gasoline, diesel, paraffins, light and heavy oils, and
asphalt materials. Furthermore, there are aqueous fractions, soluble compounds that are
formed by the thermal decomposition of coal. It is mainly ammonia, a certain amount of
sulfur substances, and a wide range of organic compounds such as phenols, ketones, and
other polar substances. Pure ammonia and nitrogen fertilizers can be obtained by treating
ammonia waters. [32] In the period from 2007 to 2010, experiments with coal gasification
were carried out at the Technical University in Kosice as part of a grant project. Figure 3
shows the temperatures that occurred during the experimental coal gasification.
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Figure 3. Development of temperatures after the cross section of the generator in time and in
laboratory conditions, 1–181 time in hours. The perpendicular axis shows the length of the generator,
0.3 m to 2.6 m [33].

The Environmental Protection Agency (U.S. EPA) has determined the 16 PAHs that
were located in the tar. Hydrocarbons are the following: acenaphthene, phenanthrene,
anthracene, fluoranthene, pyrene, benzo (a) anthracene, chrysene, benzo (b, k) fluoranthene,
benzo (a) pyrene, dibenzo (a, h) anthracene, benzo (g, h, i) perylene, and indeno (1,2,3-
c, d) pyrene. Samples contained other pollutants and volatile compounds: TOC and
BTEX [34,35].

During the experiments of brown coal gasification in the mentioned two generators in
laboratory, tar samples were taken and analyzed in an accredited laboratory [36]. Table 2
shows a chemical analysis of the individual components of tar from about 650 kg of brown
coal, and they were compared with the threshold values for synthetically produced pollu-
tants. According to [33], in mine “Bana Cigel”, the amount of reserves for underground
gasification is about 200,000 t.

Table 2. Values of pollutants in tar samples (NPEC IR, TOC, BTEX, PAH) [28,37] and authors.

Experiment 1 2 Limit Values for Syntheticaly Produced
Polluting Waters [μg/L]Indicator Value [μg/L] Value [μg/L]

NPEC IR 1,324,000 144,900
TOC 2,824,000 22,656

Benzén (BTEX) 3.80 393.90 0.75
o-xylén (BTEX) 3.00 41.00 312.5m,p-xylén (BTEX) 4.75 76.20
Toluen (BTEX) 3.20 199.90 437.5

Acenaftén (PAH) 3.08 1022.19
Acenaftylén (PAH) 2.36 3766.27

Antracén (PAH) 2.61 880.49
Benzo(b)flourantén (PAH) 0.00 29.67
Benzo(a)antracén (PAH) 0.34 358.28

Benzo(k)flourantén (PAH) 0.00 15.64
Benzo(g.h.i)perylén (PAH) 0.00 11.58

Benzo(a)pyrén (PAH) 0.00 44.35 0.00625
Dibenzo(a,h)antracén (PAH) 0.00 5.48

Fenatrén (PAH) 16.72 2299.92
Flourantén (PAH) 3.20 1036.90

Flourén (PAH) 4.92 1162.52
Chryzén (PAH) 0.38 363.43

Indeno(1,2,3-c,d)pyrén (PAH) 0.00 20.83
Naftalén (PAH) 1.77 2894.26

Pyrén (PAH) 2.26 660.04
∑ PAH 41.102 14,784 0.0625

Amount of tar [liter] 21.8 10
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In conversion, with a tar production of 31.8 L/650 kg, it represents a total tar pro-
duction of 9800 L. Such an amount of tar poses a threat of contamination to the rock
environment. The use of tar as a gasification product is expected in the chemical industry
and, therefore, it is necessary that most of its components are removed from the generator,
preferably in gaseous form. By controlling the gasification process, it is necessary to ensure
that the condensation of the gaseous components of the tar does not take place in the
generator. If this requirement is met, the risk of contamination of the rock environment
will also be reduced [38].

High levels of tar cause carcinogens that are dangerous to living organisms.

(2) Contaminants in the generator and in its surroundings get into motion and water
enters the generator.

Based on the characteristics of the rock environment given in the previous part 3
it can be stated that in the overburden of productive layers (coal seams) is placed the
detrital-volcanic formation, which is water bearing. The productive layer is separated
from the detrital formation by a layer of clays with good isolation properties (the filtration
coefficient has low values).

Overburden clays and clay stones serve as passive hydrogeological protection and,
from this point of view, it is important that they are intact and non-disintegrating in contact
with water. The thickness of the clay layer separating the seam zone from the volcanic-
detrital formation is important for the safe implementation of the gasification process.
Equally important is the tectonic dysfunction that extends into the clay formation because
there is a risk of water penetrating the generator and moving the contaminants.

(3) There are communication paths for moving contaminants out of the generator.

As in the previous point, based on the characteristics of the rock environment, it
can be stated that the isolating layer of clays forms an impermeable barrier to the exit
of contaminants from the generator. However, due to the existence of tectonic lines, the
escape of contaminants cannot be completely ruled out.

After analyzing the assumptions of the impact on the rock environment, it is possible to
draw the following partial conclusions to minimize the adverse effects on the environment:

(1) Before carrying out the gasification process, the site in question must be assessed geo-
logically and hydrogeologically. The risks of rock and environmental contamination
have to be assessed.

(2) To minimize contamination of the rock environment, it is necessary to focus on
reducing the amount of contaminants left in the generator.

(3) After the end of the activity in the generator, reduce the content of residual pollutants.
(4) Carry out the injection of the generator premises in such a way that the source of

pollutants is modified (physico-chemical), in such a way to limit the mobility of
contaminants and their ability to pass into the transport medium.

4.2. Proposal of Measures to Eliminate Pollution
4.2.1. Rinsing with Water

In the third and final phase of gasification (Figure 4), the boreholes are liquidated. In
case of possible contamination, it is recommended to rinse the cavity with water before
disposing of the underground generator and boreholes, in order to minimize possible
contamination of the environment and water around the resulting cavity. Potentially
contaminated water can be treated in a surface sewage disposal plant. At the end of the
process, long-term monitoring of the created cavity and its surroundings is necessary [28].
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Figure 4. The boreholes of gassification [28].

4.2.2. Grouting with Subsequent Solidification and Stabilization of Materials in the Generator

One of the possibilities of filling boreholes and cavities after gasification is the principle
of secondary use of waste for solidification and stabilization. The basic precondition for
implementation is to design such an injection mixture that meets the requirements for:

- suspension stability, good penetration into the environment, and good pumping.
- leachability of harmful substances

The penetration ability can be assessed using Darcy’s law and the filtration coefficient k.

k =
Q.L
S.Δh

[
m.s−1

]
(1)

where:
Q is flow of penetrating suspension [m3.s−1],
L is distance between places A and B,
S is the area over which the flowing suspension flows [m2], and
Δh is the pressure difference at the point of inflow and outflow of the suspension

[m] [39].

- leachability of harmful substances.

The basic criterion in assessing the impact of mining and construction materials on
the environment is the assessment of the leachability of harmful substances from the filling
mixture into mining waters. In the natural environment, leachability is a function of
the physical and chemical properties of the base mixture and the hydrogeological and
geochemical characteristics of the place where it was used for the mining-building material.

The basic factors influencing leachability include:

- surface area of the base mixture (granulometric compound of waste) and its perme-
ability,

- the chemical composition of the solution in which the leaching takes place,
- pH of the leaching solution,
- leaching time,
- leaching temperature, and
- liquid to solid phase ratio.

Due to the usability of the solidificate, cementation methods, which have been used
abroad for many years for the disposal and utilization of waste containing mainly heavy
metals, are the most suitable for mining conditions. These methods are based on the
fixation and immobilization of pollutants in the silicate matrix. It is a physico-chemical
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treatment of waste by homogenization with suitable components so that no pollutants are
released into the natural environment [40].

As with every product, also base mixtures have to meet the criteria for chemical and
physical properties that determine the utility value of the product. These criteria can be
divided into basic groups:

• assessment in terms of specific use,
• evaluation from the point of view of transport and injection technology, and
• assessment of the impact of mining material on the environment.

Whether the base mix-mining building materials meet the abovementioned criteria
has to be verified by tests under such conditions as they are used at the place after so-
lidification. The leachability test has to be carried out in the state in which it arises after
use and after stabilization and solidification (not a ground sample), as in the case of a
construction product.

In order to prepare base mixes meeting the above criteria, we need to know the
chemical and physical properties of the waste, as these determine the final formulation of
the mix, which must guarantee that chemical substances are stabilized in the production
and subsequent solidification process [39]. It is the method that, by its nature, meets the
requirements of environmental protection and labor safety [41,42].

5. Conclusions

The district of Prievidza is one of the most industrially developed and urbanized
regions of Slovakia, with a predominance of fuel, energy, mining, and chemical industries.
This concentration of industry was reflected in the state of the environment, the quality
of which ranked the district among the districts with the most polluted environment in
Slovakia. As a result, part of the district was included in one of the eight congested areas
of Slovakia–Ponitrianska congested area [33].

In the case of using the so-called clean technology, underground coal gasification,
the article draws attention to the possible impact of pollution, taking into account the
geological, hydrogeological, and tectonic conditions in the selected locality of mine “Bana
Cigel”. Attention was focused on pollution from underground coal gasification in situ,
taking into account the amounts of gasified coal based on sampling after simulated gasifi-
cation and chemical analyses of tar. The question remains how these tars will affect the
groundwater and surface water in this area, which has long been burdened by the mining
and chemical industries.

Based on the analysis of the produced gas (syngas), a mixture of tar and water, the
article pointed out the energy properties of the products as well as hazardous substances
that may endanger the environment. The laboratory gasification of coal, which took place
on the surface, within the solved projects, in the proposed generators, made it possible to
monitor individual useful but also harmful products of this so-called clean technology.

The proposed measures to mitigate adverse effects after in situ gasification aim to
minimize these adverse effects. It was pointed out here to select suitable materials for the
implementation of filling/grouting of spaces that will remain empty after gasification and
around the wells.

The presented results and the difference between our experimental data and data
acquired in some other studies indicate the need for further research.
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CO2 carbon dioxide
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UCG underground coal gasification
TOC total organic carbon
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NPEC IR non-polar etxtractable compounds spectrophotometric method in the infrared

region of the spectrum
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Abstract: This article presents the results of laboratory tests regarding the influence of high tempera-
tures on changes in the strength and structural parameters of rocks that are present in the immediate
vicinity of a gasification channel. Sandstone and claystone samples were heated at 300 ◦C, 600 ◦C,
900 ◦C and 1200 ◦C. Additionally, the heated samples were placed in water for 24 h. The results of
the laboratory tests were used in the numerical simulation using RS2 software. The main goal of
modeling was to determine the extent of the rock destruction zone around the gasification channel
for dry and wet rock masses. In the numerical simulations, three widths of the gasification channel
and three ranges of high-temperature impact were modeled. On the basis of the obtained results, it
was found that the extent of rock destruction, both in the roof and in the floor, is greater by several
percent for a wet rock mass. For the first time, this research presents the effect of water on heated rock
samples in terms of the underground coal gasification process. The results of laboratory tests and
numerical simulations clearly indicate a reduction in strength, deformation and structural parameters
for the temperature of 1200 ◦C.

Keywords: high temperature; strength and structural parameters of rocks after heating; destruction
zone around gasified channel

1. Introduction

Underground coal gasification is a prospective method for obtaining useful minerals,
in particular from deposits that are considered sub-balance. First of all, it is an environ-
mentally friendly method due to the lack of waste generation on the surface [1] and a
much smaller number of preparatory excavations [2]. Coal seams which are accessed using
unprofitable opencast or underground methods are the subject of particular interest [3].
One of the criteria for underground mining is coal thickness. For example, in accordance
with the Polish criteria for the balance of mineral deposits, the minimum thickness of hard
coal in the seam together with interlayers up to 0.3 m thick should be at least 1 m for balance
deposits and 0.6 m for sub-balance deposits [4]. Underground gasification encounters a
number of obstacles resulting from changing geological and hydrogeological conditions [5].
As a result of high temperatures, the solubility of pollutants in water increases and the
possibility of their migration to aquifers occurs. Hazardous inorganic pollutants include
ammonia and cyanides [6]. During the process, numerous impurities in the form of aro-
matic organic compounds are formed, including: benzene, toluene, ethylbenzene, xylenes,
phenols and polycyclic aromatic hydrocarbons. Additionally, significant amounts of heavy
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metals may be released from coal and the ashes generated during gasification in volatiliza-
tion processes, which are favored by the high temperature of the process and the presence
of numerous chemical factors [7]. Rock minerals have specific thermal properties. Heat
conduction through the minerals is partially absorbed as energy. The heat is absorbed
differently by the mineral, depending on the direction of the heat flow in relation to the
crystallographic axis. The pronounced directivity in heat conduction in many minerals is
similar to the directivity in the refraction of light rays and the coefficient of linear thermal
expansion. The thermal conductivity of rocks can be defined as the transfer of thermal
energy by the disordered movement of particles from higher to lower temperatures [8].
Tian et al. [9] pointed out that high temperatures lead to micro-cracks and damage rock
microstructures. Liu et al. [10] distinguished three stages of temperature propagation in
the surrounding rock of a combustion cavity and stated that mechanical properties of
coal and rock are determined by its extreme temperature. Perkins [11] indicated that the
coal spalling process leads to cavity growth. Min et al. [12] found a relationship between
pyrolysis temperature and pore fissures, ranging from rough and porous to relatively
smooth. Feng et al. [13] and Deming et al. [14] stated that the gasification reaction occurs
on the surface of micropores.

A gasifying agent (oxygen, oxygen together with water vapor, heated air or oxygen-
enriched air) and gas can sometimes filter through rocks in an undesirable direction. It is
also worth paying attention to the fact that as a result of high temperatures, the rocks sur-
rounding a gasified coal seam change their porosity and permeability [15]. Yavuz et al. [16]
found that for carbonate rocks, the bulk density decreased with increasing temperature.
Chaki et al. [17] noticed that for granite rock samples, there was an increase in porosity
in the temperature range from 500 ◦C to 600 ◦C, which is related to the increase in the
number of fractures. Tian et al. [18] indicated that for sandstone, the thermal expansion of
minerals changes with increasing temperature, which in turn contributes to a change in the
microcrack network and the spread of structural damage to rocks. Małkowski et al. [19]
found a relationship between high temperatures and the thermal conductivity factor, the
value of which for sandstone, claystone and siltstone increase fourteen times at 1000 ◦C
compared to 20 ◦C. In the gasification channel, oxidation, reduction and pyrolysis zones
can be separated [20]. A characteristic feature of the underground gasification process is
the fact that each of these reactions takes place at a temperature of several hundred degrees,
and even exceeding 1000 ◦C [21]. Such high temperatures change the strength and post-
critical parameters of rocks and rock mass and obviously change the stability conditions
underground, which are necessary in the process of underground coal gasification [22].
Otto et al. [23] determined that parameters such as tensile strength, elastic modulus and
the linear thermal expansion factor have a direct impact on changes in stresses and strains
around the georeactor. Model studies confirm that impact of a range of high temperatures
significantly exceeds the boundaries of the gasification channel [24]. In both laboratory [25]
and industrial conditions [26], temperatures above 1000 ◦C may remain in the gasification
channel for more than 36 h after ignition. Falsztinskij et al. [27], on the basis of model
studies, determined that the maximum range of the temperature field was located above
the fire channel; at the edge of the transition of the oxidation zone into the reduction zone
with a temperature of 950–1200 ◦C, the following parameters were found: width of the
transition zone, 0.74–1.5 m; height of temperature propagation, up to 9 m from the coal
seam perpendicular to the rock stratification.

Despite the significant progress that has been made in both industrial and laboratory
work on the underground coal gasification process, there is still little data on the behavior of
rocks under the influence of high temperatures which were then exposed to water after this
process. Therefore, this article presents laboratory tests regarding sandstone and claystone
rock samples which were heated at 300 ◦C, 600 ◦C, 900 ◦C and 1200 ◦C. Additionally, after
being heated, a new series of samples were immersed in water for 24 h and subjected to
strength tests. The aim of the research was to compare the results with samples tested at
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20 ◦C. The results of laboratory tests were used in numerical modeling, the aim of which
was to determine the extent of the destruction zone around the gasification channel.

2. Preparation of Samples for Testing

Rock samples of sandstone and claystone were collected from the floor of the prepara-
tory roadway in one of the mines of Jastrzębska Spółka Węglowa in Poland, which was
closed due to the small thickness of hard coal deposits. The roadway was located at a
depth of 900 m. The coal seam was located at a depth of 980 m. The average thickness of
the seam in the area covered by the research was 0.4 m. Directly in the roof of the seam
there was claystone with a thickness of 0.6 m, above which, sandstone with a thickness
of 27 m was deposited. At the floor of the seam, there was a 0.5 m-thick claystone, below
which, there was a 22 m-thick sandstone layer (Figure 1a). Rock cores with diameters of
48 mm were taken from the floor of the roadway (Figure 1b,c). The claystone was gray
and dark gray in color and showed a solid and orderly structure. Sedimentary structures,
parallel and diagonal layering were visible. In the case of texture, the grain skeleton was
compact, with grain diameter varying from the very fine sand fraction to the aleurite
fraction. The binder was porous and in terms of chemical composition, it was clay–silica.
The mineral composition was mainly quartz, clay minerals in various proportions and
mica. In turn, medium-grained sandstone was gray with a massive and ordered structure.
Macroscopically, it was concise and uniform, without voids and cavities. In the sandstone,
sedimentary structures and layering were visible, emphasized by a change in color and
a variable grain diameter. The grain skeleton was compact. The sandstone binder was
porous and siliceous. In terms of mineral composition, quartz dominated; moreover, there
were traces of feldspar, mica and carbonaceous matter that formed streaks.

Figure 1. Place of sampling: (a) lithological profile of the immediate vicinity of the hard coal seam; (b) claystone cores;
(c) sandstone cores.

The rock cores were cut into cylindrical samples with a height-to-diameter ratio of
2:1. The samples were prepared in such a way that it was possible to apply the load in the
direction perpendicular to the stratification (Figure 2a,b). Laboratory tests were divided
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into several stages. First, the tests were carried out at the temperature of 20 ◦C. Then, the
samples were heated for 24 h at the temperatures of 300 ◦C, 600 ◦C, 900 ◦C and 1200 ◦C.
A laboratory furnace with a maximum heating temperature of 1600 ◦C was used in the
tests (Figure 2c). In the last stage of the tests, a new series of samples were heated at
the same temperatures as before, and then the samples were immersed in water for 24 h.
The samples were heated in the laboratory of the Faculty of Mechanical Engineering and
Robotics, AGH University of Science and Technology in Krakow.

Figure 2. Preparation for tests: (a) regular samples of claystone; (b) regular samples of sandstone; (c) heating in a
laboratory furnace.

Research on the influence of water on the strength and deformation parameters of
rocks after heating took place due to the fact that the hard coal seam was classified as
being a third-degree water hazard zone. On the basis of drilling and exploratory research
in the mine, it was found that in the roof and floor of the deposit, there was an aquifer
of the fissure and fissure-cavern type, not separated with a sufficient thickness and with
a continuous insulating layer from the deposit. In addition, in the part of the rock mass
where mining was planned to be carried out, there were water reservoirs containing water
under pressure in relation to the floor of these seams.

3. Strength, Deformation and Structural Parameters of Sandstone and Claystone
Heated at High Temperatures

Strength tests regarding sandstone and claystone heated at 300 ◦C, 600 ◦C, 900 ◦C
and 1200 ◦C were carried out in a hydraulic press at the laboratory of the Faculty of Civil
Engineering and Resource Management at the University of Science and Technology in
Krakow. The load measurement was carried out using three strain gauge force sensors,
while to determine the vertical deformation, a line encoder with a sampling frequency
of 100 Hz was used. In order to determine the horizontal deformations, three electronic
sensors were used and spaced 120◦ apart on the circumference of the sample. The load rate
was 0.1 kN/s. After heating, the samples were tested at room temperature, about 20 ◦C.
The load and deformation sensors were connected to the measuring amplifier, which in
turn was connected to a computer on which the load–displacement characteristics were
monitored on an ongoing basis. Young’s modulus was determined at the value of 20–80%
of the breaking stress. The density of the samples was determined using the hydrostatic
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method [28] with the use of a WPS 210/C/1 laboratory balance. Additionally, for the
temperatures of 300 ◦C, 600 ◦C, 900 ◦C and 1200 ◦C, the weight loss was determined. The
samples were weighed on a WPT 2 laboratory balance. As a result of the temperatures of
600 ◦C, 900 ◦C and 1200 ◦C, the claystone samples lost their cohesion and divided into
irregular pieces. Moreover, several samples were also damaged at the temperature of
300 ◦C (Figure 3). On the other hand, sandstone samples heated at 300 ◦C, 600 ◦C, 900 ◦C
kept their form. Only at the temperature of 1200 ◦C did numerous cracks appear (Figure 4).
The results of the compressive strength, tensile strength, Young’s modulus, Poisson ratio,
density and weight loss tests are shown in Figures 5–10.

Figure 3. Claystone heated at high temperatures.

Figure 4. Sandstone heated at high temperatures.
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Figure 5. The influence of high temperatures on changes in uniaxial compression strength of dry and
wet samples: (a) sandstone; (b) claystone; SE—standard error; SD—standard deviation.

40



Energies 2021, 14, 6464

Figure 6. The influence of high temperatures on changes in tensile strength of dry and wet samples:
(a) sandstone; (b) claystone; SE—standard error; SD—standard deviation.
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Figure 7. The influence of high temperatures on the changes in Young’s modulus: (a) sandstone;
(b) claystone; SE—standard error; SD—standard deviation.
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Figure 8. The influence of high temperatures on changes in Poisson’s ratio: (a) sandstone; (b)
claystone; SE—standard error; SD—standard deviation.
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Figure 9. The influence of high temperatures on the weight loss for sandstone and claystone samples:
s—sandstone; c—claystone; SE—standard error; SD—standard deviation.

Figure 10. The influence of high temperature on the weight loss for sandstone and claystone samples:
s—sandstone; c—claystone; SE—standard error; SD—standard deviation.

The average compressive strength of sandstone samples at 20 ◦C was 61.2 MPa.
Increasing the temperature to 300 ◦C and 600 ◦C increased the strength by 80% and 36%,
respectively. On the other hand, at the temperatures of 900 ◦C and 1200 ◦C, a significant
decrease in strength was recorded, by 30% and 65.6%, respectively, in relation to the initial
value. For the heated samples, which were then kept in water for 24 h, the range of changes
compared to the temperature of 20 ◦C was an increase of 72% and 7.7% for the temperatures
of 300 ◦C and 600 ◦C, respectively. The influence of temperature and water caused a drop
in strength by 60.7% and 95.7%, respectively, for the temperatures of 900 ◦C and 1200 ◦C.
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The influence of water on the heated samples caused a decrease in compressive strength by
8%, 28.3%; 30.7% and 30.1%, respectively, for the temperatures of 300 ◦C, 600 ◦C, 900 ◦C
and 1200 ◦C compared to samples that were only heated. In the case of claystone, the
influence of the temperature of 300 ◦C caused a drop in strength by 80.5% and 93.3% for
the heated and wet samples, respectively, compared to the initial value. This means that
the influence of water contributes to a further decrease in strength by almost 13%.

Tensile strength is one of the basic constants describing the strength properties of
rock material, which can be determined using direct and indirect methods in accordance
with the recommendations of the International Society for Rock Mechanics and Rock
Engineering [29]. Tensile strength tests were carried out using the Brazilian method
(transverse compression), in which the tensile force was created in the axial cross-section
of a sample, perpendicular to the compressive load. The test specimens had a cylindrical
shape with a diameter of 48 mm and a length of 96 mm. The load was transferred from
the hydraulic press to the sample by loading platens. Tensile strength could be calculated
according to Equation (1) [30]:

Ts =
2·L

π·d·w = 0.636· L
d·w (1)

where:

Ts—tensile strength (MPa);
L—maximal recorded load (N);
d—the diameter of the specimen (mm),
w—the width of the specimen (mm).

Sandstone at 300 ◦C and 600 ◦C increases its tensile strength by 24% and 10.6%,
respectively, compared to the initial value. On the other hand, a further increase in
temperature to the value of 900 ◦C and 1200 ◦C contributes to a decrease in strength
by 55.36% and 78.3%, respectively. Even greater differences are found for wet samples.
Only for the temperature of 300 ◦C is there an increase in strength by 19.6%, while for
the temperatures of 600 ◦C, 900 ◦C and 1200 ◦C, there is a decrease by 5.37%, 72.8% and
93.45%, respectively. Immersion of the heated sandstone samples in water reduces the
tensile strength by 4.4%, 15.97%, 17.44% and 20.15%, respectively, for the temperatures of
300 ◦C, 600 ◦C, 900 ◦C and 1200 ◦C compared to the only heated samples. The average
decrease in tensile strength for claystone heated at 300 ◦C and treated with water was
55.15% and 75.78% with respect to the temperature of 20 ◦C. For samples of claystone
heated at the temperature of 300 ◦C, the influence of water is characterized by an over two
times decrease in tensile strength.

At the temperature of 300 ◦C and 600 ◦C, the value of Young’s modulus increases
by 3.96 GPa and 1.07 GPa, respectively, compared to the temperature of 20 ◦C. However,
at temperatures of 900 ◦C and 1200 ◦C, the value drops and is lower by 5.1 GPa and
8.58 GPa, respectively, compared to the initial value. As a result of the action of water, the
Young’s modulus decreases by 0.79, 0.75, 1.58 and 1.4 GPa, respectively, for samples only
heated at the temperatures of 300 ◦C, 600 ◦C, 900 ◦C and 1200 ◦C. In the case of claystone
heated at 300 ◦C and when wet, the Young’s modulus decreases by 3.89 GPa and 5.44 GPa,
respectively. The action of water results in an almost six times lower value of Young’s
modulus compared to samples only heated for the maximum temperature of claystone.

For sandstone samples heated at 900 ◦C and 1200 ◦C, the Poisson’s ratio value increases
by 6% and 17.8%, respectively, and decreases by 18.8% and 10.9% for the temperatures of
300 ◦C and 600 ◦C in relation to the value of 20 ◦C. On the other hand, for the heated samples
exposed to water, the value of the Poisson’s ratio for the temperatures of 300 ◦C and 600 ◦C
decreases by 24.3% and 15.1%, and for the temperatures of 900 ◦C and 1200 ◦C, the value
increases by 1.1% and 23.6%, respectively. The influence of water on the heated samples
reduces the Poisson’s ratio by 8.16%, 6.04% and 5.9%, respectively, for the temperatures of
300 ◦C, 600 ◦C and 900 ◦C, and causes an increase of 3.5% for the temperature of 1200 ◦C.
For claystone heated at 300 ◦C and wet claystone, the value of the Poisson’s ratio increases
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to 13.1% and to 8.79% in relation to the temperature of 20 ◦C. As a result of the action
of water, the value of the Poisson’s ratio drops slightly by 2.29%. The summary of the
compressive strength and Poisson’s ratio in relation to high temperatures is presented
in Table 1.

Table 1. Comparison of the results of compressive strength and Poisson’s ratio in relation to
high- temperatures.

Type of
Rock

Parameter
Temperature, t (◦C)

20 300 600 900 1200

Sandstone
dry

Cs, (MPa) 61.2 110.6 83.6 42.8 21

ν 0.241 0.196 0.215 0.256 0.284

Sandstone
wet

Cs, (MPa) 59.6 103 64.2 23.4 2.54

ν 0.238 0.18 0.202 0.240 0.294

Claystone
dry

Cs, (MPa) 31.8 6.2

ν 0.234 0.27

Claystone
wet

Cs, (MPa) 26.8 1.78

ν 0.240 0.263

Cs—compressive strength; ν—Poisson’s ratio.

Heating sandstone and claystone at the temperature of 300 ◦C does not significantly
affect the loss of weight. The losses are very small and amount to 0.3% and 0.24%. At the
temperatures of 600 ◦C, 900 ◦C and 1200 ◦C, the losses are one order higher compared to
the temperature of 300 ◦C. The loss of mass at these temperatures for claystone in relation
to sandstone is greater by 1.24%, 2.53% and 2.94%, respectively.

With increasing temperature, the density of both sandstone and claystone decreases.
However, much greater changes occur for claystone samples. For both rocks heated at the
temperature of 300 ◦C, the change in density is at a similar level and amounts to about 1%.
On the other hand, at the temperatures of 600 ◦C, 900 ◦C and 1200 ◦C, there is a further
reduction in density, with the changes being greater for claystone by 1.98%, 3.35% and
9.54% compared to the sandstone samples.

4. Numerical Modeling

The main goal of numerical modeling was to determine the extent of the rock destruc-
tion zone around the gasification channel. For this purpose, RS2 [31] software was used,
which is based on the finite element method. For the evaluation of the damage zones,
the strength factor was selected, expressing the ratio of the rock strength to the reduced
stresses at a given point. Strength factor values below 1 indicate material failure. The
modeling adopted the Hoek–Brown criterion, which links the compressive strength and
material constants determined using RocData software [31]. The results obtained from the
laboratory tests were used in numerical simulations. A square target with a side length
of 100 m was adopted in the modeling. In numerical modeling, it was assumed that the
horizontal and vertical stresses are equal to each other: σ1 = σ3 = σz = 23.3 MPa. The
adoption of such a value resulted from the depth of the hard coal deposit and the unit
weight of the overburdened rocks. The size of the model was selected so that for the largest
width of the gasification channel, equal to 30 m, the extent of rock destruction could be
recorded. The models adopted a graded mesh and six-noded triangles with a gradation
factor equal to 0.1. The number of nodes on all excavations was equal to 110. The models
were restrained on all sides. As most of the claystone samples were destroyed under the
influence of the temperature of 300 ◦C (Figure 3), the modeling assumed that the height
of the gasification channel was 1.5 m. This height consisted of the thickness of the coal
seam equal to 0.4 m and the total destruction of claystone rocks in the roof and the floor
with a total thickness of 1.1 m (Figure 1). In the numerical simulations, three widths of
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the gasification channel, 10, 20 and 30 m (Figure 11a–c), were adopted. In addition, three
ranges, 0.5, 1.0 and 1.5 m (Figure 11d–f), for the effects of high temperatures both in the
roof and floor of the coal seam were modeled. The test results are shown in Figures 12–17
and Table 2.

Table 2. Summary of the results of the range of the rock destruction zone around the gasification
channel.

Channel
Width,

(m)

Temperature Impact Range (m)

The Maximum
Extent of the Rock
Destruction Zone

around the
Gasification

Channel for a Dry
Rock Mass (m)

The Maximum
Extent of the Rock
Destruction Zone

around the
Gasification

Channel for a Wet
Rock Mass (m)

1200 ◦C 900 ◦C 600 ◦C 300 ◦C Roof Floor Roof Floor

10
0.5 1.0 1.5 2.0 4.51 4.36 5.0 4.9

1.0 2.0 3.0 4.0 4.58 4.47 5.18 5.08

1.5 3.0 4.5 6.0 4.63 4.54 5.52 5.32

20
0.5 1.0 1.5 2.0 8.96 8.60 9.75 9.23

1.0 2.0 3.0 4.0 9.33 8.87 10.58 9.96

1.5 3.0 4.5 6.0 9.49 9.04 10.92 10.30

30
0.5 1.0 1.5 2.0 14.06 12.91 15.27 13.98

1.0 2.0 3.0 4.0 14.29 13.43 16.09 15.08

1.5 3.0 4.5 6.0 14.72 13.70 16.83 15.58

Figure 11. Cont.
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Figure 11. Cont.
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Figure 11. Numerical models: (a) channel width 10 m; (b) detail “a”; (c) channel width 20 m; (d);
detail “b”; (e) channel width 30 m; (f) detail “c”.
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Figure 12. The extent of the rock destruction zone around the gasification channel with a width of
10 m and the impact of temperature of 1200 ◦C for the dry rock mass, up to the height of: (a) 0.5 m;
(b) 1.0 m; (c) 1.5 m.
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Figure 13. The extent of the rock destruction zone around the gasification channel with a width of
10 m and the impact of temperature of 1200 ◦C for the wet rock mass, up to the height of: (a) 0.5 m;
(b) 1.0 m; (c) 1.5 m.
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Figure 14. The extent of the rock destruction zone around the gasification channel with a width of
20 m and the impact of temperature of 1200 ◦C for the dry rock mass, up to the height of: (a) 0.5 m;
(b) 1.0 m; (c) 1.5 m.
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Figure 15. The extent of the rock destruction zone around the gasification channel with a width of
20 m and the impact of temperature of 1200 ◦C for the wet rock mass, up to the height of: (a) 0.5 m;
(b) 1.0 m; (c) 1.5 m.
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Figure 16. The extent of the rock destruction zone around the gasification channel with a width of
30 m and the impact of temperature of 1200 ◦C for the dry rock mass, up to the height of: (a) 0.5 m;
(b) 1.0 m; (c) 1.5 m.
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Figure 17. The extent of the rock destruction zone around the gasification channel with a width of
30 m and the impact of temperature of 1200 ◦C for the wet rock mass, up to the height of: (a) 0.5 m;
(b) 1.0 m; (c) 1.5 m.

55



Energies 2021, 14, 6464

5. Discussion

The process of underground coal gasification takes place in underground generators,
which can be prepared using shaft and non-shaft methods. In the shaft method, mining
excavations are performed underground after the coal seam is made available through a
vertical and inclined shaft. In the structure of accessibility, the workings of the mine are
used to supply an oxidizing agent and discharge gas to the surface. The oxidizing agent
may be supplied to the coal seam by means of: roadway inside the body of coal; through
holes made in the body of coal between roadways; and blind holes to which the oxidizing
agent is led through heat-resistant pipes [32]. The main advantage of this method is the
accuracy of recognizing the conditions of the coal seam, easy drainage of the deposit and
verification of the influence of high temperatures on the surrounding rock layers. On the
other hand, the disadvantage is the cost of construction and the maintenance of access
and preparatory workings. In the non-shaft method, the coal seam is made available
through vertical, inclined and directional holes from the surface, and then they are joined
together [33]. Vertical holes are used in the execution of the initial front line of fire and
drainage of generators. Inclined holes are used when it is necessary to arrange them outside
the zone of rocks with low strength parameters. Directional holes are a combination of
access and generator holes, which are made in horizontal locations or at a slight angle.

Macroscopic observations of carboniferous rock samples taken from a closed hard coal
mine in the Upper Silesian Coal Basin, heated at temperatures up to 1200 ◦C and exposed
to water, show that sandstones are not subject to decomposition. Tian et al. [34] noticed that
sandstone heated at 1000 ◦C does not lose its cohesion. Claystone samples, when heated to
a temperature of 300 ◦C, burn out and break into small pieces. Wolf et al. [35] found that
for claystone samples, the weight loss is due to, inter alia, the dehydroxylation of clays.
Hetema et al. [36] determined that for claystone samples, the compaction number increased
with increasing temperature. The influence of water on the heated sandstone samples at a
temperature of 1200 ◦C contributes to the reduction in strength, deformation and structural
parameters by 87% (compressive strength), 70% (tensile strength), 73% (Young’s modulus)
and 5.3% (density). The value of the Poisson’s ratio is at a similar level; at 1200 ◦C, it
slightly increases by 3.5%. Wu et al. [37] also confirmed the increase in Poisson’s ratio
after exceeding the temperature of 1000 ◦C. The behavior of rocks under the influence of
heat and water is very diverse. Bresser et al. [38] discovered that for marbles heated at
600 ◦C, the influence of water on the change of strength parameters is small. Luo et al. [39]
noted that the value of modulus of elasticity and compressive strength for mudstone at
200 ◦C ÷ 600 ◦C is at a similar level, followed by their increase. Kiliç [40] pointed out
that for limestone samples, the weight loss process starts at 600 ◦C, whereas for sandstone
and claystone samples, the weight loss is 2.6% and 3.9%, respectively. Zhang et al. [41]
found that sandstone increases its compressive strength to a temperature of 500 ÷ 600 ◦C,
followed by a drop in strength by several dozen percent. In turn, Rao et al. [42] noticed
that sandstone increases its tensile strength to a temperature of 250 ◦C. The increase in
compressive strength of sandstone samples is related to the mineralogical composition. The
main component of sandstone is quartz, for which the melting point is above 1410 ◦C. At
temperatures up to 300 ◦C, the dehydroxylation of iron oxides and hydroxides or organic
matter oxidation can occur. On the other hand, up to the temperature of 600 ◦C, water vapor
is released in the amount of several grams per kilogram of sample. The main mineralogical
changes in sandstones as a result of high temperatures are the appearance of hematite and
ore minerals and a reduction in the amount of heavy minerals [43]. The tensile strength,
determined by the Brazilian method, is significantly influenced by the cross-sectional
area along which the fracture occurs. This influence is conditioned by both surface and
volumetric factors, with the volumetric effect being of decisive importance. It depends
on the mineral composition, structure and texture of the rock and, above all, the sum of
structural defects, in particular fracture and cleavage. Thus, the volume factor expresses
the sum of the structural defects of the rock within a given volume, while the surface factor
determines the condition of the potential fracture surface. For claystone rocks, both of the
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described factors appeared at the temperature of 300 ◦C, which resulted in a significant
reduction in tensile strength. For sandstone rocks, the influence of the volumetric and
surface factors was revealed only at the temperature of 900 ◦C. Undoubtedly, the change of
strength parameters is significantly influenced by carbon substance lamines, which, when
exposed to high temperature, burn out and directly reduce the tensile strength, especially
in claystone rocks. The dependence of the compressive strength and tensile strength in
relation to the decrease in density is shown in Figure 18a,b.

Figure 18. The dependence of the compressive strength and tensile strength in relation to the decrease in density for:
(a) sandstone; (b) claystone.

For sandstone rocks heated at temperatures from 300 ◦C to 600 ◦C, the strength
parameters increased by 80.7% and 36.6%, respectively (compressive strength for dry
rocks); by 72.8% and 7.7%, respectively (compressive strength for wet rocks), by 24.06% and
10.06%, respectively (tensile strength for dry rocks); an increase of 19.63% and a decrease of
5.37% (tensile strength for wet rocks), accompanied by a decrease in density by 1.03% and
1.62%, respectively. For the temperatures of 900 ◦C to 1200 ◦C, the compressive strength

57



Energies 2021, 14, 6464

decreased by 30.06% and 65.68% (for dry rocks) and 60.73% and 95.73% (for wet rocks),
respectively. In the case of tensile strength, also for these temperatures, there was a decrease
by 55.36% and 78.32 (for dry rocks) and 72.86% and 87.29% (for wet rocks), respectively,
which was accompanied by a decrease in density by 3.97% and 5.33%, respectively. For
claystone rocks heated to the temperature of 300 ◦C, both in the case of compressive strength
and tensile strength, the value decreased by 80.5% (compressive strength dry) and 93.35%
(compressive strength dry) and 55.15% (tensile strength dry) and 75.78% (tensile strength
wet), accompanied by a decrease in density by 0.86%. A further increase in temperature
to the values of 600 ◦C, 900 ◦C and 1200 ◦C contributed to a decrease in density by 3.62%,
7.32% and 14.87%, respectively, with the simultaneous destruction of the integrity of the
samples, making it impossible to determine the strength parameters.

In the model studies conducted by Otto et al. [44] and Nakaten et al. [45], the width
of the gasification channel was often assumed to be 20 m. Pivnyak et al. [46] determined
that the range of the impact of high temperature in the roof and floor can reach values up
to 5.7 and 3.2 thickness of the gasified coal seam, respectively. Experiments conducted
in Russia showed that, depending on the type of rock, due to the heating of the roof,
rocks in the cave zone may be in the range of 1.33–3.8 m, and the metamorphized zone
of rocks is from 0.65 m to 0.84 m [47]. Luo et al. [48], based on numerical simulations,
determined that the temperature of 900 ◦C can have a range of up to 9 m in the roof. On
the other hand, Wiatowski et al. 2021 [49], based on research on large samples of hard
coal, found that when there is a siderite layer in the coal seam, the maximum temperature
of 1200 ◦C occurs at a distance of 0.3 m above the gasified seam. As a result of the high
temperature, the roof rocks, in particular claystone, can fall downwards, making it possible
for gases to migrate into the rock mass and cause an increase in the temperature of the
surrounding rocks. Moreover, as a result of high temperature, the geometry of the carbon
pillars changes, which translates into an increase and change in the stress distribution
around the gasification channel [50].

6. Conclusions

Based on the laboratory tests of rock samples heated at high temperatures, it can be
concluded that:

• For dry claystone at the temperature of 300 ◦C, the compressive strength and tensile
strength decrease by 80.5% and 55.15%, respectively, while for wet claystone, these
decrease by 93.35% and 75.78%, respectively, in relation to the initial value. After
exceeding the temperature of 300 ◦C, the claystone decomposed;

• For dry sandstone heated at 300 ◦C and 600 ◦C, the compressive strength increases by
80.7% and 36.6%, respectively, while for temperatures from 900 ◦C to 1200 ◦C, there is
a decrease by 30.06% and 65.68%, respectively, in relation to the temperature of 20 ◦C.
In the case of wet sandstone, there is an increase of 72.8% and 7.7% for temperatures of
300 ◦C and 600 ◦C, respectively, and a decrease of 60.73% and 95.73%, respectively, for
temperatures of 900 ◦C and 1200 ◦C. The tensile strength for dry sandstone increases
by 24.06% and 10.06%, respectively, for the temperatures of 300 ◦C and 600 ◦C, and
decreases by 30.06% and 65.68%, respectively, for the temperatures of 900 ◦C and
1200 ◦C. On the other hand, for wet sandstone, there is an increase of 19.63% for the
temperature of 300 ◦C and a decrease of 5.37%, 72.86% and 87.29% for the temperatures
of 600 ◦C, 900 ◦C and 1200 ◦C, respectively;

• Within the temperature range of 300 ◦C, 600 ◦C, 900 ◦C, 1200 ◦C, the density decreases
by 0.86%, 3.62%, 7.32% and 14.87%, respectively, for claystone rocks, and 1.03%, 1.62%,
3.97% and 5.33%, respectively, for sandstone compared to the initial value.

• Based on numerical research, it can be concluded that:
• For the width of the gasification channel equal to 10, 20 and 30 m, the maximum extent

of rock destruction for dry rock mass does not exceed 5, 10 and 15 m, respectively;
• An increase in the extent of rock destruction occurs for wet rock mass. For roof rocks,

the maximum range is increased by 19.2%, 15% and 14.33%;
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• Additionally, for floor rocks, there is an increase by 17.1%, 13.9% and 13.7% in relation
to the dry rock mass.

Rocks located in the immediate vicinity of the designed georeactor are the basis for its
stability analyses. The conducted research shows a strong dependence of certain values of
the strength parameters of carboniferous rocks on high temperature, which in the process
of underground coal gasification often exceeds 900 ◦C. The obtained results regarding the
extent of the rock destruction zone around the gasification channel indicate the need to
conduct this process in a strongly controlled manner, because the extent of rock destruction
increases with the increase in the width of the gasification channel. The existence of
underground water reservoirs and the possibility for water to tear through the fractured
rock mass additionally reduces the strength parameters of the heated rocks and increases
the extent of rock destruction.
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Abstract: Two experimental simulations of underground coal gasification (UCG) processes, using
large bulk samples of lignites, were conducted in a surface laboratory setup. Two different lignite
samples were used for the oxygen-blown experiments, i.e., “Velenje” meta-lignite (Slovenia) and
“Oltenia” ortho-lignite (Romania). The average moisture content of the samples was 31.6wt.%
and 45.6wt.% for the Velenje and Oltenia samples, respectively. The main aim of the study was
to assess the suitability of the tested lignites for the underground coal gasification process. The
gas composition and its production rates, as well as the temperatures in the artificial seams, were
continuously monitored during the experiments. The average calorific value of gas produced during
the Velenje lignite experiment (6.4 MJ/Nm3) was much higher compared to the result obtained for
the experiment with Oltenia lignite (4.8 MJ/Nm3). The Velenje lignite test was also characterized
by significantly higher energy efficiency, i.e., 44.6%, compared to the gasification of Oltenia lignite
(33.4%). The gasification experiments carried out showed that the physicochemical properties of the
lignite used considerably affect the in situ gasification process. Research also indicates that UCG
can be considered as a viable option for the extraction of lignite deposits; however, lignites with a
lower moisture content and higher energy density are preferred, due to their much higher process
efficiency.

Keywords: lignite; underground coal gasification; UCG; ex situ tests

1. Introduction

Despite the current shift to renewable sources of energy, fossil fuels, and, in particular,
coal, will remain a meaningful fuel in some parts of the world, for a long time into the
future [1]. Increased energy demand will ultimately lead to the mining of deep coal
deposits. As a consequence of the increasing depths, conventional underground mining
is more difficult, more dangerous, and more expensive nowadays. Underground coal
gasification is considered to be a technology that will enable the safe and economical
exploitation of coal resources that could not otherwise be mined [2–4]. In recent decades,
advances in directional drilling and monitoring technologies have changed the way that
UCG can be conducted, at great depths. This, coupled with the current energy security
issues and the need to reduce the environmental footprint, has sparked a global revival
of interest in UCG. During UCG, coal deposits are transformed into gaseous combustible
products (syngas) and extracted to the surface. The quality of the product gas depends, to
a large extent, on the gasification medium used, operating conditions, coal rank, and local
hydrogeology [5–10]. UCG can be a viable extraction technology for coal seams, for which
conventional coal mining technologies are technically, economically, or environmentally
not feasible [11]. Moreover, with the high-profile mine disasters, UCG is deemed safer than
conventional mining, since it does not require staff below the ground.

Low-value coals, predominantly lignites, constitute a considerable proportion of
global coal reserves [12]. The specific physicochemical properties of lignites result in
many limitations in their extraction and further utilization. Lignites are characterized
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by high humidity, up to 60 wt.%, and thus low calorific values [13]. The suitability of
lignites for UCG is therefore questionable [14]. The high moisture content of typical
lignite results in low thermal efficiency and poor quality of gas from UCG, because a
significant amount of thermal energy is used to evaporate the water. Another challenge
would be performing UCG at relatively shallow depths, which may negatively affect the
groundwater quality [15–17]. Although UCG has been tested in many parts of the world,
many technological issues still need to be solved before it is commercially applied.

The former UCG tests using lignite samples showed that the moisture content is one
of the key parameters influencing the gasification performance, the quality of the gaseous
products, and, finally, the suitability of lignite for UCG [18–21]. Lignite gasification using
oxygen-enriched air (OEA) resulted in a low gas calorific value, 4.18 MJ/Nm3, for the
experimentally optimized oxygen/air ratio [18]. It was experimentally proven that the
consumption of heat for water evaporation leads to a very poor thermal efficiency (20%).
Another study showed that lignite gasification under elevated pressure resulted in in-
creased methane formation, with a lower H2 and CO content in the UCG gas produced [20].
During a multiday UCG experimental simulation on lignite, conducted in a large-scale ex
situ test facility, gas with an average calorific value of about 7.2 MJ/Nm3 was produced,
with a process energy efficiency 59%. The results suggested that the crucial issue for the
improvement of process efficiency in lignite seams may be an appropriate geometry of the
underground reactor. Nevertheless, it was revealed that extraction of the high-moisture
lignites using oxygen-blown UCG may be a feasible option [14]. This paper presents the
results of laboratory experiments on the suitability of two European lignites for UCG.
Two multiday UCG experimental simulations were conducted in a laboratory ex situ test
stand, dedicated for experiments with large coal samples. Most of the experimental studies
presented in the previous works were carried out for relatively small seam geometries. In
the presented research, the volumes of the tested lignite samples significantly exceeded
those used in the earlier studies. Such geometries allow for a more accurate estimation of
the feasibility of the gasification process of the examined lignite deposits.

2. Materials and Methods

2.1. UCG Experimental Installation

The test facility used for the ex situ UCG tests is presented in Figures 1 and 2. The
installation enables the simulation of the UCG process in laboratory conditions. The main
section of the test facility is a gasification chamber, where in situ geological conditions are
simulated both in respect to coal seam and surrounding strata. The maximum length of the
artificial coal seam is about 7 m.

Oxygen, steam and air, supplied individually or in mixtures may be used as gasifi-
cation reagents. N2 is used as a safety and inertizing agent. The gas produced is water
scrubbed to lower the temperature to remove particulates and gasification tar. Subsequent
step involves the separation of aerosols. Gas is combusted in a thermal combustion. Con-
centrations of the main components are determined using chromatographic (GC) technique.
The temperatures during the gasification tests are measured by 14 sensors (Pt10Rh-Pt)
installed directly in various zones of the gasification chamber.

 

Figure 1. Scheme of the experimental installation: (1) supply of reagents, (2) gasification reactor, (3) scrubber, (4) cooler, (5)
dust separator, (6) gas filters.
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Figure 2. Ex situ UCG installation used in the study.

2.2. Lignite Samples and Creation the Coal Seams

The lignite samples for the gasification experiments were obtained from two different
locations. The first selection of coal samples was gathered from an underground mine,
Premogovnik Velenje, Slovenia. The sampling location was in the underground workings
at a depth of approximately 350 m below the ground level (sample labelled as Velenje).
The second selection of blocks was obtained from the Peşteana open cast mine (Complexul
Energetic Oltenia Company), Romania. The sampling location was approximately 100 m
below the ground level from a coal seam no. 8. This sample was labelled in the study as
Oltenia. Physicochemical characteristics of the lignites used are showed in Table 1. Both
the lignites are characterized by high moisture content. Oltenia sample is characterized
by significantly higher moisture, ash and sulfur contents and lower content of volatile
matter compared to lignite from Velenje. This resulted in considerably lower calorific value
(as received basis). All analyses were performed by a certified laboratory (accreditation
certificate according to ISO/IEC 17025).

The sulfur speciation studies revealed that in both lignites, pyritic sulfur is the main
chemical form of sulfur (Figure 3). The Oltenia lignite is characterized by considerably
higher content to total sulfur compared to the Velenje sample, i.e., 2.43% and 0.66%,
respectively (analytical conditions). With respect to the UCG process, the ratio of ash
sulfur-to-combustible sulfur is a crucial parameter governing partitioning of the total sulfur
between post-gasification ash/slag left underground and product gas recovered on the
surface. For the Oltenia lignite more than 90% of total sulfur occurs in combustible form.
About 55% of total sulfur of Velenje lignite is supposed to remain as the post-gasification
ash/slag.

Figure 3. Sulfur forms in lignites used for ex situ gasification tests (dry basis).
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Table 1. Physicochemical characteristics of lignites used for the ICG tests.

No. Parameter
Lignite Sample

Velenje Oltenia

As received
1 Total moisture Wt

r, % 31.62 45.64
2 Ash At

r, % 4.29 8.86
3 Volatiles Vr, % 43.67 25.78
4 Total sulfur St

r, % 0.51 1.49
5 Calorific value Qi

r, kJ/kg 13,615 10,642

Analytical
6 Moisture Wa, % 11.13 11.49
7 Ash Aa, % 5.57 14.42
8 Volatiles Va, % 56.76 41.98
9 Heat of combustion Qs

a, kJ/kg 19,719 20,001
10 Calorific value Qi

a, kJ/kg 18,427 18,860
11 Total sulfur Sa, % 0.66 2.43
12 Carbon Ct

a, % 49.86 49.49
13 Hydrogen Ht

a, % 4.67 3.94
14 Nitrogen Na, % 0.64 1.34
15 Oxygen Od

a, % 27.83 17.12

The ash fusion test describes the behavior of the ash residues at high temperature and
it is a crucial factor in selecting solid fuels for energy use. The following ash parameters
were determined for the two lignites under study:

• Sintering temperature;
• Softening temperature;
• Melting temperature;
• Flow (fluid) temperature.

The ash softening temperature is the temperature at which the ash softens beyond
some arbitrary softness and the melting temperature is a measure of when the ash will melt
and transform from solid to liquid. Since the UCG process has a zonal character (oxidation
and reduction zones), the ash fusion temperatures are determined for both the oxidizing
and reducing atmosphere. With regard to the UCG process, the key parameter is the ash
flow temperature, at which slag begins to flow in the underground cavity/channels, which
can cause clogging of the gas paths. Higher ash flow temperatures were observed for
Velenje lignite, i.e., 1270 and 1300 ◦C, under oxidative and reducing conditions, respectively
(Figure 4). Contrary to the Velenje sample, for Oltenia lignite, lower values of flow tempera-
ture were reported under reducing environment. This suggests that during UCG of Oltenia
lignite, there may be a greater risk of channel clogging in the reduction (gasification) zone
of the UCG reactor than in the oxidation zone. The observed significant differences in the
sintering temperatures of both coal samples result from the different compositions of the
mineral matter.

The raw samples provided by the industrial partners were used to prepare the contin-
uous artificial coal seams of the total length of 6.0 m, width of 0.7 m and thickness of 0.7 m
for experiments (Figure 5).

The gasification channel was prepared along the bottom part of the seams and its
dimensions were 0.1 × 0.1 m. Sand was used to fill the voids between coal blocks and the
reactor’s walls as well as for the creation of the roof stratum. Fourteen temperature sensors
were installed inside the gasification chamber to measure distributions of temperature
during the UCG tests (Figure 5). The Nos. 1–4 were installed in the gasification channel,
Nos. 5–14—inside the coal artificial seam.
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Figure 4. Ash fusion temperatures in oxidizing and reducing environments for lignites used for the UCG tests: (a) Velenje,
(b) Oltenia.

Figure 5. Sections of the artificial coal seam (proportions are not respected): (a) longitudinal (b) cross-section.

2.3. Gasification Test Procedure

The lignite samples were ignited using a pyrotechnic charge. The charge consisted
of 800 g granulated pyrotechnic mass typically used in the mining industry. Appropriate
modification of the composition allowed the achievement of an appropriately long combus-
tion time (3–5 min) at high temperature (800–900 ◦C). The charge was placed 0.7 m from
the front face of the seam. The pyrotechnic material was ignited by two fuses actuated by a
capacitor electric igniter. The ignition was considered complete when the O2 concentration
in the outlet gas dropped below 1% vol. The gasification process was started by putting oxy-
gen (99.5% purity) into the ignited coal seam. The initial oxygen supply rate was 2–3 m3/h
and it was gradually increased over the course of the experiment, up to a maximum value
of 5 m3/h in the final phases of the UCG tests. No additional water was supplied during
the first test with Velenje lignite. In the second UCG trial with Oltenia lignite, a short
test to investigate the influence of steam was carried out. The decision to add steam was
made during the gasification experiment, taking into account the deteriorating quality of
the gas produced and a rapid drop in the gas production rate (see Figure 6). Both UCG
experiments were carried out under near-atmospheric pressure conditions. Concentrations
of the gas components (H2, CO, CH4, CO2, N2, O2, C2H6, H2S) were analyzed in one
hour time intervals. The UCG experiments lasted for 120 and 96 h for Velenje and Oltenia
lignites, respectively.
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Figure 6. Gas production rates and oxygen supply rates during the UCG experiments: (a) Velenje lignite, (b) Oltenia lignite.

3. Results and Discussion

3.1. Gas Production Rate and Gas Composition

The evolution of UCG gas product during the experiments, and the oxidant supply
rates (Nm3/h) are presented in Figure 6. As can be observed from the graphs, the values of
the production rates changed over the course of the experiments, with maximum values
of about 9 Nm3/h and 15 Nm3/h for the Velenje and Oltenia experiments, respectively.
The relatively intensive gas production rates in the initial gasification stages were mostly
because of an intensive coal devolatilization (pyrolysis) at the beginning of the process.
This intense gas evolution was especially evident in the Oltenia experiment. This can be
explained by the specific physicochemical properties of the lignite sample. The Oltenia
sample is classified as soft a ortho-lignite, which, compared to the Velenje meta-lignite,
is geologically younger, contains more moisture, and has lower mechanical strength.
Consequently, as a result of the intensive heating at the early stage of the experiment, the
gasification and pyrolysis reactions were more intense compared to the Velenje experiment,
mainly due to the mechanical disintegration of the seam and the rapid release of volatiles.
This resulted in the relatively high gas production rates.

Changes in the UCG gas composition and in the gas calorific value for the experiments
carried out are presented in Figures 7 and 8, respectively. As can be observed from the
graphs, the initial gasification periods for both the experiments were characterized by a
good-quality product gas, with a relatively high calorific value. In both the experiments,
from about the 48th hour, a gradual decrease in the gas production rate was observed,
with a significant deterioration in the gas quality, expressed in the content of combustible
components (H2, CH4, CO) and its calorific value. The very high concentrations of CO2
observed in the gas suggest that the combustion was the main chemical reaction when
the gasification conditions deteriorated. This may be due to a limited availability of
water for the gasification process. Consequently, during the Oltenia test, in the 70th hour
of the experiment, steam was additionally supplied to the reactor, at a constant rate of
2 kg H2O/h. As can be observed from Figure 7b, this resulted in a slight increase in the
gas quality, which then gradually decreased. Although the gas quality improved again
after increasing the oxygen supply rate at the 84th hour of the experiment, the effect was
short-lived. Since the addition of water did not significantly improve the calorific value of
the gas, the deterioration in the gasification conditions could be associated with a change
in cavern geometry and disturbances in the gas flow, resulting in the combustion of the
gasification products.
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Figure 7. Changes in gas composition during the experiments: (a) Velenje lignite, (b) Oltenia lignite.

Figure 8. Changes in gas calorific value during the experiments: (a) Velenje lignite, (b) Oltenia lignite.

The average gas compositions for the experiments are presented in Table 2. The final
gaseous products from both the experiments are characterized by relatively high hydrogen
contents, i.e., 21.0% vol. and 21.3 % vol., for the experiments with Velenje and Oltenia
lignite, respectively.

It was revealed that the Velenje gas product contained relatively high amounts of car-
bon monoxide compared to the product obtained during the gasification of Oltenia lignite.
This may be due to the creation of more-favorable conditions for the Boudouard reaction,
during the Velenje experiment, which resulted in a lower CO2 concentration and higher
calorific value of the gas. The average calorific value of gas, which was obtained for Velenje
lignite - 6.4 MJ/Nm3, was comparable with the results of a previous UCG experiment with
Polish lignite, which resulted in gas with an average calorific value of 7.2 MJ/Nm3 [14]. The
UCG test was carried out in the same experimental installation and for a similar geometry
of the artificial lignite seam. The differences in gas composition can be attributed to the
coal properties, e.g., elemental composition, petrography, and ash mineralogy. The average
calorific value of gas produced during the Oltenia lignite experiment (4.8 MJ/Nm3) was
much lower compared to the result obtained for the experiment with Velenje lignite. This
is mainly due to the higher moisture and ash content in the Oltenia lignite sample used
for the test (Table 1). Therefore, the conducted study showed that the physicochemical
properties of lignite strongly affect the chemical composition of the UCG gas produced.
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Table 2. Average compositions of gas obtained in the UCG tests.

Lignite Sample
Gas Composition, %vol.

Q, MJ/Nm3

CO2 C2H6 H2 O2 N2 CH4 CO H2S

Velenje 52.5 0.2 21.0 1.0 2.0 4.3 18.6 0.5 6.4
Oltenia 63.3 0.2 21.3 0.2 1.5 2.7 10.2 0.6 4.8

3.2. Balance Calculations Results

The results of the balance calculations for the two gasification experiments conducted
are showed in Table 3. Approximately 730 kg and 790 kg of raw lignite feed were consumed
during the gasification tests with the Velenje and Oltenia samples, respectively. The
remaining part the coal feed was left in the reactor as a gasification char, or unreacted,
dried coal. This was confirmed by the post-gasification examination of the UCG cavity.

Table 3. Balance calculations for the Velenje and Oltenia atmospheric pressure experiments.

Parameter Velenje Oltenia

Total coal consumption (kg) 730 790
Average coal consumption rate (kg/h) 6.1 8.2
Average gas production rate (Nm3/h) 5.7 6.1
Average reactor power (kW) 10.3 8.1
Gross energy efficiency (%) 44.6 33.4

The study showed that at similar conditions, the gasification of Oltenia lignite took
place with a significantly higher coal consumption rate, i.e., 8.2 kg/h compared to 6.1 kg/h
for Velenje lignite. These differences can be explained by the different reactivities of the
samples used. According to the energy balance calculations, the Velenje process was
characterized by a much higher energy efficiency, i.e., 44.6% (calculated as a ratio of the
energy in coal-to-the energy output in gas), compared to the gasification of Oltenia lignite
(33.4%). The lower energy efficiency obtained for the Oltenia experiment was due to
the higher moisture content of the raw lignite sample. The over-stoichiometric moisture
content in the lignite sample eliminates the need to add additional reagent water, at least in
the early stage of the gasification. However, excess water may result in a poor gasification
efficiency, due to significant heat losses for the evaporation of coal moisture. The obtained
results suggest that the appropriate length of gasification channels may be a key issue
in improving the efficiency of the process in lignite seams. Recovering the heat of the
gas at the surface is an option that can be considered to improve the energy efficiency of
the process. This issue may be particularly important in the case of Oltenia lignite, the
gasification of which resulted in a significantly lower energy efficiency.

The maximum energy efficiency of approximately 45%, obtained during the gasifica-
tion of the Velenje lignite sample, was still much less than the values that are typical for
UCG of hard colas, i.e., 60–70%.

70



Energies 2021, 14, 5816

3.3. Temperature Distribution

The distributions of temperatures over the course of the experiment in the gasification
channel, and at two heights from the bottom of the seam are presented in Figures 9 and 10.

Figure 9. Temperature distribution during the Velenje gasification experiment: (a) gasification channel, (b) 0.3 m above
bottom, (c) 0.6 m above bottom.

The maximum temperature during the Velenje test was approximately 1300 ◦C, and it
was recorded at 0.3 m above the gasification channel, after approx. 24 h of the gasification
run. The analysis of the temperatures indicates that during the whole course of the
experiment, thermal conditions promoting the water gas reaction, as well as the Boudouard
reaction (>750 ◦C), were achieved. Another observation that may be drawn from Figure 9
is that the temperatures in the bottom strata (gasification channel) were about 200 to
400 ◦C lower than the temperatures in the upper levels of the seam. This observation
confirms that the gasification residues (ash and slag) may effectively insulate against heat
conduction to the bottom strata, during the UCG process. For the Oltenia experiment, the
maximum gasification temperature was about 1380 ◦C, and it was detected at 0.3 m above
the gasification channel, at the early stage of the process (Figure 10). Similarly to the Velenje
UCG experiment, during the whole course of the experiment, thermodynamic conditions
promoting the water gas and Boudouard reactions were achieved.
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Figure 10. Temperature distribution during the Oltenia gasification experiment: (a) gasification channel, (b) 0.3 m above
bottom, (c) 0.6 m above bottom.

4. Conclusions

The gasification tests that were conducted demonstrated that the physicochemical
properties of the lignite used considerably affect the in situ gasification process. For similar
process conditions (coal seam dimensions, oxygen supply rates), the gasification of Velenje
lignite resulted in considerably better gas quality and process efficiency. The overall energy
efficiencies, expressed as a ratio of energy in the obtained gas-to-the energy in the coal feed
consumed, in the Velenje experiment, were significantly higher compared to the Oltenia
test. The main reason behind this is the over-stoichiometric moisture content in the Oltenia
lignite sample. The results of the study indicate that underground gasification may be a
feasible option for the extraction of lignite deposits, especially in the case of Velenje lignite,
which was characterized by a relatively higher calorific value, and lower moisture and ash
content.
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Abstract: This paper represents the results of experimental studies of physical modeling of the
underground coal gasification process in terms of implementation of design and technological
solutions aimed at intensification of a gasification process of thin coal seams. A series of experimental
studies were performed in terms of a stand unit with the provided criteria of similarity to field
conditions as well as kinetics of thermochemical processes occurring within a gas generator. Hard
coal (high volatile bituminous coal) was selected as the raw material to be gasified, as that coal grade
prevails in Ukrainian energy balance since it is represented by rather great reserves. Five blow types
were tested during the research (air, air–steam, oxygen–steam, oxygen–enriched, and carbon dioxide
and oxygen). As a result, the effect of tightness of a gas generator on the quantitative and qualitative
parameters of coal gasification while varying the blow by reagents and changing the pressure in a
reaction channel has been identified. Special attention was paid to the design solutions involving
blow supply immediately into the combustion face of a gas generator. The experimental results
demonstrate maximum efficiency of the applied gas generator design involving flexible pipelines and
activator in the reaction channel and a blow direction onto the reaction channel face combined with
blow stream reversing which will make it possible to improve caloricity of the generator gas up to
18% (i.e., from 8.4 to 12.8 MJ/m3 depending upon a blow type). Consideration of the obtained results
of physical modelling can be used with sufficient accuracy to establish modern enterprises based on
the underground coal seam gasification; this will help develop more efficiently the substandard coal
reserves to generate heat energy as well as power-producing and chemical raw material. The research
conclusions can provide technical reference for developing a new generation of underground coal
gasification technology.

Keywords: coal gasification; rocks; coal seam; material balance; heat balance; tightness; gas

1. Introduction

Currently, different studies are being carried out analyzing deep coal processing aimed
both at manufacturing of energy products for electric energy generation and obtaining
valuable chemical products [1–3]. Use of coal to generate syngas, methanol, liquid fuel,
and other deficit products is the tendency of special topicality [4–6]. That makes it possible
to consider coal as a reliable alternative source of obtaining carbohydrate raw material,
especially in terms of exhaustion of oil and gas reserves due to growing volumes of their
consumption and low rates of additional exploration of oil-and-gas fields [7–11].

Currently, production of energetically valuable liquid fuel from coal is the industrially
developed process; in this context, reactions of incomplete coal oxidation are quite often to
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have in surface gas generators [12,13]. A main disadvantage of surface gas generators is
their high cost and considerable expenditures for coal extraction and transportation to the
place of processing [14]. Underground coal gasification (UCG) is a prospective tendency
of deep coal processing; that provides the reactions of incomplete coal oxidation in terms
of underground conditions immediately within the place of coal seam occurrence—in an
underground gas generator—with production of gas (after its corresponding surface-based
processing), which is close to natural gas in its consumer properties [15,16]. Moreover, the
gas of underground coal gasification may be the raw material for getting syngas, methanol,
ammonia, carbamide, and other valuable chemical products [17–22]. At the same time, it is
critically important to provide environmental safety during mining [23–27].

Underground gasification of solid fuel is an important tendency in the development of
natural fuel deposits; it means underground fuel transformation into a combustible gas for
its further energetic and technological use after its outlet to the earth’s surface [28]. Main
feature of underground coal gasification is that such mining method helps develop both
off-balance and non-commercial coal reserves [29–32]. The non-traditional mining method
of coal deposits opens new prospects in the development of coal seams with complicated
mining and geological modes of occurrence. It combines extraction, dressing, and complex
processing [33–35] with detailed study of rock mass behavior [36–41].

The essence of the technology of underground coal gasification is in drilling of wells
from the earth’s surface towards a coal seam by means of directed drilling, their linkage
within a seam by one of the known techniques with further coal seam ignition, creation
of the conditions for coal transformation right underground into a combustion gas, and
removal of the produced gas through the wells onto the earth’s surface [42–44].

Advantages of the mentioned technology are as follows: coal is not hoisted to the
surface, there are no large rock volumes to be placed somewhere, the terrain integrity is
not disturbed, there is no subsidence due to formation of underground voids, and there
is no need in using additional chemical reagents that have negative impact on the envi-
ronment [45–47]. Thus, all the technological operations of underground coal gasification
are performed from the earth’s surface without miners’ underground operations. The
technology belongs to so-called clean coal technologies, it is environmentally safe, and it
can become a great alternative to extraction [48–52].

A process of underground coal gasification (UCG) consists of the primary chemical
reactions within an oxidizing zone, a reaction channel of a gas generator [53]. A combustion
(oxidizing) process in that zone is accompanied by the formation of carbon monoxides and
dioxides. A reducing zone of a gas generator shows the processes accompanied by the
secondary reducing reactions with the formation of gasification products [54,55]. A degree
of coal transformation into gasification products depends on certain key conditions and
parameters: ultimate composition, texture and structure of a coal seam and roof and floor
rocks, hydrogeological conditions, pressure, temperature, composition of a blow mixture,
directionality and duration of blow contact in space and time with a combustion face of an
underground gas generator [56,57].

Currently, there is sufficient number of studies analyzing the features of design
and technological solutions in terms of expediency of underground gas generator tight-
ness [58–61], methods of supply and directionality of blow flows with the provided adaptiv-
ity and intensification of the processes of coal seam gasification [62–65] including controlled
retracting injection point (CRIP) system [66,67], influence of mining and geological con-
ditions of coal seam occurrence on the underground gasification process [68–72], and
influences of underground coal gasification on the environment [46,58,73–76].

Application of different technical means, methods, and techniques as well as physical
fields makes it possible to intensify the UCG process by effecting two objects: immedi-
ate coal mass and blow flows injected into the combustion face of an underground gas
generator [77–82].

Tightness of the gas generator design is provided by injection-stowing operations
within the deformed layers of the rocks enclosing the seam [83]. Stowing operations are
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performed with the consideration of changes in geomechanical parameters, parameters
of a temperature field of the “rock mass—gas generator” system, changes in the advance
rate of a combustion face of a gas generator, and increase in the gasified area in time and
space [84–86]. While using injection stowing in terms of gasification of thin coal seams,
ground subsidence is not more than 11–18% of the coal seam thickness [87].

Introduction of injection stowing of the deformed natural roof rock and the gasified
space within the UCG stations in the underground gas generator design will ensure the
mobility of a coal seam gasification process owing to the expansion of the area for the
technology implementation. Artificial leak-tightening of a gas generator helps increase
the criteria of controllability, compactness, environmental credentials, and safety of the
process, which will allow performing the underground coal gasification process in the
adapted modes of pressure and temperatures. That stipulates the growth of quantitative
and qualitative indices of the UCG process since a set of factors, among which increased
pressure in a reaction channel and features of the underground gas generator design are
the key ones, results in the considerable losses of blow and generator gas during the coal
seam gasification [88,89].

The research objective is to carry out the experimental modeling and study the effect
of design and technological solutions, which influence immediately the degree of efficiency
of the underground coal gasification process.

To reach the objective the authors, based on the experimental studies, strive to identify
the effect of gas generator tightness on the quantitative and qualitative parameters of
coal gasification (loss of blow and gas; changes in heat conductivity, temperature, and
combustion heat as well as in the output of combustible generator gases and chemical
products) in terms of blow variation by reagents and changing pressure in a reaction
channel as well as to determine the effect of design and technical solutions for blow supply
immediately onto the combustion face of a gas generator (loss of blow and gas, pressure,
coal, advance rate and time that the main processes are achieving) depending on the type
of gas generator design.

2. Materials and Methods

2.1. Determining the Sufficient Tightness of a Gas Generator

While substantiating the sufficient tightness of an underground gas generator, the
following was considered:

(1) Permeability of the coal-overlaying thickness taking into account natural and artificial
fractures of the coal-overlaying thickness without injection stowing of the deformed
rocks is determined according to the formula (1):

Kc.o.t = ∑ n
i=1

ki
p · hi

r.l · Pr.r

hr.c · Pr.c
, (1)

where Kc.o.t is coefficient of permeability taking into account natural and artificial
fractures, of the coal-overlaying thickness before stowing operations: ki

p is coefficient
of permeability taking into account natural and artificial fractures of the rock layers of
the roof before stowing operations; hi

r.l is thickness of rock layers of the roof, m; Pr.r is
pressure within the roof rocks, MPa; hr.c is thickness of reaction channel, m; and Pr.c
is pressure within the reaction channel of a gas generator, MPa.

(2) Permeability of the coal-overlaying thickness taking into account natural and artificial
fractures of the coal-overlaying thickness after injection stowing of the deformed
rocks is determined according to the formula (2):

Kc.o.t.s = ∑ n
i=1

ki
p.s · hi

r.l · Ps.r.r

hr.c · Pr.c
, (2)

where Kc.o.t.s is coefficient of permeability taking into account natural and artificial
fractures of the coal-overlaying thickness after stowing operations; ki

p.s is coefficient
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of permeability taking into account natural and artificial fractures of the rock layers
of the roof after stowing operations; hi

r.l is thickness of rock layers of the roof, m; Ps.r.r
is pressure within the stowed roof rocks, MPa; hr.c is thickness of reaction channel, m;
and Pr.c is pressure within the reaction channel of a gas generator, MPa.

Coefficient of sufficient tightness of an underground gas generator Kt.u.g/g with the
consideration of the roof rock permeability during injection stowing and temperature effect
on the mass under stowing is to be identified according to the formula (3):

Kt.u.g/g =
Kc.o.t.s · βe.m

Kc.o.t
, (3)

where Kc.o.t is coefficient of permeability taking into account natural and artificial fractures
of the coal-overlaying thickness before stowing operations; Kc.o.t.s is coefficient of perme-
ability taking into account natural and artificial fractures of the coal-overlaying thickness
after stowing operations; and βe.m is coefficient of temperature expansion of the mass
under stowing.

2.2. Determining the Effect of Heat Exchange

A degree of the effect of convective heat exchange within the rocks enclosing a gas
generator is determined by density, structure, and dimensions of the voids. General amount
of heat (Q) transferred within a certain time period through a rock layer hr is determined
according to the formula (4):

Q =

(
λeq

hr
− αi

)
· (T1 − T2), (4)

where: αi is coefficient of heat conductivity of the rocks; hr is thickness of the rock layer;
T1 is initial temperature; T2 is final temperature; and λeq is equivalent coefficient of heat
conductivity of the rocks is determined according to the formula (5):

λeq = λr · (1 − P)3, (5)

where: λr is coefficient of heat conductivity of the rocks, if there are no artificial fractures in
the rocks (intact rock mass); P is value of natural and artificial fractures in the rocks.

Heat conductivity of the rocks is in cubic dependence on the rock porosity and
fractures. The stowing of natural and technogenic voids within the deformed layers of the
roof results in changes in heat conductivity from the convective to conductive one.

Density of the rock mass enclosing a gas generator decreases due to the effect of rock
pressure, which experiences its changes in time and space along with the combustion face
advance and stipulates the prevailing convective heat exchange within the roof rocks.

2.3. Experimental Studies

The studies were carried out to test the technological schemes of underground coal
gasification, if the gas generator design is changed, i.e.:

– Gas generator design with stowing of the deformed thickness of the roof rocks and
the gasified space;

– Gas generator design without stowing.

Apart from the tightness of a gas generator, technical solutions of the blow reagent
supply into the combustion face were the subject of experimental identification of the
optimal method of the gasification process performance. Following solutions of the blow
reagent supply were tested:

– Without a flexible pipeline with the blow direction onto the reaction channel face;
– With flexible pipelines with the blow direction through perforated nozzles onto the

reaction channel face;
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– With flexible pipelines and activator in the reaction channel, with the blow direction
onto the reaction channel face.

2.3.1. Experimental Stand Unit

The experimental stand unit is designed and patented at Dnipro University of Tech-
nology, and manufactured by Naftomash RMA under financial support of the Ministry of
Education and Science of Ukraine.

A gas generator model consists of four systems (Figure 1):

– An experimental stand;
– A system of supply of separated and mixed blow mixture (blow reagents, see Section 2.3.3);
– A gas outlet system;
– A system of control and measuring equipment (temperature control and control of

input and output gas mixtures).

 

Figure 1. Technological scheme of a stand unit of underground coal gasification.

An experimental stand welded from sheet steel is a central link of the facility. There
are holes for blow supply and generator gas outlet as well as ignition and control holes on
the stand front [90,91]. A system of thermal sensors with signal converters equipped with
the interface was used to identify the temperature field parameters. The reference shear
detectors were used to control the coal mass state.

The coal rock mass was modelled in terms of the experimental unit according to the
similarity criteria (see Section 2.3.5).

2.3.2. Ultimate and Technical Composition of Coal

Hard coal (high volatile bituminous coal) was selected as the raw material to be
gasified. That coal grade prevails in Ukrainian energy balance as it is represented by rather
great reserves. Table 1 shows proximate and ultimate analysis of the coal.

Table 1. Proximate and ultimate analysis of the coal.

Proximate Analysis Ultimate Analysis
Combustion

Heat (Qr),
MJ/kg

Coal Density
(γ), g/cm3

Wr, % Wa, % Ac, % Sd, % Vdaf, % Cdaf, % Hdaf, % Odaf, % Nr, %

1.7 2.2 38.2 1.3 37.0 80.7 6.3 6.8 4.9 24.6 1.45

The values shown in Table 1 are used to calculate the material and heat balance (see
Section 2.3.4), being an indispensable part of research as the obtained results of calculations
define the required amount of blow to be supplied into a gas generator.

2.3.3. Blow Reagents

The stand-based experimental studies were accompanied by changes in the parameters
of blow reagents. Five basic previously tested blow types were used, i.e.:

I. Air blow (O2—21%, N2—79%);
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II. Air–steam blow (O2—21%, N2—79%, H2Osteam);
III. Oxygen–steam blow (O2—35%, N2—65%, H2Osteam);
IV. Oxygen–enriched blow (O2—35%, N2—65%);
V. Carbon dioxide and oxygen (O2—21%, CO2—10%, N2—69%).

A series of experimental studies was alternated by means of blow change. Each
following change in blow mode was followed by the transfer to the air blow. A transition
mode in terms of blow lasted one hour.

2.3.4. Material and Heat Balance

The material and heat balance are determined by physical rates of chemical reac-
tions, technological efficiency of the process, and modes of blow mixture supply into
the gasification zone [92]. To calculate the material and heat balance, the MT-Balance
software was applied. The software product was developed at the Dnipro University of
Technology [93,94].

During the calculation, the software uses not only the specified parameters of the
ultimate and technical composition of the coal but also many physical values-constants as
well as the values characterizing the initial state of the gasification process. The software
algorithm makes it possible to obtain the following:

– Material balance of the oxidizing zone;
– Material balance of the reducing zone;
– Volumetric parameters of gas mixtures of a gas generator;
– Chemical and physical efficiency of the gasification process;
– Energy balance of the gasification process;
– Total energy of the oxidizing and reducing zones.

Identification of the material and heat balance with the help of underground gasi-
fication is a valid and convenient mechanism for obtaining quantitative and qualitative
parameters of the blow mixture composition and gases outgoing from a gas generator.
That allows simplifying considerably the data processing and helps obtain rapidly the final
results with high degree of conformity.

2.3.5. Similarity Criteria

Modeling of the operating parameters of the process of underground coal gasification
according to the criteria of similarity to field conditions are the important elements of the
experimental data transfer into the field conditions as the performance of experiments
in terms of ground stand units are aimed at simulation of the UCG processes taking into
account geological and technological parameters [95,96].

The research was carried out in terms of the experimental stand unit to model a
process of underground gasification taking into consideration the similarity criteria and
the specified scale coefficients. Following expression is taken as the basis in terms of
non-stationary seam gasification [97]:

T =
T − T0

Tmax − T0
= f (H0), (6)

where T is current temperature, ◦C; Tmax is maximum temperature, ◦C; T0 is initial temper-
ature, ◦C; H0 is criterion of homochronicity (of time).

H0 =
v · t

x
= 1, (7)

where v is gasifying rate, m/day; t is gasifying time, days; x is distance, m.
Generally, all similarity criteria, taking into consideration time, are called homochronic-

ity criteria (Ho) since they are applied to identify a time conversion factor through a multi-
plier of other physical quantities. Hence, in terms of similarity of two or more systems, Ho
(homochronicity criterion), Fr (Froude number), Eu (Euler’s criterion), and Re (Reynolds
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number) have the same values for any similar points. In practice of similarity criteria use, it
is expedient to reduce some of them to more convenient format helping determine directly
values being a part of the criteria.

Thus, a conclusion concerning full nature-model similarity compliance makes it
possible to calculate homochronicity criterion, i.e., constant temporal similarity within
the processes. Comparison of modeling of working parameters of underground coal
gasification helps obtain the following:

Ho =
v · t

x
=

v′ · t′

x′ , (8)

where v is actual displacement velocity of a material point, m/day; t is displacement time
of the point, days; x is distance passed by the material point during t time, m; and v′, t′, x′
are velocity, time, and path of a similar material point on the model, respectively.

To obtain the valid results of the modelling in terms of the experimental stand unit that
would help get the data for field conditions, a group of similarity invariants, characterizing
the gasification process, were considered [98]:

– Kinetics of chemical reactions;
– Gas dynamics and mass exchange of the oxidizing and reducing zones;
– Convective and conductive heat exchange.

Adherence to the abovementioned similarity invariants, representing the gasifica-
tion kinetics, was obtained by the fact that the coal model was of the same grade and
composition as the “field” coal.

Convectional temperature exchange takes place right within a contact of reactional
zone expanding up to 2–4 thicknesses of the degassed seam. Then, enthalpy takes place at
the expense of conductive rock heating. Temperature rise and its expansion deep in the
rock mass last until origination of thermal stresses varying rock behavior while falling [99].
Based upon previous research carried out under the conditions of Western Donbas mines,
it can be concluded that convectional enthalpy transfer was observed at greater distances
than 6 m [100]. This situation is justified by the stratification cavities formation in the roof
of an underground gasifier and the presence of pores and fractures in it. The degree of
influence of heat exchange convection is determined by the presence of cavities in the rocks
and their location, which in turn determines the thermal stress of the adjacent roof rocks.

The pressure in the underground gas generator model and the ultimate composition of
a generator gas in the similarity scale meet the field conditions. According to the calculated
data, air consumption during the air blow was 2.32 m3/kg of coal; in case of blow enriched
with oxygen, it was 1.89 m3/kg of coal. The reaction channel length within the experimental
stand is 1.5 m; thickness of the coal seam is 0.5 m. Taking into account the similarity criteria,
a 1.5 m value of the reaction channel length corresponds to the reaction channel length of
the underground gas generator being 30 m.

3. Results and Discussion

As a result of the stand-based experimental studies, the influence of tightness char-
acteristics of a gas generator on the quantitative and qualitative parameters of coal seam
gasification have been identified. Figure 2 demonstrates a graph of changes in losses of the
blow supplied into a gas generator and the obtained generator gas in terms of changing
pressure growth from 0 to 0.35 MPa.

The Graph demonstrates that stowing nonavailability starts impacting blow and
generator gas losses in terms of minimum pressure change achieving maximum 32.5%
values at 0.35 MPa pressure. In turn, at the same pressure value, stowing is only 15%. Hence,
17.5% (i.e., more than double) difference in blow losses has been identified depending upon
various modes of preparation of gas generators.
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Figure 2. Dependence of blow and gas losses (P, %) in terms of pressure changes in an underground
gas generator: 1—gas generator design with stowing of the deformed thickness of the roof rocks and
gasified space; 2—gas generator design without stowing.

A gas generator design with stowing of the deformed thickness of the roof rocks and
gasified space is characterized by Kt.u.g/g = 0.032 coefficient of leak-tightness. At the same
time, the tightness coefficient of a gas generator without stowing is Kt.u.g/g = 0.214.

In terms of sufficient gas generator tightness (Kt.u.g/g = 0.032), it is possible to ensure
effective contact of blow and a combustion face of the reaction channel. In addition, heat
capacity of the rocks enclosing a gas generator increases; heat efficiency of the reaction
zones of a gas generator grows stipulating stability of material and heat balance of the coal
seam gasification process.

Figure 3 shows the dependences of heat conductivity of the rocks around a gas
generator on the temperatures emitting during gasification and tightness of a gas generator.

 
(a) 

(b) 

T
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Figure 3. Dependences of heat conductivity of the rocks (λ) around a gas generator on the tempera-
tures emitting during gasification and tightness of a gas generator: (a)—general conductivity of the
roof rocks of a gas generator; (b)—heat conductivity of the roof rocks along the combustion face of a
gas generator; 1—generator design with stowing of the deformed thickness of the roof rocks and
gasified space; 2—generator design without stowing; 3—air-supply well; 4—gas-outlet well; 5—line
of the combustion face of a gas generator; I—oxidizing zone; II—transition zone; III—reducing zone.
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Increase in temperatures in the oxidizing zone of a gas generator and heat capacity
of rock layers are observed throughout the reaction channel length, which is stipulated
by heat losses in the rocks around the reaction channel. That happens at the expense of
decreasing heat and temperature conductivity of the roof rocks. Heat-generating capacity
of the oxidizing zone at the expense of artificial heat insulation of the rock mass provides
efficient operation of the reducing zone, where endothermal reactions with heat absorption
occur. Technogenic heat of the rock mass around a gas generator is rather considerable;
correspondingly, in terms of its removal, it can be used in cogeneration plants.

Coal is gasified in terms of blow injection from the side of coal mass and gas removal
from the gasified space. Along with the expanding degassed void, consumer features
(calorific capacity) of gas are deteriorating as the gasification front is displacing gradually
from the initial location to the gasification boundaries, leaving behind the gasified space,
which is filled gradually with slugs, residual coal, and deposited rocks of the upper
thickness. The fly ash is driven out of coal from an underground gasifier together with the
generator gases. It is generally captured by particle filtration equipment before the flue
gases reach the chimneys. Non-reacted coal ash is left in the mined-out space. The volume
of non-reacted coal ash makes up 38–45% of the volume of the coal seam.

Figure 4 shows the results of analyzing the temperatures of gasification products at
their output from the gas-outlet well and combustion heat of a generator gas of a thin
carboniferous seam.

 
Figure 4. Dependence of changes in the temperature of coal gasification products (generator gas) at
their output from a gas-outlet well and combustion heat of a generator gas upon the blow type and
tightness of a gas generator: 1—generator design with stowing of the deformed thickness of the roof
rocks and gasified space; 2—generator design without stowing; I—air blow (O2—21%, N2—79%);
II—air-steam blow (O2—21%, N2—79%, H2Osteam); III—oxygen-steam blow (O2—35%, N2—65%,
H2Osteam); IV—oxygen-enriched (O2—35%, N2—65%); V—carbon dioxide and oxygen (O2—21%,
CO2—10%, N2—69%).

The obtained results of stand-based experimental studies of design features of ar-
tificial tightness of a gas generator have made it possible to evaluate the quantitative
and qualitative parameters of the output of coal seam gasification products taking into
account mining-geological conditions, design features of a gas generator, and technological
parameters of the gasification process (Figure 5).
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Figure 5. Dependences of changes in the output of coal gasification products (generator gas) upon
the blow type and tightness of a gas generator: (a)—output of combustible gases; (b)—output of
chemical substances from a condensate; 1—generator design with stowing of the deformed thickness
of the roof rocks and gasified space; 2—generator design without stowing; I—air blow (O2—21%,
N2—79%); II—air-steam blow (O2—21%, N2—79%, H2Osteam); III—oxygen-steam blow (O2—35%,
N2—65%, H2Osteam); IV—oxygen-enriched (O2—35%, N2—65%); V—carbon dioxide and oxygen
(O2—21%, CO2—10%, N2—69%).

Decreasing natural and artificial fractures of the layered roof rock thickness and
the gasified space at the expense of increased tightness of a gas generator helps reduce
migration of high-temperature UCG products into the roof and floor rocks. In turn, that will
allow further expansion of the UCG application area in terms of thin coal seams occurring
at shallow depths. The calculations have shown that preparation of underground gas
generators with injection stowing of the roof rocks will make it possible to increase the
gasified coal area by 1.6–1.8 times, the degree of coal seam gasification will grow by 7–12%,
and the heat-generation gas capacity will go up to 18%.

At the same time, great attention should be paid to continuous supply of air mixture
onto the combustion face of the gas generator’s reaction channel as that creates stable
pressure and activates heat-generation within the oxidizing zone of the reaction channel.
That results in the balanced behavior of active zones of a gas generator and balanced
kinetics of thermochemical reactions of the gasification process.

Having been developed and tested in terms a stand unit for simulation of the un-
derground coal gasification process, the design and technical solutions aimed at blow
supplying immediately onto the combustion face stipulate intensification of a gasification
process of thin coal seams taking into account specific mining-geological conditions.

Consequently, three possible gas generator designs were to be analyzed as for the
efficiency of a gasification process:
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(1) Without a flexible pipeline for blow direction onto the reaction channel face (design
A);

(2) With flexible pipelines for blow direction through perforated nozzles onto the reaction
channel face (design B);

(3) With flexible pipelines and activator in the reaction channel, with blow direction onto
the reaction channel face (design C).

(4) Figure 6 represents the results of a series of experiment studies.
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Figure 6. Dependences of the losses of blow, generator gas, and coal upon the gas generator design: 1—
design A; 2—design B; 3—design C; 4—air-supply well, 5—gas-outlet well, 6–line of the combustion
face of a gas generator; I—oxidizing zone; II—transition zone; III—reducing zone.

If a gas blow flows from the side of mass, gas outlet towards the gasified space is
stimulated somehow by large volumes of that space, deformation, and rock caving into the
gasification zone as well as the available excessive pressure in it.

Coal is gasified better around the blow well than around the gas-outlet well. Thus, this
is the point with higher concentration of coal losses in terms of seam area and thickness.
Moreover, it is stipulated not only by the unilateral direction of the blow flow but also
by the fact that the advance of reaction zones of gasification along the channel length
is accompanied by the deteriorating aerodynamic conditions, and finally there will be a
moment when there is no sufficient length for the reaction zones.

Figure 7 summarizes analyses of the effects of different designs of a gas generator
(A, B, and C) as for the blow supply into the reaction channel on the uniformity of the
combustion face advance.

 L

Vn

Figure 7. Dependences of the effect of different designs of blow supply into the gas generator’s
reaction channel on the uniform combustion channel advance depending on the gas generator
design: 1—design A; 2—design B; 3—design C; 4—air-supply well, 5—gas-outlet well, 6—line of the
combustion face of a gas generator; I—oxidizing zone; II—transition zone; III—reducing zone.

85



Energies 2021, 14, 4369

While analyzing Figure 7, it is possible to state the following: if coal seam is gasified
involving the gas generator design with flexible pipelines and activator in the reaction
channel as well as the blow direction onto the combustion face of a reaction channel
(design C), there is no need in blow reverse as we can observe uniform advance of the gas
generator’s combustion face.

Involvement of the off-balance and abandoned reserves of thin and very thin coal
seams into gasification in terms of using the designs and technological schemes of gas gen-
erators with the controlled flexible pipelines, perforated nozzles, and activators provides
adaptive activation of the oxidizing and reducing processes with the controlled transition
zone between them in the reaction channel of a gas generator. Control and controllability
of a gas generator throughout the reaction channel length is ensured by the dosed, separate
supply of a blow flow onto the combustion face into each active zone of the reaction channel.
That results in the reduced losses of blow, generator gas, and solid fuel; it also stipulates
uniform advance of active zones of the reaction channel’s combustion face during the coal
seam gasification.

Implementation of the abovementioned technological solutions in the gas generator
designs and technological solutions of coal seam gasification will reduce considerably
the time spent for the formation of a reaction channel and beginning of the mine gas
generator’s operation in active mode of coal gasification (Figure 8).

 

t

Figure 8. Effect of the gas generator design on the time of achieving the main processes: a—formation
of the reaction channel of a gas generator; b—start of the gasification mode of a gas generator; c—
reversing; 1—design A; 2—design B; 3—design C.

Consideration of geological structure, ultimate composition of a solid fuel, rocks
of the roof and floor as well as the parameters of blow mode and its direction onto the
combustion face according to the functional features of active zones of a reaction channel
and design solutions of a gas generator stipulates adaptivity of the process of underground
coal gasification to a concrete model of thin coal seam development in terms of using
flexible pipes with perforated nozzles, or activator.

Control of the process of thin and very thin coal seam gasification with the help of
flexible pipelines with blow direction through perforated nozzles onto the reaction channel
face (scheme B) does not provide sufficiently effective activation of thermochemical pro-
cesses within the active zones of a gas generator. In terms of oxidizing zone of the reaction
channel, that design solution effects immediately the kinetics of chemical reactions and
heat generation. The reducing zone is not affected immediately; thus, the reducing gasifi-
cation processes proceed under the effect of gas products and heat generated within the
oxidizing zone. Figure 8 demonstrates that design C helps reduce almost twofold the time
for reaching the main processes, i.e., a gasification process experiences its intensification.

Disadvantages of the design are as follows: impossibility to control the oxidizing zone
of a gas generator, nonuniform gasification of the combustion face of the reaction channel
that influence negatively the quality of a thermochemical process as well as prolongs the
time for preparation and formation of the reaction channel and reverse of blow flows.

86



Energies 2021, 14, 4369

Implementation of a perforated activator in the reaction channel of a gas generator to
activate the underground coal gasification process ensures immediate effect on active zones
of the combustion face; that helps control the active zones maintaining energy balance
between the zones and selectivity of a gasification product, and increase quantitative and
qualitative parameters of the process. Concerning disadvantages of design C, it can be
mentioned that considerable mass of a perforated activator creates resistance during its
displacement along with the advance of the gas generator’s combustion face. Consequently,
critical loads are formed on a flexible pipeline and its connection with the activator causing
the need in limitation of the length of the gas generator’s extraction pillar.

The obtained results of changes in generator gas output depending upon a blow
type are correlated with a high convergence degree with earlier studies of underground
coal gasification. Namely, numerous papers mention positive effect by oxygen-enriched
blow [101–104] as well as oxygen and steam blow [104,105] on generator gas output indices.
Essential effect by carbon dioxide blow has also been mentioned in [106–108]. Moreover,
experimental results support confidently earlier studies with the use of similar coal [85].
No doubt, we cannot suggest full compliance of the research results since ultimate and
technical analysis of the coal is not identical.

Comparative analysis of the results concerning blow stream reversing with studies
by foreign researchers, described scrupulously in [109–111], prove the correctness of the
selected tendency to intensify underground gasification process.

As for the comparison of the improved techniques, proposed by this paper, their effect
on a gas formation process is incomparable with the similar studies. Nevertheless, we have
propose to the studies alternative techniques of blow supply to fire mass of underground
gas generator in addition to such popular systems as Controlled Retracting Injection Point
(CRIP) [66,112,113], Movable Injection Point [114], Unfixed Pumping Points [115,116], and
recently developed gasification agent injection tool for underground coal gasification [116].

The authors believe that further studies will concern analysis of underground gasi-
fication effect while degassing thin and very thin coal seams. Namely, determination of
the influence of qualitative and quantitative composition of carbonous reagents on the gas
formation efficiency within a reaction channel of an underground gas generator is meant.
Moreover, a problem to analyze environmental component of a gasification process (among
other things, formation of polluting gases and mercaptans and their expansion) remains a
topical issue.

4. Conclusions

A series of experimental studies involving the gasification process modeling has
helped substantiate the effect of technological and technical innovations in gas generator
designs on the parameters of the coal seam gasification process.

Implementation of the designs of underground gas generators with stowing of the
deformed roof rocks as well as the ones with the controlled active zones of a gas generator
(especially while gasifying the abandoned balance and off-balance reserves of thin and
very thin coal seams) provides adaptivity of the coal seam gasification process to specific
mining-geological conditions.

A key feature of the innovative solutions of underground coal gasification, stipulating
its economic expediency, is creation of favorable conditions for the directed blow supply
into the reaction zone of coal mass from the variable points and keeps its contact with coal
during the whole planned time of coal gasification.

Preparation of underground gas generators with injection stowing of the roof rocks
will help reduce the prime cost of the produced coal by 23.5% owing to the following: area
of the gasified coal increases by 1.6–1.8 times; degree of coal seam gasification grows by
7–12%. In this regard, maximum efficiency of underground gasification is achieved if a
gas generator design involving flexible pipelines and activator in the reaction channel and
blow direction onto the reaction channel face combined with blow stream reversing and
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oxygen blow use which will make it possible to improve caloricity of the generator gas up
to 18% (i.e., from 8.4 to 12.8 MJ/m3 depending upon a blow type).

Design technological schemes allows controlling efficiently a gas-generation process
by directed blow supply and constant forcing of a blow flow against the combustion bed
surface by means of combination of gas-blow flows (blow injection and exhaustion of
gasification products) and by reversing the blow flows.
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24. Medunić, G.; Mondol, D.; Rad̄enović, A.; Nazir, S. Review of the latest research on coal, environment, and clean technologies.
Rud. Geol. Naft. Zb. 2018, 33, 13–21. [CrossRef]
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Abstract: The underground coal gasification represents a technology capable of obtaining synthetic
coal gas from hard-reached coal deposits and coal beds with tectonic faults. This technology is also
less expensive than conventional coal mining. The cavity is formed in the coal seam by converting
coal to synthetic gas during the underground coal gasification process. The cavity growth rate and the
gasification queue’s moving velocity are affected by controllable variables, i.e., the operation pressure,
the gasification agent, and the laboratory coal seam geometry. These variables can be continuously
measured by standard measuring devices and techniques as opposed to the underground temper-
ature. This paper researches the possibility of the regression models utilization for temperature
data prediction for this reason. Several regression models were proposed that were differed in their
structures, i.e., the number and type of selected controllable variables as independent variables. The
goal was to find such a regression model structure, where the underground temperature is predicted
with the greatest possible accuracy. The regression model structures’ proposal was realized on data
obtained from two laboratory measurements realized in the ex situ reactor. The obtained temperature
data can be used for visualization of the cavity growth in the gasified coal seam.

Keywords: underground coal gasification; measurement; temperature; regression; model; analyses; cavity

1. Introduction

The underground coal gasification process (i.e., the UCG process) is a constantly evolv-
ing technology and provides an alternative to conventional coal mining. This technology
transforms coal into high-calorific gas (i.e., syngas), and for coal mines located in great
depths is especially effective. In implementing this technology, at least one injection and
one production well must be drilled from the earth’s surfaces in an area where the coal seam
is located. A gasification agent (i.e., the ratio of air, oxygen, and water vapor) is injected
through the injection well. This gasification agent will ensure the chemical reactions occur.
These chemical reactions are required for the syngas creating. Subsequently, Syngas is
extracted through the production well and subsequently cleaned and stored (see Figure 1).

The UCG reactor can be divided into three basic zones in terms of the chemical
reactions that occur. Chemical reactions to increase the coal seam temperature are taking
place in the oxidation zone (i.e., at a temperature above 900 ◦C). In the reduction zone (i.e.,
at a temperature between 550–900 ◦C), chemical reactions transform coal into syngas (i.e.,
a mixture of CO, CO2, CH4, H2, etc.). The pyrolysis and drying process of the coal seam
takes place in the drying and pyrolysis zone (i.e., at a temperature between 220–550 ◦C). All
these processes take place at a desired coal seam temperature. It is important to know the
temperature distribution in the coal seam for this reason. The temperature information can
determine the distribution of the individual zones in the coal seam and set the appropriate
gasification agent mixture to increase the coal seam temperature or create syngas. In
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addition, the cavity formation process in coal seam can be observed by seeing behaviors of
temperatures [1,2].

Figure 1. The scheme of the UCG process (Source: own elaboration).

Model in the form of a risk graph and a risk matrix was used for risk analysis and
hazard identification in the UCG process by investigating health risks and impacts in terms
of their influence on the environment [3]. The proposed measures could lead to the reduc-
tion of risks and impacts on an acceptable level. The UCG process state prediction was
realized by a dual-source long short-term memory (i.e., LSTM) prediction model [4]. This
model was compared with the Support Vector Machine (i.e., SVM) and Back Propagation
Neural Network (i.e., BPNN) prediction model. The results showed that the predicting
trends accuracy reaches 90.99%. The prediction of syngas composition was realized by a
thermochemical equilibrium model of the UCG process [5]. This model considers the effect
of the drying process and is based on the water–gas shift reaction and gasification reactions.
The results showed the positive impact of the steam addition into the gasification agent to
increase the hydrogen and carbon monoxide content in syngas and increase the calorific
value. A stoichiometric equilibrium model has been used to estimate the equilibrium
composition of the produced gas [6]. This model is based on the Gibbs function’s mini-
mization and was used to simulate the relevant thermochemical coal conversion processes.
Verification of described model showed that the produced gas composition was in a good
agreement under different operating conditions. A three-dimensional numerical model has
been used to simulate an ex situ allothermal coal gasification experiment [7]. The deviations
between the simulated composition of produced gas and experimental data were from 10%
(e.g., H2) to less than 50% (e.g., CH4) at some coal samples. The prediction of the shape and
volume of the underground cavity over time was realized by the model based on a series
of equations, the cavity pressure, and temperature information [8]. The simulations were
realized by COMSOL software, and the results in the form percentage of the product gas
components (i.e., CO, CO2, CH4, and H2) showed a good comparison. A review of various
gasification UCG models for predicting the cavity growth and the product gas recovery
where the temperature value (i.e., the cavity temperature, solid-phase temperature, the
gasification agent temperature, and the produced gas temperature) has the critical role
was described [9]. The results of this review showed that the packed bed models are
applicable for highly permeable porous media, the channel models overcome the limitation
of the packed bed models in regards to calculating the cavity shape and size, and the coal
slab models describe the process by the movement of the various defined regions in the
coal slab. An empirical model based on the non-linear multivariable regression method
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also realized the prediction of cavity growth [10]. Nine possible independent variables as
moisture, operating pressure, seam thickness, seam depth, calorific value, permeability,
volatile matter, and fixed carbon were evaluated in terms of their prediction ability during
the analysis. The regression analysis excluded the coal seam thickness and fixed carbon
content. The investigation of reaction zones, reaction rates, cavity formation, and syngas
properties was made by a two-dimensional computational fluid dynamics model [11]. This
model was verified by numerical calculation of the syngas composition and a lab-scale
hydrogen experiment. A good agreement was shown between the calculated and the
experimental data at every stage. A laboratory-based UCG model with advanced real-time
control and monitoring was used for monitoring cavity formation, temperatures, syngas
characteristics, and coal-tar [12]. Results showed the ability of the laboratory-based UCG
process to forecast the sustainability and standardization before the UCG process imple-
mentation by observed of the realized experiment. It has been demonstrated a significant
influence of operational pressure and coal properties on the process parameters as energy
efficiency, gas composition, and methane yields by realized model experiments [13]. The
oscillations of the gas production rates reflected the changes in gasification conditions and
the cavity geometry. A dependence was shown of methane yields on the properties of coal
and the pressure regime. The Continuous Retracting Injection Point (i.e., CRIP) Process
Model and the Linked Vertical Wells (i.e., LVW) Process Model were used for modeling the
rate of cavity growth and the related chemical process in the UCG process [14]. The CRIP
Process Model showed the more controllable cavity growth rate in a better-regulated water
influx from the surrounding strata.

Nowadays, it is of great interest in the methods area which examining tempera-
tures distribution in the coal seam. The temperature field calculation was solved by
two-dimension nonlinear unstable mathematical models and analyzing the regularity of
the temperature field distribution in the gasified coal layers of the UCG reactor [15]. The
laboratory model experiment in a laboratory gasifier was used to establish the accuracy of
this methodology. The most significant differences between calculated results and mea-
sured temperatures were in the combustion zone (i.e., some temperature points above 20%),
but differences of other measuring points are below 15%, most of which, within 10%. The
analytical solution of one-dimensional unsteady heat conduction was used to study temper-
ature distribution in burnt surrounding rocks at the UCG process [16]. The heat conduction
is solved by the first and the fourth kinds of boundary conditions in this solution. The
modeled case showed that the temperature influence range in burnt surrounding rock is
circa 18–19 m. The two-dimensional temperature field of the UCG reactor was also solved
by the heat conduction model based on the first and third kinds of boundary conditions
and velocity of motion of the gasification front [17]. There was examined the influence of
burned coal seam (i.e., the heat source) on surroundings rocks, including the earth surface.
The modeled cases showed that the temperature changes of the surrounding rock were
maximal 14 m from the boundary of the coal and overburden towards the earth’s surface.
A mathematical prediction model using the CFD software package (FLUENT 6.3.26) was
used to predict cavity growth, temperature distribution, and coal consumption [18]. The
CFD software package solved the simulation of combustion and gasification reactions
on the interface between the coal seam and cavity. The error of the coal consumption
prediction was less than 5%. During the underground coal gasification process, the tem-
perature change in rock strata was identified in the numerical simulation based on the
computational fluid dynamics formalism [19]. The applied software allowed the creation of
coal gasification processes models at different conditions and, mainly, the process occurring
beneath the ground surface. The modeled study showed temperature changes from 0.5 (i.e.,
1000 ◦C) to 2.5 (i.e., 75 ◦C) meters above the gasification channel. Thermo-mechanical
simulations were used to quantify the permeability changes in representative coal measure
strata surrounding the UCG reactor [20]. The influence of the temperature-dependent and
temperature-independent rock properties on the spatial permeability development was
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compared in this study. The results showed that temperature-dependent parameters are
required for simulations in the close vicinity of the reactor.

Various statistical methods are used to predict values in the UCG process, including
regression analysis. Regression analysis is a powerful statistical method that researchers
widely use to examine the relationship between two or more variables of interest. The
differential equation based on linear regression was developed to modeling the carbon
dioxide emission data [21]. The penalized least-square fitting criteria were used to smooth
the data. Optimizing the profile error sum of squares was used for the estimation of
differential operators using functional regression. The logistic regression model from four
statistical models reached the highest probability of predicting future pipe accidents [22].
It was shown that the most effective variables are the length, diameter, material, and
hydraulic pressure in the pipe failure areas. The vector regression method was used for
modeling the coal gross calorific value [23]. This method showed that carbon, moisture,
ash, and hydrogen contents in the coal are the most effective variables for the gross calorific
value modeling. The correlation of determination (R-2) for models was 0.99. Several
statistical approaches solved the online coal calorific value prediction based on the flame
radiation features in linear and nonlinear regression analyses [24]. The partial least squares
analysis-based nonlinear regression model showed the best performance for coal calorific
value prediction. The regression model is also used to calculate the pulverized coal ignition
temperature [25]. The results showed that the multivariate regression method is useful
for determining the ignition temperature calculation formula. Multivariable regression
and artificial neural network methods were used for a wide range of coal samples from
a calorific value of 10.05 to 34.80 MJ/kg [26]. The correlation coefficient values 0.77, 0.75,
and 0.81 were reached by the least square mathematical method at the investigation of
the relationship between inputs parameter (i.e., moisture, volatile matter, ash, total sulfur,
etc.) and HGI (i.e., Hardgrove Grindability Index) in linear condition. A multivariate
adaptive regression splines (i.e., MARS) approach was used for predicting the syngas
temperature [27]. This proposed approach was tested in the fire prevention area of UCG
processes. The effect of the coal rank to examine the composition and toxicity of water
effluents was solved by statistical analysis [28]. The principal component analysis, Pearson
correlation analysis, and the multiple regression statistical method were used to predict
the toxicity using the values of the selected parameters. The proposed regression model
had a high coefficient of determination R2 = 0.956 to experimental data. The study for
identifying physicochemical parameters of river water that affect the electrical conductivity
and evaluate their percentage contribution was realized [29]. The correlation coefficients
calculation and display of the various parameters regression equations with electrical
conductivity were realized by statistical analysis in this study. It is found that total dissolved
solids have the highest contribution (39.6%) while total alkalinity has the second-highest
contribution (23.5%), followed by total hardness (19.9%). A multiple regression model was
proposed for a real-time surface roughness prediction system [30]. The proposed models
with linear correlation coefficients of 0.940 and 0.933 for predictor variables, such as feed
rate, vibration amplitude average, spindle speed, and depth of cut, had a strong linear
correlation with the predicted variable. The regression model had an accuracy of above
90% in predicting the surface roughness. A new data mining algorithm has been proposed
to capture the non-linearity in data and also find the best subset model [31]. This proposed
algorithm based on the classical least square regression framework is compared with
the five nodes of the neural network method. The correlation coefficient was 0.79 in the
proposed algorithm and 0.81 in the neural network method. The UCG data prediction in
laboratory conditions was realized by the utilization support vector machines method [32].
This method analyzed data used for classification and regression analysis to predict the
underground temperature and syngas calorific value. The results obtained from the
Matlab program and its statistical toolbox showed that the most appropriate is to use the
Gaussian kernel function to achieve the best prediction quality. Statistical data processing
was realized to investigate the relationships between measured quantities during the
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atmospheric geochemical survey of contaminated soil and the environmental burden of the
industrial establishment [33]. The dependency between examined values was confirmed
by regressive and correlative analysis.

It is necessary to continue to develop methods that would improve the prediction
of the UCG process state in its implementation process due to the specificity of this pro-
cess, mainly its diversity, which is determined by different geological environments. This
improvement includes the accuracy improvement of the underground temperature calcula-
tion, which leads to the achievement of the required behavior of chemical reactions, the
range determination of the surrounding rock burning, the prediction of cavity growth, and
the produced gas’s composition determination. It could lead to an increase in the efficiency
of this process by producing gas with the highest possible calorific value (i.e., obtaining
the maximum amount of energy) in the process control while minimizing the negative
impact on the environment. We focused on using regression analysis methods to model
the temperatures of the gasified coal seam in an ex situ reactor due to the wide range of
applications of regression analysis methods in the processes of extraction and processing
raw material. For this goal, two experiments with the same structure of the coal model
differed by the amount of gasified coal were performed. Regression models were created
from the data of the first experiment and subsequently verified on the data from the second
experiment. Verification of the suitability of the created regression models for their use in
different conditions was performed, i.e., a different amount of gasified coal and thus also
different amounts of gasification agent and a time of the experiment.

2. Experiments Methodology

The methodology of the UCG process physical modeling in experimental equipment
is widely used by researchers (e.g., in [34,35]). For this reason, an experimental gasifier was
designed and constructed to realize the UCG process experimental measurements. The
UCG process experiments were performed in an experimental laboratory gasifier (i.e., ex
situ reactor). This ex situ reactor has a length of 3000 mm and a height of 500 mm and
comprises two basic parts, i.e., a vessel and lid. The ex situ reactor vessel is semi-cylindrical
in shape and consists of the vessel jacket and the forehead (i.e., front and rear). The inner
surface of the ex situ reactor vessel is covered 100 mm thick in the isolation, which is placed
under the steel cover plate. The scheme of the experimental coal gasification system is
shown in Figure 2. A fan was placed behind the reactor vessel to direct the flow of the
gasification agent through the coal model.

Figure 2. Scheme of the experimental coal gasification system (Source: own elaboration).

The coal seam model embedded into the ex situ reactor included the overburden,
underburden, and coal blocks. This model was arranged so that the gasification agent
could permeate through the whole coal seam model (i.e., the gasification channel was
drilled through the entire coal seam model). The experiments were based on the regulated
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supply of the gasification agent (i.e., through the gasification agent input) into burning
the coal seam model (i.e., embedded into the ex situ reactor) and exhaust of the syngas
(i.e., through the output of the gas). The gasification agent composition was set by the ratio
of the air and the oxygen (i.e., O2). The syngas composition consisted of the following
components ratio, i.e., the carbon monoxide (i.e., CO), the oxygen, the methane (i.e., CH4),
the hydrogen (i.e., H2), etc. The syngas extraction and temperature measurement were
realized by sounds placed on the ex situ reactor lid. Thermocouples measured the channel
and coal temperatures, i.e., thirteen thermocouples were placed in the gasification channel
(i.e., 1–13 sounds), and eight thermocouples were placed in the coal (i.e., 14–21 sounds).

Measured values, i.e., channel and coal temperatures, gasification agent and syngas
composition, and their flows, were transferred from the ex situ reactor to the PC. These val-
ues were processed and shown by the monitoring system. The control of the UCG process
was based on the evaluation of these values by the control algorithm. Two experiments in
the described experimental ex situ reactor were realized for the regression modeling of the
measured temperature values.

2.1. The First Experiment

The one layer of coal cubes with a total weight of 214 kg was embedded into the ex
situ reactor. This layer had circa 30 cm the width and circa 25 cm the height. The technical
analysis of these coal samples was carried in an accredited laboratory, and its results are
shown in Table 1. The individual coal blocks were glued with a mixture of gudron, coal
dust, and water. The cross-sectional design of the coal seam model for this experiment is
shown in Figure 3. A gasification channel along the length of the whole ex situ reactor was
created in the bottom third of the coal seam model height (see Figure 4a). The gasification
channel had a diameter of 20 mm. The coal blocks layer was covered with a thermal
insulation foil because of the prevention of heat leakage at the UCG process (see Figure 4b).

Figure 3. The cross-sectional designs of the coal model for the first experiment (Source: own
elaboration based on [36]).

Figure 4. The construction of the coal model (a) gasification channel placement, (b) thermal insulation
of coal blocks, (c) reinforcement of coal model top part (Source: own elaboration).

98



Energies 2021, 14, 5444

Table 1. The analysis of coal with the help of Slovak testing standards used by an accredited
laboratory (Abbreviations: r—received, d—dry, daf—dry, ash-free, a—analytical, G—Gravimetry,
EA—elementary analysis with heat conductive detector, K—Calorimetry, RFS—X-ray fluorescence
spectrometry) (Source: own elaboration).

Parameter Value Uncertainty Method Standard

Total Moisture Wr
t (%) 38.2 5 G PN 16.3

Ash Ad (%) 9.4 2 G PN 16.4
Volatiles Vda f (%) 50 4 G PN 16.2
Carbon Cda f (%) 76.5 2 EA PN 16.7

Hydrogen Hda f (%) 3.95 5 EA PN 16.7
Nitrogen Nda f (%) 1.48 40 EA PN 16.7

Calorific Value Qda f
i (MJ/kg) 30.2 2 K PN 16.2

Calorific Value Qd
i (MJ/kg) 27.4 2 K PN 16.1

Calorific Value Qr
i (MJ/kg) 16.0 2 K PN 16.1

Ash Ar (%) 5.81 2 G PN 16.4
Carbon Cr (%) 42.8 2 EA PN 16.7

Hydrogen Hr (%) 2.21 5 EA PN 16.7
Nitrogen Nr (%) 0.83 20 EA PN 16.7

CaO (%) 2.37 5 RFS PN 3.1
MgO (%) 0.46 10 RFS PN 3.1
SiO2 (%) 1.23 10 RFS PN 3.1

Al2O3 (%) 0.74 10 RFS PN 3.1
Fe2O3 (%) 1.02 10 RFS PN 3.1
Na2O (%) <0.2 RFS PN 3.1
P2O5 (%) <0.02 RFS PN 3.1
TiO2 (%) 0.02 10 RFS PN 3.1
K2O (%) 0.06 10 RFS PN 3.1

Volatiles Vr (%) 28 4 G PN 16.2
Analytical Moisture Wa (%) 21.5 5 G PN 16.3

Total Sulphur Sr
t (%) 1.62 15 G PN 16.5

Sulphate Sulphur Sr
s (%) 0.17 15 G PN 16.5

Pyritic Sulphur Sr
p (%) 0.99 15 G PN 16.5

Organic Sulphur Sr
o (%) 1.44 15 G PN 16.5

The thermal insulation foil separated coal blocks and a mixture of perlit and the water
glass. The mixture of perlit and the water glass created isolation around the top and
sides of the coal blocks. The inner bottom part of the ex situ reactor was covered with
a mixture of sand and water glass. The top part of the isolation was reinforced with the
steel construction because of the prevention of the isolation fall after combustion of coal
blocks (see Figure 4c). The sibral plate was placed over the top part of the insulation. The
mixture of perlit and the water glass, the mixture of the sand and the water glass, and
sibral simulated the surrounding rock of the coal seam. The analysis shown in Figure 5
confirmed that whole coal blocks were burned.

2.2. The Second Experiment

The ex situ reactor was filled with a layer of coal cubes in a total weight of 472 kg
for this experiment. The same type of coal was used as in the first experiment, i.e., coal
composition is shown in Table 1. The coal seam model with the isolation around had a
similar shape as is shown in Figure 3, but the gasification channel had a diameter of 40 mm.
The coal blocks were cemented by a mixture of gudron, coal dust, and water (see Figure 6).

The thickness of the unburnt coal was different along the whole ex situ reactor length.
In the first meter, the thickness of the unburnt coal was about 3–4 cm, in the second meter,
it was around 4–6 cm (see Figure 7a), and in the third meter, it was about 6–8 cm at the
edges even more, up to 16 cm as is shown in Figure 7b. There was 66 kg of unburned coal
that is circa 14% from input coal.
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Figure 5. The coal blocks in the experimental generator after the gasification process (Source:
own elaboration.

Figure 6. The coal blocks cemented to each other by a mixture of gudron (Source: own elaboration).

Figure 7. The unburned layer of coal (a) in the second meter, (b) in the third meter (Source: own
elaboration).
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3. Regression Methodology

It is often necessary to take into account that one dependent variable y is affected by
several independent variables x1x2, . . . , xk [37]. We can write it in the following form:

y = β0 + β1x1 + β2x2 + . . . + βkxk + ε, (1)

where the regression parameter β j j = 1, 2, · · · , k, expresses the assumed change in the vari-
able y caused by the unit change of one independent variable xj, if the other independent
variables do not change; ε is a random error.

The least-squares method is most often used to estimate the regression parameters of
multiple linear regression models. The least-squares method requires n observations of
all considered independent variables xj j = 1, 2, . . . , k, i.e., xij i = 1, 2, . . . , n, [38]. We will
assume that the variables εi are uncorrelated random variables with zero mean value, and
constant variance. Then, Equation (1) can be written in a modified form using the data
from Table 2:

yi = β0 + β1xi1 + β2xi2 + · · ·+ βkxik + εi = β0 +
k

∑
j=1

β jxij + εi, for i = 1, 2, . . . , n (2)

Table 2. Data for multiple linear regression [38].

y x1 x2 . . . xk
y1 x11 x21 . . . x1k
y2 x21 x22 . . . x2k
...

...
...

...
yn xn1 xn2 . . . xnk

We can formulate the object function L for the least-squares method of the model (2)
in the form that ensures that the sum of squares of errors εi is minimized, i.e.,:

L =
n

∑
i=1

ε2
i =

n

∑
i=1

(
yi − β0 −

k

∑
j=1

β jxij

)2

(3)

The object function L must be minimized in respect of the parameters β0, β1, · · · βk. It
can be written in the form of equations:

∂L
∂β0

∣∣∣∣
β̂0,β̂1,...,β̂k

= −2
n

∑
i=1

(
yi − β̂0 −

k

∑
j=1

β̂ jxij

)
= 0

∂L
∂β j

∣∣∣∣∣
β̂0,β̂1,...,β̂k

= −2
n

∑
i=1

(
yi − β̂0 −

k

∑
j=1

β̂ jxij

)
xij = 0 j = 1, 2, . . . , k (4)

The least-squares normal equations are obtained by simplifying Equations (4) into the
form (5):

nβ̂0 + β̂1

n

∑
i=1

xi1 + β̂2

n

∑
i=1

xi2 + · · ·+ β̂k

n

∑
i=1

xik =
n

∑
i=1

yi, (5)

β̂0
n
∑

i=1
xi1 + β̂1

n
∑

i=1
x2

i1 + β̂2
n
∑

i=1
xi1xi2 + · · ·+ β̂k

n
∑

i=1
xi1xik =

n
∑

i=1
xi1yi

...
...

...
...

...

β̂0
n
∑

i=1
xik + β̂1

n
∑

i=1
xikxi1 + β̂2

n
∑

i=1
xikxi2 + · · ·+ β̂k

n
∑

i=1
x2

ik =
n
∑

i=1
xikyi

, (6)

Subsequently, estimates of regression parameters β0, β1, · · · βk are obtained by solving
these equations. It is appropriate to use matrix notation to simplify the solution of equations:

y = Xβ + ε (7)
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where

y =

⎡
⎢⎢⎢⎣

y1
y2
...

yn

⎤
⎥⎥⎥⎦, X =

⎡
⎢⎢⎢⎣

1 x11 x12 · · · x1k
1 x12 x22 · · · x2k
...

...
...

...
1 xn1 xn2 · · · xnk

⎤
⎥⎥⎥⎦, β =

⎡
⎢⎢⎢⎣

β0
β1
...

βk

⎤
⎥⎥⎥⎦ and ε =

⎡
⎢⎢⎢⎣

ε1
ε2
...

εk

⎤
⎥⎥⎥⎦, (8)

Then, the vector of regression coefficient β estimates is calculated as

β̂ =
(

XTX
)−1(

XTy
)

(9)

and it can be used in notation of a multiple regression model

ŷ = Xβ̂ (10)

or in the form

ŷi = β̂0 +
k

∑
j=1

β̂ jxij, i = 1, 2, . . . , n (11)

The difference between the actual value yi and the corresponding modeled value ŷi is
called the residual.

SST = SSR + SSE, (12)

Furthermore, it is necessary to verify the suitability of the proposed multiple regression
model. The first recommended test is a test to verify the existence of a linear regression
relationship between the dependent variable y and the selected independent variables. The
null hypothesis H0: β0 = β1 = β2 = · · · = βk = 0 will be tested against the alternative
hypothesis H1: Not all the βi, i = 1, 2, · · · , k are zero. The test will use analysis of variance,
the important calculations of which are shown in Table 3. The most important part of the
test procedure is the calculation of the three sums of squares in the following form:

n

∑
i=1

(yi − y)2 =
n

∑
i=1

(ŷi − y)2 +
n

∑
i=1

(yi − ŷi)
2, (13)

Table 3. Analysis of variance for significance of regression in multiple regression [38].

Source of Variation Sum of Squares Degrees of Freedom Mean Square F

Regression SSR k MSR = SSR/k F = MSR/MSE
Error or residual SSE n − (k + 1) MSE = SSE/(n − (k + 1))

Total SST n − 1

H0: β0 = β1 = β2 = · · · = βk = 0 We will not reject if the calculated value of the
test statistic F is less than the critical value Fα,k,n−k−1, or if the calculated P-value is greater
than the selected level of significance of the test α. If we do not reject the tested null
hypothesis, there is no assumed linear relationship between the independent variable y
and the considered independent variables xj j = 1, 2, · · · , k. To verify the significance of
individual independent variables, we can perform t-tests. The null hypothesis has a form
β j = 0 and is tested against the alternative hypothesis β j �= 0 for j = 1, 2, · · · , k. The test
statistic is calculated according to the formula:

t =
β̂ j√
σ̂2Cjj

, (14)
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Besides the estimated value of the coefficient β̂ j, we also use the values of a standard

error
√

σ̂2Cjj where Cjj are diagonal elements of the matrix
(
XTX

)−1. We reject the null
hypothesis if the value of the test statistic is greater than the critical value tα/2,n−k−1 or if
the p-value is less than the chosen level of significance α. Because we want to evaluate
the suitableness of a proposed multiple linear regression model, we use the mean square
error—MSE defined as:

MSE =
SSE

n − (k + 1)
, (15)

The lower the MSE values, the better the regression model expresses the measured
data. The same is true for the square root of MSE, which is called the standard error
of estimate and is marked s. Using the multiple coefficient of determination R2, we can
calculate the share of the variability of the dependent variable y, which is expressed by the
model, i.e., a combination of selected independent variables used in the regression model.
It can be written in the form:

R2 =
SSR
SST

= 1 − SSE
SST

, (16)

At best, it is equal to R2 = 1 or expressed in a percentage R2 = 100%. We can use the
adjusted multiple coefficient of determination R2

adj to consider the number of independent
variables in the proposed linear regression model. Thus, we take into account not only the
values of SSE and SST, but also the numbers of freedom degrees n − (k + 1) and (n − 1)
in this value calculation:

R2
adj = 1 −

SSE
n−(k+1)

SST
n−1

(17)

The comparison of the calculated values of R2 and R2
adj is also helpful from the point of

view of considerations about the inclusion of individual independent variables in the mul-
tiple linear regression model. If their values differ significantly after the inclusion of a new
variable, it is clear that the inclusion of this variable in the model is not necessary [39,40].

4. Results and Discussion

This chapter describes the proposal of multiple linear regression models for modeling
temperatures in the gasification channel and in the coal, which are differed from each
other in the number of independent variables considered. The coefficients of the proposed
models were calculated by using the measured experimental data from the first experiment
(see Section 2.1). Measured experimental data from the first experiment (i.e., the exhaust
fan motor frequency, the flow of air and oxygen, and calorific value) are shown in Figure 8.
Verification of the quality of the proposed models was performed on the measured data
from this experiment by calculation of multiple coefficients of determination and standard
error of the estimate. Furthermore, the change of experimental conditions was tested, i.e.,
the proposed models based on data of the first experiment were applied to the measured
data from the second experiment (see Section 2.2), which were obtained under different
conditions. Measured experimental data from the second experiment (i.e., the exhaust fan
motor frequency, the flow of air and oxygen, and calorific value) are shown in Figure 9.

4.1. The Proposal of a Multiple Linear Regression Model for the Channel’s and Coal’s Temperatures

In the first stage of the solution, the kind of independent variables was chosen for the
proposal of the temperature prediction model. These variables represent the measured
variables: frequency of the fan located behind the ex situ reactor (see Figure 2), airflow,
oxygen flow, syngas calorific value, temperatures measured in the channel and in coal.
The models for the individual dependent variables—channel temperatures (i.e., Tmod

j
j = 3, 4, · · · , 13) differed by the selected measured temperatures in order from the place
the coal seam ignition (i.e., gasification agent input) to the calculated temperature. For the
model of the dependent variable temperature Tmod

3 , only the temperatures T1, T2, T14, and
T15 were taken into account, but, e.g., for the temperature Tmod

12 , all previously measured
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channel temperatures T3 to T11 were included in the model. The results of the correlation
analysis (i.e., mainly calculations R2 and R2

adj coefficients) showed that temperatures
measured in coal (i.e., temperatures T16, T17, T18, T19, T20, T21) are insignificant independent
variables for the model proposal, and due to this reason, were excluded from the models.
The mathematical form of the proposed regression models for channel’s temperatures can
be written in general form, as follows:

Tmod
j = b0 +

7

∑
i=1

bi · xi +
i+j−3

∑
i=8

bi · xi, (18)

where: Tmod
j are modelled temperatures for j = 3, 4, · · · , 13 (◦C); x1 is frequency (Hz); x2 is

airflow (m3.h−1); x3 is oxygen (m3.h−1); x4 is calorific value (MJ.m−3); x5 is temperature
T1 (◦C); x6 is temperature T14 (◦C); x7 is temperature T15 (◦C); xi is temperature Ti−6 for
i = 8, 9, · · · , 18 (◦C).

Measured data from the first experiment were used to determine the coefficients
of multiple linear regression models. The calculations were performed in the Minitab
statistical software using the least-squares method. The calculated coefficients of regression
models for channel temperatures are shown in Table 4.

Figure 8. The measured data behaviors in the first experiment: (a) the exhaust fan motor frequency,
(b) the air and oxygen, and (c) the calorific value (Source: own elaboration).
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Figure 9. The measured data behaviors in the second experiment: (a) the exhaust fan motor frequency,
(b) the air and oxygen, and (c) the calorific value (Source: own elaboration).

Table 4. Coefficients of regression models for channel temperatures and values of a multiple coefficient of determination
and a standard error of the estimate (Source: own elaboration).

Coefficients Tmod
3 Tmod

4 Tmod
5 Tmod

6 Tmod
7 Tmod

8 Tmod
9 Tmod

10 Tmod
11 Tmod

12 Tmod
13

b0 122.473 67.662 38.014 15.472 4.003 96.044 −24.393 88.273 71.571 −17.614 −28.813
b1 −0.824 −0.287 0.352 0.519 0.314 −0.250 −0.002 1.218 0.038 −1.027 −0.109
b2 −1.821 1.339 1.141 −0.684 0.127 1.239 0.068 2.759 0.077 2.409 0.193
b3 8.895 8.739 2.781 −0.569 −1.390 2.237 0.042 4.450 −0.298 −2.911 −0.255
b4 1.617 −4.234 −0.241 −2.720 −0.051 4.504 0.143 0.369 −3.353 2.398 0.092
b5 −0.419 0.173 0.052 0.063 −0.056 −0.208 −0.011 −0.726 0.155 0.170 0.015
b6 0.210 −0.106 0.035 −0.052 0.117 0.038 0.001 0.403 −0.227 −0.187 −0.020
b7 0.174 −0.005 −0.099 −0.042 −0.022 −0.003 −0.002 0.128 0.026 −0.001 0.000
b8 0.936 −0.082 −0.055 0.279 −0.040 0.070 0.001 −0.146 0.197 0.030 0.006
b9 0.971 0.186 −0.140 −0.110 0.083 0.010 0.609 −0.365 −0.247 −0.023
b10 0.815 −0.315 0.211 −0.081 −0.002 1.067 0.096 0.053 0.002
b11 1.187 −0.428 0.079 −0.004 −0.763 −0.205 −0.028 0.012
b12 1.346 −0.092 −0.006 −0.553 0.494 −0.086 −0.023
b13 0.931 −0.944 −0.004 0.074 0.294 0.031
b14 1.944 0.644 −0.199 −0.135 −0.013
b15 0.303 0.441 −0.188 −0.012
b16 0.351 0.267 0.023
b17 0.981 −0.921
b18 1.912

s 44.053 28.864 19.316 14.350 11.790 19.647 6.139 30.922 18.581 14.395 6.182
R2 96.11% 98.04% 99.07% 99.50% 99.67% 98.91% 99.87% 96.48% 98.60% 98.23% 99.86%
R2

adj 96.10% 98.03% 99.06% 99.49% 99.67% 98.90% 99.87% 96.46% 98.59% 98.21% 99.86%
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Tests of the null hypothesis β0 = β1 = β2 = · · · = βk = 0 at the selected level of
significance 0.05 realized by Analysis of Variance for Significance of Regression in Multiple
Regression, we concluded for all proposed regression models by rejecting this hypothesis
and not rejecting the alternative hypothesis, H1: Not all the βi, i = 1, 2, · · · , k are zero, and
thus confirming the existence of a multiple linear relationship between the independent
variable and the dependent variables.

Table 4 shows that the influence of individual independent variables included in the
regression models for calculating channel temperatures is not unambiguous but varies in
terms of force (i.e., size of the coefficient) and terms of type (i.e., direct/indirect dependence).
The last three lines of Table 4 contain selected results of correlation analysis, namely
the standard error of estimate—s, the multiple coefficient of determination—R2 and the
adjusted multiple coefficient of determination—R2

adj.
The standard error of estimate—s for individual models ranges from 6.1390 to 44.0534,

which is an acceptable result due to the size of the measured temperatures used (i.e.,
maximal is circa 1200 ◦ C). Values of R2 and R2

adj, ranging from 96.11% (i.e., for T3) to
99.87% (i.e., for T9), clearly show that each of the proposed regression models represents
more than 96% of the variability of the dependent variable (i.e., channel temperature). Thus,
it can be stated that the proposed regression models are suitable for use. The behavior of
measured Tj and modelled Tmod

j temperature (i.e., for temperatures T3 and T9) is shown

in Figure 10. The difference between the calculated values R2 and R2
adj is minimal due to

the large number of data (i.e., n = 2846), and therefore only the value R2
adj is shown in the

following tables.

Figure 10. The measured (T) and modelled (T_MOD) temperature behavior, (a) temperature T3,
(b) temperature T9 (Source: own elaboration).

In the next phase, we focused on solving temperatures in coal, i.e., temperatures
T17 and T18. The proposed regression model included channel temperatures T1 to T7,
i.e., temperatures located from the ignition place of the coal seam to the cross-section
of the generator where the temperatures T17 and T18 were measured. The results of the
correlation analysis (i.e., values R2 and R2

adj) showed that temperatures measured in coal
(i.e., temperatures T16 and T19) located in the same section as modeled temperatures are
insignificant for the proposal of the model, and due to this reason were excluded from the

106



Energies 2021, 14, 5444

models. The mathematical form of the proposed regression models for temperatures T17
and T18 can be written in general form, as follows:

Tmod
j = b0 +

13

∑
i=1

bi · xi (19)

where: Tmod
j are modelled temperatures for j = 17, 18 (◦C); x1 is frequency (Hz); x2 is

airflow (m3.h−1); x3 is oxygen (m3.h−1); x4 is calorific value (MJ.m−3); x5 is temperature
T1 (◦C); x6 is temperature T14 (◦C); x7 is temperature T15 (◦C); xi is temperature Ti−6 for
i = 8, 9, · · · , 13 (◦C).

The calculated coefficients for individual models are shown in Table 5. The table shows
that the temperature T7 has the most significant influence on the modeled temperatures
Tmod

17 (see Figure 11a) and Tmod
18 (see Figure 11b) of all considered measured temperatures

(i.e., independent variables). The calorific value and airflow have a more significant effect
on the modelled temperature Tmod

18 , which can be caused by the non-uniform gasifying coal
along the right and left sides of the gasification channel.

Table 5. Coefficients of regression models for coal temperatures and values of multiple coefficient of
determination and standard error of the estimate (Source: own elaboration).

Coefficients Tmod
17 Tmod

18

b0 233.232 373.710
b1 1.119 −0.343
b2 −1.952 −9.548
b3 5.449 1.597
b4 −7.515 −20.216
b5 −0.957 −0.245
b6 0.467 −0.283
b7 0.098 −0.038
b8 0.035 0.301
b9 0.649 −0.091
b10 0.750 −0.345
b11 0.155 3.187
b12 0.539 1.082
b13 −1.286 −3.587

s 66.82 115.56
R2 86.00% 62.17%
R2

adj 85.94% 61.98%

Table 5 shows that the values of the standard error of estimate—s are higher (i.e.,
66.82 and 115.56), and at the same time, the values R2 (i.e., 86.00 and 62.17%) and R2

adj
(i.e., 62.17 and 61.98%) are lower than at the modeled channel temperatures. This result
indicates a worse prediction of coal temperatures by proposed regression models. A
significant difference can be seen between correlation characteristics for temperature T17
and T18, which also supports the previous conclusion about the non-uniform gasifying
coal along the sides of the gasification channel, i.e., the gasification process was faster
on the temperature T17 side. The difference in the velocity of gasifying coal was circa
6 h. The temperature of 600 ◦C was reached on the left side of the gasification channel
approximately at the 5th hour, while on the right side at the 11th hour. The difference of
the burning velocities can be caused by uniform leakage of gasification agent through the
upper edge of the ex situ reactor or by the fall of the overburden layers into the space of
the formed cavity.
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Figure 11. The measured (T) and modelled (T_MOD) temperature behavior, (a) temperature T17,
(b) temperature T18 (Source: own elaboration).

4.2. Coefficients Application of Multiple Linear Regression Models on Data from the
Second Experiment

Multiple linear regression models proposed for the data from the first experiment were
verified on the data from the second experiment. This experiment differed in the amount
of gasified coal (see Section 2.2) and the gasification time. Proposed regression models
were applied only to the measured data from the second experiment in the first phase
of verification. Modeled temperature values from the proposed regression models were
used to calculate temperatures depending on their values during the second verification
phase. For example, the modeled temperature T3 (i.e., Tmod

3 ) was used in the temperature
calculation T4, and then the modeled temperature values T3 (i.e., Tmod

13 ) and T4 (i.e., Tmod
4 )

were used to calculate the temperature T5, etc. The goal of this phase was to verify whether
it is possible to use only measured temperatures at the input to the ex situ reactor (i.e., T1,
T2, T14, and T15) to calculate temperatures in the gasified coal seam model (i.e., from T3
to T13, and T17 and T18). It was assumed that in a real gasified coal seam are not suitable
conditions for measuring temperatures along the length of this coal seam.

The graph shown in Figure 12 contains selected results of correlation analysis for
both phases, i.e., R2

adj1 values for the first phase and R2
adj2 values for the second phase.

Assuming that in the best case, the modeled values exactly match the observed values,
R2 = 1 or 100%, in the opposite case, i.e., if R2 = 0, modeled values do not correspond
to the measured values at all. The deviation between the measured and modeled values
in some cases was so large that R2

adj values were not within the specified range because
coefficients calculated from the measured values of the 1st experiment were applied to the
values of the 2nd experiment. Therefore, these values were replaced by 0% in the graph.
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Figure 12. Values R2
adj of proposed regression models for the first phase—R2

adj1 and the second

phase—R2
adj2 (Source: own elaboration).

The values of the multiple coefficient of determination for channel temperatures
at the first phase are significantly lower than their values in the first experiment and
differ significantly from each other. The maximum value of the multiple coefficient of
determination was reached at the measured temperature T8 (see Figure 13a). Thus, it
was possible to represent 87.17% of the variance of the original variable by its regression
model. The smallest value of the multiple coefficient of determination was reached for the
measured temperature T10 (see Figure 13b) when it was possible to represent only 9.97% of
the variance of the original variable.

It can be observed in Figure 14a,b differences in the progress of the burning coal on
the right and left sides of the ex situ. At the same time, it is possible to see that twice the
volume of coal in the ex situ reactor caused the application of the proposed models from
the first experiment for coal temperatures T17 and T18 shows more significant deviations
than for channel temperatures. The regression model of temperature T17 in the second
half-time of the experiment shows significantly lower deviations to the measured values
than in its first half-time (see Figure 14a).
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Figure 13. The measured (T) and modeled (T_MOD) temperature behavior, (a) temperature T8,
(b) temperature T10 (Source: own elaboration).

Figure 14. The measured (T) and modeled (T_MOD) temperature behavior in the first phase verifica-
tion, (a) temperature T17, (b) temperature T18 (Source: own elaboration).

The application of regression models using the modeled temperatures in the second
phase verification showed that multiple coefficients of determination are even lower than
for the first phase. The maximum value of 65.78% was obtained for temperature T6 (see
Figure 15a), and the minimum value of 7.73% was obtained for temperature T11 (see
Figure 15b). The zero values R2

adj for temperatures T10, T13, T17, and T18 indicate a low
agreement of measured and model values, i.e., the unsuitability of using the proposed
regression models obtained from the first experiment for modeling temperatures in the
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second experiment. The graphs of temperatures T17 (see Figure 16a) and for T18 (see
Figure 16b) are shown to a better visual representation.

Figure 15. The measured (T) and modeled (T_MOD) temperature behavior, (a) temperature T16,
(b) temperature T11 (Source: own elaboration).

Figure 16. The measured (T) and modeled (T_MOD) temperature behavior in the second phase
verification, (a) temperature T17, (b) temperature T18 (Source: own elaboration).

The conditions of the second experiment realization were different from the first
experiment’s conditions due to the volume of gasified coal and the insulating materials
used. Therefore, it was difficult to apply the proposed regression models based on data from
the first experiment for data from the second experiment. The use of modeled temperatures
in the second phase verification instead of those measured caused the deviations transfer
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of dependent variable values to the calculations of other temperatures. For this reason, we
focused on creating regression models with a lesser number of independent variables in
the next solution.

4.3. The Proposal of a Modified Multiple Linear Regression Model for the Channel’s and
Coal’s Temperatures

We tested several multiple linear regression models calculated based on the measured
values from the first experiment to optimize the number of independent variables. These
tests have differed from each other in the number of independent variables involved in
regression models. The most suitable type of regression model for modeling channel
temperatures T3 to T13 in terms of the minimum value of the multiple coefficient of deter-
mination proved to be a model including only two independent variables, namely calorific
value and temperature (e.g., T2 for T3 calculation, T3 for T4 calculation, etc.). The proposed
type of regression model can be written in the following form:

Tmod
j = b0 + b1 · x1 + b2 · x2 (20)

where: Tmod
j are modeled temperatures for j = 3, 4, · · · , 13 (◦C); x1 is calorific value

(MJ.m−3); x2 is temperature Tj−1 (◦C).
The calculated coefficients for individual regression models of modelled channel

temperatures and selected correlation characteristics (i.e., s and R2
adj) are shown in Table 6.

The effect of calorific value expressed by the individual calculated coefficients b1 is predom-
inantly indirect because the calculated coefficients have mostly negative signs. The effect
of temperature is always direct, which can be seen in the positive values of the calculated
coefficients b2.

Table 6. Coefficients of modified regression models for channel temperatures and values of a multiple
coefficient of determination and a standard error of the estimate (Source: own elaboration).

Predicted Temperature b0 b1 b2 s R2
adj

Tmod
3 106.564 −2.890 0.855 64.625 91.60%

Tmod
4 107.575 −4.334 0.918 34.127 97.20%

Tmod
5 46.542 0.153 0.962 24.200 98.50%

Tmod
6 1.378 1.952 0.998 28.016 98.10%

Tmod
7 −3.909 0.799 1.011 16.123 99.40%

Tmod
8 105.407 −3.932 0.912 27.346 97.90%

Tmod
9 70.103 −5.691 0.928 29.542 97.10%

Tmod
10 39.156 −2.646 0.944 17.296 98.90%

Tmod
11 31.217 −3.239 0.953 18.223 98.60%

Tmod
12 4.998 −5.582 0.993 33.147 95.60%

Tmod
13 −25.378 −6.724 1.039 32.607 96.10%

Tests of the null hypothesis β0 = β1 = β2 = · · · = βk = 0 at the selected level of
significance 0.05 realized by Analysis of Variance for Significance of Regression in Multiple
Regression, we concluded for all proposed regression models by rejecting this hypothesis
and not rejecting the alternative hypothesis, H1: Not all the βi, i = 1, 2, · · · , k are zero, and
thus confirming the existence of a multiple linear relationship between the independent
variable and the dependent variables.

The standard error of estimate—s for individual models ranges from 17.296 to 34.127,
only for temperature T3 is higher (i.e., 64.625). It is an acceptable result due to the size of the
measured temperatures (i.e., maximal is circa 1200 ◦C). Values of R2

adj, ranging from 91.60%
(i.e., for temperature T3) to 99.40% (i.e., for temperature T7), clearly show that each of the
proposed regression models represents more than 91% of the variability of the dependent
variable (i.e., channel temperature). Thus, it can be stated that the proposed regression

112



Energies 2021, 14, 5444

models are suitable for use. The behavior of measured Tj and modeled Tmod
j temperature

(i.e., for temperatures T3 and T7) is shown in Figure 17a,b.

Figure 17. The measured (T) and modeled (T_MOD) temperature behavior, (a) temperature T3,
(b) temperature T7 (Source: own elaboration).

After analyzing several variants of the solution, a model for temperatures in coal (i.e.,
for temperatures T17 and T18) was proposed. This model includes four independent vari-
ables, i.e., calorific value, channel temperature T7 and temperatures T16 and T19 measured
in the insulation layer at the edges of the ex situ reactor. The solution was based on the
assumption of measuring temperatures in the surrounding rocks of the gasified coal seam.
The proposed model can be written in the following form:

Tmod
j = b0 + b1 · x1 + b2 · x2 + b3 · x3 + b4 · x4, (21)

where: Tmod
j are modelled temperatures for j = 17, 18 (◦C); x1 is calorific value (MJ.m−3);

x2 is temperature T7 (◦C); x3 is temperature T16; x4 is temperature T19 (◦C).
The calculated coefficients for individual regression models of modeled coal tem-

peratures and selected correlation characteristics (i.e., s and R2
adj) are shown in Table 7.

The modified regression model of temperature T17 (see Figure 18a) worse represents mea-
sured temperature T17 in the first 10 h of the experiment while compared to the regression
model results shown in Figure 11a. This conclusion is also confirmed by the reduction of
R2

adj values from 85.94 to 71.48%. The modified regression model of temperature T18 (see
Figure 18b) better represents measured temperature T18 during the experiment than the
regression model shown in Figure 11b. Proof that this is an increase in R2

adj values from
61.98 to 95.65%.

Table 7. Coefficients of modified regression models for coal temperatures and values of a multiple
coefficient of determination and a standard error of the estimate (Source: own elaboration).

Predicted Temperature b0 b1 b2 b3 b4 s R2
adj

Tmod
17 −87.233 0.110 0.543 0.414 0.156 95.179 71.48%

Tmod
18 9.627 12.987 −0.031 0.466 0.533 39.866 95.65%
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Figure 18. The measured (T) and modeled (T_MOD) temperature behavior by using modified
regression models, (a) temperature T17, (b) temperature T18 (Source: own elaboration).

4.4. Coefficients Application of Modified Multiple Linear Regression Models on Data from the
Second Experiment

The modified multiple linear regression models proposed for the data from the first
experiment were verified on the data from the second experiment similarly as in the case
of the verification of regression models described in Section 4.2. Two phases were used
in the verification, similar to the previous cases. At first, the calculations were performed
only with the measured data and subsequently also with calculated. Selected results of the
correlation analysis—R2

adj values for all modeled temperatures are shown in Figure 19.

The first verification phase’s multiple coefficient of determination values R2
adj1 were

in a range from 77.15% (i.e., temperature T13) to 94.99% (i.e., temperature T3) for channel
temperatures calculated only from the measured temperatures. It is possible to observe a
decreasing trend of these values towards the ex situ reactor output based on these values.
The behavior of measured and modelled temperatures T3 and T13 is shown in Figure 20a,b.

It is visible a significant improvement in the representation of measured coal tempera-
tures by modeled coal temperatures in compared temperature behaviors in Figure 21a,b
with temperature behaviors in Figure 14a,b. This result is also confirmed by the achieved
values R2

adj1, i.e., 48.936% for temperature T17 and 48.471% for temperature T18 (see
Figure 19).

The second verification phase’s multiple coefficient of determination values R2
adj2 were

in a range from 8.54% (i.e., temperature T9) to 83.08% (i.e., temperature T4) for channel
temperatures calculated from the modeled temperatures. It is possible to observe a decrease
in these values towards the ex situ reactor output based on these values. This decrease
is due to reducing the number of independent variables, i.e., by minimization of the
transmitted calculation error. We can state that the applicability of the proposed models
is sufficient for temperatures T4 to T6 by observing the values of R2

adj2 for temperatures
measured in the gasification channel. The behavior of measured and modeled temperatures
T4 and T9 is shown in Figure 22a,b.
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Figure 19. Values R2
adj of modified regression models for the first phase—R2

adj1 and the second

phase—R2
adj2 (Source: own elaboration).

Figure 20. The measured (T) and modeled (T_MOD) temperature behavior, (a) temperature T3, (b)
temperature T13 (Source: own elaboration).
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Figure 21. The measured (T) and modeled (T_MOD) temperature behavior in the first phase ver-
ification by using modified regression models, (a) temperature T17, (b) temperature T18 (Source:
own elaboration).

Figure 22. The measured (T) and modeled (T_MOD) temperature behavior, (a) temperature T4, (b)
temperature T9 (Source: own elaboration).

Results showed a significant improvement in the representation of measured values
by modeled values at comparison modeled coal temperatures showed in Figure 23a,b to
modeled coal temperatures showed in Figure 16a,b. It is confirmed by the achieved values
R2

adj2 = 46.03% for temperature T17 and 48.19% for temperature T18. The achieved values

of R2
adj in the first and second phases have differed only minimally, i.e., the replacement

measured values by calculated values did not reduce the expression quality of the depen-
dent variable variance (i.e., temperature T17 or T18). Reach values R2

adj, around 50%, are
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low in terms of the suitability of these models. We can say that the deviations between the
measured and modelled values of the dependent variables T17 and T18 are significantly
lower from the 45th hour of the experiment. Deviations of these temperatures in the first
half of the experiment cause small values of R2

adj2 (see Figure 23a,b). The similarity of
temperature behaviors between Figures 21b and 23b is caused by lower value regression
coefficient b2 (i.e., −0.031). This coefficient lower value reduces the effect of the temper-
ature T7 (i.e., measured in the first phase verification and modelled in the second phase
verification, at the temperature T18 calculation) on the temperature T18.

Figure 23. The measured (T) and modeled (T_MOD) temperature behavior in the second phase
verification by using modified regression models, (a) temperature T17, (b) temperature T18 (Source:
own elaboration).

The average calorific value for the first experiment was 1.155 and for the second
experiment was 0.657. Thus, we can say that the influence of calorific value on the modeled
coal temperatures T17 and T18 was reduced by almost half in the second experiment. The
calorific value reduction causes significant differences between the measured and modeled
temperatures, especially if the temperatures are above 600 ◦C. Syngas with the desired
composition and calorific value can be produced (i.e., the transformation of coal into gas
occurs) due to this temperature.

5. Conclusions

This described research aimed to propose regression models for modeling temper-
atures in the gasification channels and the coal seam gasified in the ex situ reactor. The
proposed models were to contribute to developing a methodology for predicting tem-
peratures in a gasified coal seam. Improving the prediction of these temperatures with
higher accuracy makes it possible to identify places in the coal seam where coal to gas is
transformed and the underground cavity is formed. The prediction of coal seam tempera-
tures would also allow the development of methods to control the UCG process based on
modeled temperatures in the coal seam.

Two experiments were performed for the proposal and verification of regression
models. These experiments were differed by the volume of gasified coal and thus also in
the duration of the experiment. The proposal of regression coefficients was performed on
the data from the first experiment, but the verification of the proposed regression models
was performed mainly on the data from the second experiment. The ability to use the
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created regression models to predict temperatures in the UCG process realized under
approximately the same geological conditions, e.g., the same structure of the coal seam
with the surrounding rocks, was tested. The coal model (i.e., placement of coal blocks and
isolation layers) in the second experiment had the same structure as the coal model of the
first experiment, where the difference was the amount of gasified coal. This coal amount
affected the experiment duration, the amount of gasification agent used, and the output
data obtained from the experiment.

The quality of the models was assessed by calculating the multiple coefficient of
determination and the standard error of the estimate. In the first stage of the research, two
model structures were proposed, i.e., multiple linear regression models for channel and
coal temperatures. A more number of independent variables influencing the gasification
process were considered in the first solution. The multiple coefficient of determination of
the proposed regression models for channel temperatures expressed more than 96% and
for coal temperatures more than 61% of the variability of the dependent variable. This
solution proved to be less efficient in verifying proposed models on the data from the
second experiment because it was influenced by the transmission of the error from all
independent variables. The multiple coefficient of determination was ranged from 9.97 to
87.17% for channel temperatures and for coal temperatures was outside its specified range
when was verified on directly measured data. Verification using also modeled temperatures
showed a very low similarity between the measured and modeled temperatures.

The structure of the independent variables was optimized, and subsequently, final
regression models were created under their significantly smaller number. The multiple
coefficient of determination of the proposed regression models for channel temperatures
expressed more than 91% and for coal temperatures more than 71% of the variability of
the dependent variable. Verification of the data from the second experiment confirmed the
correctness of reducing the number of independently variables by increasing its values.
The stability of the coal temperatures modeling was not affected by the transition from
measured to modeled data at their calculation because the value of the multiple coefficient
of determination decreased only minimally (i.e., for temperature T17 from 48.94 to 46.03%
and temperature T18 from 48.47 to 48.19%). The results indicated the possibility of using the
proposed model of channel temperatures for the first half of the generator. The prediction
of coal temperatures showed a 50% similarity of measured and modeled values, i.e., use
the model only on data in the second half time of the experiment. This result was caused by
lower values of the measured calorific value of syngas, mainly at the internal temperature
T18, when the regression model contained a higher value of the regression coefficient b1.
The calorific value could be influenced by the suction air at the outlet of the ex situ reactor,
where a fan was placed on improving the control of the UCG process.

Low similarities of measured and modeled temperatures and thus the low quality of
the proposed regression models could be caused by leaks of gasification agent through ex
situ reactor cracks. We can say that there are still many options for the development of
regression models for temperature prediction in the gasified coal seam, for example:

− improving the experimental process for data collection, e.g., by reducing to a minimum
respectively by removing gasification agent leaks during the experiment, continuous
measurement of gas composition and calorific value along the length of the ex situ
reactor, etc.

− including dimensionless numbers in the regression models proposal for their applica-
tion under various conditions, e.g., the Fourier number as a dimensionless time

− determination of relevant independent variables for modeling temperatures in specific
places of the coal seam by extended regression analysis
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Abstract: Underground coal gasification (UCG) technology converts deep coal resources into synthe-
sis gas for use in the production of electricity, fuels and chemicals. This study provides an overview
of the systematic methods of the in situ coal gasification process. Furthermore, the model of the
porous structure of coal has been presented and the gas movement taking place in the carbon matrix—
which is part of the bed—has been described. The experimental tests were carried out with the
use of air forced through the nozzle in the form of a gas stream spreading in many directions in
a porous bed under bubbling conditions. The gas flow resistance coefficient was determined as a
function of the Reynolds number in relation to the diameter of the gas flow nozzle. The proprietary
calculation model was compared to the models of many researchers, indicating a characteristic trend
of a decrease in the gas flow resistance coefficient with an increase in Reynolds number. The novelty
of the study is the determination of the permeability characteristics of char (carbonizate) in situ in
relation to melted waste rock in situ, taking into account the tortuosity and gas permeability factors
for an irregularly shaped solid.

Keywords: underground coal gasification; georeactor; char; melted waste rock; gas permeability;
tortuosity; porosity

1. Introduction

In situ thermal coal processing technology is currently a significant alternative to tra-
ditional coal gasification technologies in various aspects, both technical and technological.
The in situ processing takes place in a natural deposit, which does not require the use
of highly expensive and energy-consuming technological installations. Furthermore, as
an UCG (underground coal gasification) process, it has the potential to obtain processed
gas, related only to the scale of thermal gasification of the coal deposit. In both cases,
the technology of in situ processing brings with it great production possibilities, also in
the aspect of environmental protection and increasingly determined by unconventional
techniques of processing minerals for energy purposes. The great advantage of UCG tech-
nology is that under the conditions of underground coal processing, all possible processes
and reduction stages (obtaining syngas) are dealt with in one place and one bed, during
which, after partial or complete gasification of the bed, a porous material in the form of a
char is formed [1–3].

1.1. Systematics of Method of Gasification Process of Coal In Situ

It is possible to perform in-depth (30–200 m) processing, applying underground coal
gasification (UCG) technology at a length of about 100 m (Table 1) [4].

In UCG technology, in fields excluded or for the farthest exploitation of uneconomic
use, this method is applicable for the utilization of the most common shaft, excavations and
mining pavements. Shallow boards applied in the case of this technique are streamlined
(shallow deposits), opened or blind (on average shallow; Figure 1).

Energies 2021, 14, 4462. https://doi.org/10.3390/en14154462 https://www.mdpi.com/journal/energies121
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Table 1. Techniques for technology of processing coal in situ [4]. Reproduced from [4], the publisher: AGH University of
Science and Technology 2012.

Underground Coal Gasification

Method of processing Process holes Channel Technique
Injective
(inflow)

Productive
(outflow) Conective

Shaft

Vertical Horizontal
StreamlineVertical Drooping Point

Horizontal Horizontal
Vertical

Open
Horizontal Blind

Un-shaft
Directional Vertical Pointing CRIP (I)

Vertical Vertical
(ignition) Vertical Horizontal CRIP (II)

“Knife edge”

 
 

(a) (b) 

  

(c) (d) 

Figure 1. UCG shaft method: (a) streamlined, (b) open, (c) blind, (d) legend, acc. to [5]. Reproduced from [5], the publisher:
Springer Nature Switzerland AG. 2011.

In this technology, a mixture of water, steam and air is pressed with a hole injection,
below which gassification of the zone has been initiated. A receipt of raw gas follows
on (step) from the contrarily placed productive hole. The georeactor is iniated in the
course of this enduring process of freezing, which leads the geochamber in a result of the
revolt cavern.

Performed analysis of the foundation of this technology indicates UCG technology,
in that the shaft method presents the potential for coal seams which have not yet been
exhausted in mines. An innovative project of the European Coal and Steel Community
under the title “HUGE” (Hydrogen-oriented underground coal gasification for Europe) [6]
is being fulfilled in Poland by the Main Institute of the Mining. The purpose of the project
is the conduct of research over hydrogen production technology on underground coal
gasification. Project “HUGE I” was brought to completion in the years 2007–2010. In
carrying experimental research in the surface reactor ex situ [7], it conditions the processes
in coal block gasification—Figure 2. It carries an attempt on a semi-technical scale in
the Experimental Mine “Barbara”—in a coalfield, at a depth of 30 m at seam 310 (testing
time of 16 days). The project “HUGE II” was completed in 2015, which includes struc-
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tures of piloting installation localized in conditions in the coal mine stone mining seam
501 “Wieczorek”.

  
(a) (b) 

Figure 2. Experiment of the gasification coal: (a) reactor ex situ, (b) block of the hard bituminous
coal, [6]. Reproduced from [6], the publisher: Publications Office of the European Union2012.

Next was the un-shaft method on the so-called CRIP technique (Controlled Retractable
Injection Point). It takes advantage of the direction of boreholes in generation I in Figure 3a.
This method presently developed into generation II of the step, of which characteristic
features are presented in Figure 3b. It is an additional (third) hole example of injection-
ignition in the process for the characteristic revolt of phenomenon underground gasification.
It is described as “knife edge”, which causes the efficient conversion of coal along with raw
gas in front of the withdrawing fire [8].

  
(a) (b) 

Figure 3. CRIP un-shaft method: (a) I—th generation, (b) II—second generation “Knife Edge”, (own elaboration).

Numerous international experiences take advantage of the indicating methods of
fabricating, within a range, the possession of underground coal gasification for commercial
projects, for methods of producing syngas (Figure 4) [9]. However, arbitrated choice is a
compound question under UCG process technology; it benefits to take into consideration
the basic criteria of maximum energy proficiency within range.

Although it is possible to achieve the top depth of the field, at 2000 m it is possible to
reach the top of this depth, along with creating, in this case, an exploitation field diameter
of about 4000 m as in Complex Energy Extraction technology for Coal (CEEC) [8].

This technology takes advantage of the so-called Jet-Stinger (J-S) technique in opera-
tion with the method-based “Super Daisy Shaft” (SDS)—Figure 5. In essence, the system
presents an armed main mineshaft SDS, in which, tube type direction boreholes are exe-
cuted through the field under pressure drived in 8.1 MPa. Multiplicity of all of the system
of a pipeline relies on a (J-S) concentric, with at least three tubes in the tube matching to
create a“pipe in the pipe”.
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(a)  (b) (c) 

Figure 4. UCG trial: (a) Rocky Mountainn, Wyoming (USA), (b) Chinchila (Australia), (c) El Tremedal (Spain), [9].
Reproduced from [9], the publisher: CREATIVETIME 2012.

Figure 5. Method SDS of processing in georeactor, [10]. Reproduced from [10], the publisher:
Poligraf 2011.

System multifunctionality of the pipe of the type (J-S) is shown in Figure 6. Among
others it is related with, this is made possible through the induction of detonation propy-
lants with a seismic wave. The agent performs the oxidizing injection to process coal, and
to perform the pre-gasification and hydrogenation of the deposit. Moreover, the functional
CO2 sequestration, in receipt of procedural products, contains geothermal sources coming
from liquid products which have a processing, as well as an overcrowding material to give
a leg up for the filling-incurred cavern [10].

 

Figure 6. Part of the cycle of processing in SDS georeactor system, [10]. Reproduced from [10], the
publisher: Poligraf 2011.
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A technical foundation is presented for the described methods of underground coal
gasification and decides the manner of translation of the process. However, they indicate
the same range of application of UCG or CEEC technology. Utalitarian features of these
technologies present big capabilities for practical application and for purposes of under-
ground natural conversions of fuels, and for the considerable process range of raw gas.

1.2. Gas Movement in a Porous Structure

In this case, the hydrodynamic phenomena of the flow depend highly significantly
on the pore structure as well as the forces and mechanisms causing the gas flow. As an
example (Figure 7), following Seewald end Klein [11], it is possible to point to a diagram of
the porous structure of carbon with the designation of the expected process mechanisms.
In this case, the gas movement takes place in twisted and complicated microchannels—also
in a system of interconnected channels with a different geometry. Filtration transport in
a macropore system in such a structure [12] is associated with a significant modification
of the pore pressure, which determines the course of diffusion in such a porous medium.
In in situ conditions, the influence of external pressure (rock mass) and gas pressure may
change the pore structure of the deposit. This is due to the fact that carbon can be treated
as a biporous system, i.e., as microporous areas compressed by the high pressure of pore
fluids (CO2, CH4, H2O). As a consequence, the geometry of the macropores may change,
or the macropores may become narrower due to the adsorption-absorption phenomena.
Moreover, the structure of the medium significantly affects the permeability of the bed [11].

Figure 7. Model of the porous structure of coal according to Seewald, acc. to [11]. Reproduced
from [11], the publisher: Gluckauf Forsch 1985.

The gas in a porous medium, due to the degree of its connection with the medium, can
be divided into free gas (filling pores and crevices) and gas associated with the medium
through sorption processes. Topolnicki et al. [12] state that from the physical point of view,
a porous medium with submicro-, micro-, meso- and macropores can be treated as a sorbent
with a structure in which the share of meso- and macropore surfaces is small. The porous
bed system in which the gas flow takes place may be compact, uniform and containing
fractures and fractures for which the permeability increases. Gas as a compressible medium
occupies a volume dependent on pressure, and there is an equilibrium in the decompressed
or disturbed seams. In an intact bed, free gas and adsorbed gas remain in equilibrium,
while the violation of this equilibrium leads to the activation of gas filtration transport,
mainly along the macropores. The outflow of gas from the fracture-porous medium reduces
the pressure in the bed and is characterized by a specific bed permeability coefficient.

Several studies focused on in the fractured porous systems, the type of porosity
systems is of significant importance for the gas flow in the porous structure [13–16]. The
solutions proposed by the authors of these works are based on the following assumptions:
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(1) For a single porous structure, the calculations are based on models of cylindrical capillaries:

– Burdini—one capillary of equal radius;
– Mualema—two bound capillaries with different radii;
– The specific shape of the capillary in which the skin effect occurs.

(2) A double structure, in which there is a dominant gas flow through a porous matrix
and fractures with negligible permeability.

(3) A multiple structure, in which a transient is created in the process of gas flow from
the porous matrix to the fractures; these states determine the nature of the flow over
relatively long periods of time (years).

In fact, gas flow in a coal seam occurs in a much more complex form that binds
all of the above mechanisms together. This is due to the fact that in the process of gas
release and flow in a fractured porous medium, the following phases of pressure reduction,
desorption, diffusion and slotted flow can be distinguished. The phenomena of desorption
and filtration are closely related in the mechanical and energetic sense [11]. The gas flow
rate may also be determined by the desorption rate, independent of the permeability
through the bed [17], for example, in Figure 8, the gas movement patterns resulting from
the so-called rock matrix [18].

Figure 8. Models of gas movement in a fractured porous medium, acc. to [18]. Reproduced from [18], the publisher: Elsevier
Science 1988.

Gas transport mechanisms that can only occur under specific pore geometry and
under specific thermodynamic conditions are presented in Wyrwał [19].

This author distinguishes the movement of fluid in the bed according to the flow:

– Subcapillary—movement takes place only at increased temperature and pressure;
– Capillary—movement occurs under the influence of capillary forces and surface

tension;
– Hypercapillary—motion according to the general laws of hydraulics and under the

action of gravity.

On the other hand, Werner and Gertis [20] distinguish forms of transport as follows:

– Laminar flow occurs when the collisions of molecules occur in frequently changing
capillary radii;

– Diffusion—occurs as a process of self-mixing of gas particles until full equalization;
– Knudsen transport—defined as the number of collisions of a molecule with the pore

walls, related to the number of mutual collisions between molecules [21].

Considering the importance of coal porosity on syngas formation, the porosity and
permeability of various ranks of coal seam with the coal bed methane (CBM) potential
have been investigated widely [22–27].

In the literature, you can find a description of the fluid flow process in cylindrical
capillaries, but the occurring phenomenon cannot be presented in the form of an unam-
biguous mathematical description. The main reason is the significant differentiation of the
geometry and its variability in the longitudinal shape of individual pores, cross-section,
connections between individual channels participating in the gas flow, etc.
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Presented is a review of systematic methods of the coal gasification process in situ,
thanks to which, concepts and tendencies for the use of unconventional clean energy
technologies are determined. Such activities are aimed at rationalizing the use of fuels
characterized by a model of porous-structure coal. An attempt was made to describe the
gas movement taking place in the carbon matrix, which is part of the deposit.

Quite often, theoretical considerations of gas flow through a porous medium are based
on models of flow through straight-axis channels (capillaries), flow laws—e.g., Poiseuille—
and indications of flow resistance, often with some simplifying assumptions. In each case,
however, these models are based on the quantities describing the physical properties of the
porous medium. These include, among others, parameters such as: the shape of the pores,
their size, interconnections, porosity of the system, both real and effective, characterizing
the permeability of the porous bed.

With regard to the porous structure of coal and its chars considered in this study, the
additional complexity of hydrodynamics results from the fact that the chars are skeletal
structures, and therefore they are compact and in no way loosened during the increase in
pressure in the system.

An original model of the total gas flow resistance through a porous medium was
proposed, which takes into account the bed parameter related to the gas permeability
coefficient and porosity.

1.3. Scope and Research Methodology

The aim of the research was to evaluate the gas permeability of materials with an
irregular, fractured porous structure. The experimental tests were carried out with the use
of air forced through the nozzle in the form of a gas stream spreading in many directions in a
porous bed under bubbling conditions. The gas flow resistance coefficient was determined
as a function of the Reynolds number, depending on the diameter of the gas flow nozzle.
The total value of the gas permeability coefficient was determined experimentally, taking
into account the authors’ own model of the gas permeability coefficient and with the use of
auxiliary functions in the context of tortuosity and porosity. As a consequence, the gas flow
resistance coefficient as a function of the Reynolds number was determined for porous
skeletal materials with bed velocity.

2. Materials and Methods

The study was based on various types of frame structures derived from UCG technol-
ogy. Char (carbonizate) in situ—Figure 9a, and melted waste rock in situ—Figure 9b, was
created as a result of thermal processing of hard coal in the deposit and comes from the
“Barbara” Experimental Mine in Mikołów, Poland.

Research Position

The research was conducted on the laboratory position, as can be seen in Figure 10,
the essential element of which was a vessel used to assess the phenomenon of aeration
through a porous char material—Figure 11. The stand has been equipped with a rotameter
for measuring the gas stream and a pressure-melted waste rock. The reference pressure
related to the aeration process was determined with a reducer in the range (0.1–0.4) MPa.

Figure 11 shows the applied system of powering the sample for the free flow of gas
(with emphasizing agreed parameters) and illustrates the flow of gas in these conditions.

The shape of the sample of this type along with the visible additive tube (see pho-
tographs) is showed in Figure 11—images refer to the volume sample of char (indefinable
shape). The connection of the nozzle with the porous material is made through a hole, and
then a special glue (binder) is applied—Figure 12.
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(a) 

 
(b) 

Figure 9. Research material samples: (a) char (carbonizate) in situ, (b) melted waste rock in situ (Photography by Grze-
gorz Wałowski).
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Figure 10. Scheme of the measuring system for testing the permeability of a porous material in bubble conditions (own
elaboration): 1—porous material (sample), 2—differential pressure manometer, 3—rotameter (3 and bubble flow meter),
4—pressure reducers, 5—control valve, P—pressure gauge, T—thermometer.

  
(a) (b) 

Figure 11. Flow of gas in bubbling conditions (Photo by Grzegorz Wałowski): (a) char (carbonizer)
I-1; (b) melted waste rock V-3.

Figure 12. Volumetric sample feed system (own elaboration).
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3. Results and Discussion

3.1. Results of Porosity and Gas Permeability

In quantification, the following parameters were assessed: porosity, porosity index and
density—Table 2, permeability as a measure of pressure drop and a surrogate coefficient
of flow resistance. Regardless of the measurement of the aeration flow, the permeability
and the equivalent flow resistance coefficient were determined on the basis of the pressure
drop across the bed of porous material. The determined parameters for the tested materials
(samples) are presented in Table 3.

Table 2. Characteristics of the research material (own elaboration).

Material
(Designation and Source
Origin of Raw Material)

Porosity Indicator
Porosity

Density

Absolute Effective Apparent Skeleton

Name No. Sample
εb,
%

εef,
%

e
ρa,

kg/m3
ρs,

kg/m3

char (carbonizer)
in situ

KD Barbara, Mikolow

I-1 42.2 21.1–33.7 0.7 1300
2250I-2 44.9 22.5–35.9 0.8 1239

I-3 33.9 17.0–27.1 0.5 1487
I-average 40.3 20.2–32.2 0.7 1342 2250

melted waste rock in situ
KD Barbara, Mikolow

V-1 15.4 7.7–12.3 0.2 1438.4
1700V-2 36.4 18.2–29.1 0.6 1080.8

V-3 42.8 21.4–34.2 0.7 973.0
V-average 31.5 15.8–25.2 0.5 1164.1 1700

Table 3. Test results in conditions: air, 21.7 ◦C (own elaboration).

Research Material: Char (Carbonizer) in Itu KD Barbara, Mikolow
No. Sample: I-1

No.
Reference
Pressure
Pre, MPa

Gas Stream
Qg·103, m3/s

Resistance Flow
Measured ΔPzm,

kPa
No.

Reference
Pressure
Pre, MPa

Gas Stream
Qg·103, m3/s

Resistance Flow
Measured ΔPzm,

kPa

1 0.1 0.161 10.241 26 0.3 0.161 9.709
2 0.1 0.182 11.305 27 0.3 0.182 11.305
3 0.1 0.196 12.901 28 0.3 0.217 16.625
4 0.1 0.203 13.832 29 0.3 0.238 20.482
5 0.1 0.217 16.625 30 0.3 0.259 23.940
6 0.1 0.231 17.955 31 0.3 0.287 29.393
7 0.1 0.238 20.615 32 0.3 0.315 33.516
8 0.1 0.266 23.940 33 0.3 0.350 44.023
9 0.1 0.280 27.265 34 0.3 0.371 51.205
10 0.1 0.301 29.925 35 0.3 - -
11 0.1 0.329 37.905 36 0.3 - -
12 0.1 0.350 42.826 37 0.3 - -
13 0.1 0.371 49.210 38 0.3 - -
14 0.2 0.161 9.75 39 0.4 0.161 10.640
15 0.2 0.189 12.635 40 0.4 0.196 12.768
16 0.2 0.210 15.295 41 0.4 0.231 19.285
17 0.2 0.231 19.285 42 0.4 0.266 24.206
18 0.2 0.252 23.275 43 0.4 0.301 31.255
19 0.2 0.280 26.999 44 0.4 0.336 39.900
20 0.2 0.301 31.255 45 0.4 0.350 43.624
21 0.2 0.322 36.176 46 0.4 0.371 51.205
22 0.2 0.336 38.969 47 0.4 - -
23 0.2 0.343 42.826 48 0.4 - -
24 0.2 0.371 49.476 49 0.4 - -
25 0.2 0.392 53.466 50 0.4 - -
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Table 3. Cont.

Research material: Char (carbonizer) in situ KD Barbara, Mikolow
No. Sample: I-2

No.
Reference
Pressure
Pre, MPa

Gas Stream
Qg·103, m3/s

Resistance Flow
Measured ΔPzm,

kPa
No.

Reference
Pressure
Pre, MPa

Gas Stream
Qg·103, m3/s

Resistance Flow
Measured ΔPzm,

kPa

1 0.1 0.161 7.448 26 0.3 0.378 28.196
2 0.1 0.182 7.315 27 0.3 0.427 30.324
3 0.1 0.196 8.512 28 0.3 0.539 46.683
4 0.1 0.231 11.305 29 0.3 0.553 49.210
5 0.1 0.252 12.236 30 0.3 0.637 66.633
6 0.1 0.266 13.965 31 0.3 0.686 85.386
7 0.1 0.301 15.960 32 0.3 - -
8 0.1 0.322 17.955 33 0.3 - -
9 0.1 0.357 20.349 34 0.3 - -
10 0.1 0.385 24.472 35 0.3 - -
11 0.1 0.427 31.654 36 0.3 - -
12 0.1 - - 37 0.3 - -
13 0.1 - - 38 0.3 - -
14 0.2 0.161 6.916 39 0.4 0.532 45.486
15 0.2 0.196 8.246 40 0.4 0.637 67.830
16 0.2 0.231 9.975 41 0.4 0.651 73.283
17 0.2 0.252 12.236 42 0.4 0.728 99.085
18 0.2 0.280 13.965 43 0.4 0.763 114.513
19 0.2 0.308 16.226 44 0.4 - -
20 0.2 0.336 19.285 45 0.4 - -
21 0.2 0.357 20.881 46 0.4 - -
22 0.2 0.385 24.605 47 0.4 - -
23 0.2 0.413 28.595 48 0.4 - -
24 0.2 0.490 39.900 49 0.4 - -
25 0.2 0.553 49.343 50 0.4 - -

Research material: Char (carbonizer) in situ KD Barbara, Mikolow
No. Sample: I-3

No.
Reference
Pressure
Pre, MPa

Gas Stream
Qg·103, m3/s

Resistance Flow
Measured ΔPzm,

kPa
No.

Reference
Pressure
Pre, MPa

Gas Stream
Qg·103, m3/s

Resistance Flow
Measured ΔPzm,

kPa

1 0.1 0.161 8.911 26 0.3 0.308 30.856
2 0.1 0.196 12.635 27 0.3 0.434 65.436
3 0.1 0.231 17.556 28 0.3 0.490 86.982
4 0.1 0.266 21.546 29 0.3 0.546 108.661
5 0.1 0.301 27.664 30 0.3 0.588 128.079
6 0.1 - - 31 0.3 - -
7 0.1 - - 32 0.3 - -
8 0.1 - - 33 0.3 - -
9 0.1 - - 34 0.3 - -
10 0.1 - - 35 0.3 - -
11 0.1 - - 36 0.3 - -
12 0.1 - - 37 0.3 - -
13 0.1 - - 38 0.3 - -
14 0.2 0.161 9.709 39 0.4 0.371 48.146
15 0.2 0.196 13.433 40 0.4 0.525 99.085
16 0.2 0.238 18.354 41 0.4 0.581 126.350
17 0.2 0.343 38.703 42 0.4 0.623 140.980
18 0.2 0.385 50.939 43 0.4 - -
19 0.2 0.434 64.505 44 0.4 - -
20 0.2 0.476 77.672 45 0.4 - -
21 0.2 - - 46 0.4 - -
22 0.2 - - 47 0.4 - -
23 0.2 - - 48 0.4 - -
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Table 3. Cont.

24 0.2 - - 49 0.4 - -
25 0.2 - - 50 0.4 - -

Research material: Melted waste rock in situ KD Barbara, Mikolow
No. Sample: V-1

No.
Reference
Pressure
Pre, MPa

Gas Stream
Qg·103, m3/s

Resistance Flow
Measured ΔPzm,

kPa
No.

Reference
Pressure
Pre, MPa

Gas Stream
Qg·103, m3/s

Resistance Flow
Measured ΔPzm,

kPa

1 0.1 0.161 2.660 26 0.3 0.161 2.660
2 0.1 0.196 3.325 27 0.3 0.196 3.325
3 0.1 0.231 3.724 28 0.3 0.231 3.990
4 0.1 0.266 4.655 29 0.3 0.266 4.655
5 0.1 0.301 5.320 30 0.3 0.301 5.320
6 0.1 0.336 5.985 31 0.3 0.336 5.985
7 0.1 0.371 6.650 32 0.3 0.371 7.315
8 0.1 0.406 7.315 33 0.3 0.406 7.980
9 0.1 0.441 8.246 34 0.3 0.441 9.310
10 0.1 0.476 9.310 35 0.3 0.476 10.374
11 0.1 0.511 9.975 36 0.3 0.511 11.970
12 0.1 0.546 10.640 37 0.3 0.546 12.635
13 0.1 - - 38 0.3 - -
14 0.2 0.161 2.660 39 0.4 0.161 2.660
15 0.2 0.196 3.325 40 0.4 0.196 3.325
16 0.2 0.231 3.990 41 0.4 0.231 3.990
17 0.2 0.266 4.655 42 0.4 0.266 4.655
18 0.2 0.301 5.320 43 0.4 0.301 5.320
19 0.2 0.336 5.985 44 0.4 0.336 5.985
20 0.2 0.371 6.650 45 0.4 0.371 7.315
21 0.2 0.406 7.980 46 0.4 0.406 7.980
22 0.2 0.441 8.645 47 0.4 0.441 9.310
23 0.2 0.476 9.975 48 0.4 0.476 9.975
24 0.2 0.511 11.305 49 0.4 0.511 11.305
25 0.2 0.546 11.970 50 0.4 0.546 11.970

Research material: Melted waste rock in situ KD Barbara, Mikolow
No. Sample: V-2

No.
Reference
Pressure
Pre, MPa

Gas Stream
Qg·103, m3/s

Resistance Flow
Measured ΔPzm,

kPa
No.

Reference
Pressure
Pre, MPa

Gas Stream
Qg·103, m3/s

Resistance Flow
Measured ΔPzm,

kPa

1 0.1 0.161 7.315 26 0.3 0.161 7.448
2 0.1 0.196 9.975 27 0.3 0.196 10.241
3 0.1 0.231 13.300 28 0.3 0.231 13.965
4 0.1 0.266 16.891 29 0.3 0.266 18.221
5 0.1 0.301 20.216 30 0.3 0.301 21.945
6 0.1 0.336 25.403 31 0.3 0.336 26.866
7 0.1 0.371 32.58. 32 0.3 0.371 31.255
8 0.1 0.406 37.95 33 0.3 0.406 38.703
9 0.1 0.441 44.55 34 0.3 0.441 45.885
10 0.1 0.476 50.540 35 0.3 0.476 52.136
11 0.1 0.511 55.195 36 0.3 0.511 58.520
12 0.1 0.539 59.185 37 0.3 0.532 62.909
13 0.1 - - 38 0.3 - -
14 0.2 0.161 7.315 39 0.4 0.161 7.315
15 0.2 0.196 10.640 40 0.4 0.196 10.241
16 0.2 0.231 13.300 41 0.4 0.231 14.231
17 0.2 0.266 16.625 42 0.4 0.266 17.955
18 0.2 0.301 20.615 43 0.4 0.301 21.945
19 0.2 0.336 25.935 44 0.4 0.336 27.265
20 0.2 0.371 30.324 45 0.4 0.371 32.585
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21 0.2 0.406 37.240 46 0.4 0.406 39.235
22 0.2 0.441 44.023 47 0.4 0.441 46.550
23 0.2 0.476 49.875 48 0.4 0.476 51.870
24 0.2 0.511 60.116 49 0.4 0.511 61.845
25 0.2 0.546 62.510 50 0.4 0.546 62.510

Research material: Melted waste rock in situ KD Barbara, Mikolow
No. Sample: V-3

No.
Reference
Pressure
Pre, MPa

Gas Stream
Qg·103, m3/s

Resistance Flow
Measured ΔPzm,

kPa
No.

Reference
Pressure
Pre, MPa

Gas Stream
Qg·103, m3/s

Resistance Flow
Measured ΔPzm,

kPa

1 0.1 0.161 5.586 26 0.3 0.161 5.985
2 0.1 0.196 8.113 27 0.3 0.196 8.246
3 0.1 0.231 11.172 28 0.3 0.231 11.305
4 0.1 0.266 13.699 29 0.3 0.266 14.098
5 0.1 0.301 16.891 30 0.3 0.301 17.423
6 0.1 0.336 21.014 31 0.3 0.336 21.546
7 0.1 0.371 24.472 32 0.3 0.371 27.398
8 0.1 0.406 28.595 33 0.3 0.406 32.585
9 0.1 0.441 35.245 34 0.3 0.441 38.171
10 0.1 0.476 41.496 35 0.3 0.476 45.486
11 0.1 0.511 47.215 36 0.3 0.511 49.875
12 0.1 0.532 54.530 37 0.3 0.539 53.466
13 0.1 − − 38 0.3 − −
14 0.2 0.161 5.719 39 0.4 0.161 5.320
15 0.2 0.196 8.246 40 0.4 0.196 7.980
16 0.2 0.231 11.305 41 0.4 0.231 11.305
17 0.2 0.266 13.965 42 0.4 0.266 13.965
18 0.2 0.301 16.625 43 0.4 0.301 17.024
19 0.2 0.336 20.615 44 0.4 0.336 21.280
20 0.2 0.371 25.270 45 0.4 0.371 26.600
21 0.2 0.406 29.925 46 0.4 0.406 31.521
22 0.2 0.441 36.841 47 0.4 0.441 37.905
23 0.2 0.476 43.225 48 0.4 0.476 43.225
24 0.2 0.511 48.013 49 0.4 0.511 49.476
25 0.2 0.546 50.806 50 0.4 0.546 55.594

In order to achieve the aim of the study, detailed experimental studies were carried
out to assess gas permeability in the structure of the porous material, and the results are
presented in Table 3.

3.2. Results of Coefficient of Gas Flow Resistances

The results for the determined flow resistance coefficient Equation (1)

ξr =
2

ρgw2
r

ΔPzm (1)

for the volumetric sample are given in Figure 13.
The reference of the value of this coefficient to the Reynolds number Equation (2) was

used at a gas speed of wo resulting from the d diameter of the feeding nozzle—Figure 12.

Rer =
wrdrρg

ηg
(2)

These results indicate a decrease in changes in the value of the drag coefficient as a
result of an increase in the Reynolds number, which is consistent with the physics of the
analyzed phenomena, but the scale of these changes is sometimes extremely large. This

133



Energies 2021, 14, 4462

proves that the flow resistance is highly influenced by the dynamics of gas flow through
the porous material, in particular, the disturbance of the velocity profile. This trend and
measuring range both indicate that for coal char and melted waste rock (Figure 13a), the
turbulent nature of the gas movement is noted, which is proven by the non-linear nature of
this coefficient. It may be noted that melted waste rock has the minimum flow resistance,
relative to coal char (Figure 13). Undoubtedly, this is due to the fact that this material—with
a low porosity (average 31.5%)—has a highly extensive system of pores and channels
closed to gas flow. On the other hand, the char with higher porosity (average 40.3%) has
a highly extensive system of pores and open channels for gas flow. Figure 13 proves the
change in the value of the drag coefficient proportional to the Reynolds number, that when
modeling the hydrodynamic conditions of gas flow through the porous material of the
skeleton, the relationship is as follows Equation (3):

ξε = f (Re, ε) (3)

This also applies to the Reynolds number, which in this case may take a different form
(Table 4).

Figure 13. Coefficient of gas flow resistances for volume sample (own elaboration): coal char (carbonizer) in situ: I-1, I-2, I-3;
melted waste rock in situ: V-1, V-2, V-3.

The presented exemplary gas flow characteristic for char (carbonize) in Figure 14
indicates a discrepancy in relation to other calculation models included in Table 4. Figure 14
relates to the Reynolds number depending on the substitute coefficient of flow resistance
calculated for the full flow of the supply nozzle. The discrepancies may result from the lack
of identification of model solutions for the specific structure of the tested materials. The
structure of these materials shows the features of numerous closed and blind pores for gas
flow. This indicates a diversified permeability and high randomness of the structure of this
type of materials, depending on the type and conditions of in situ thermal processing of coal.
When interpreting Figure 14, it should be noted that the mean equivalent flow resistance
coefficient does not depend on the shape of the solid, but on the internal structure, as shown
by the distribution of experimental points in Figure 14 for all analyzed models. In Table 4,
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the equations are not adequate to describe the hydrodynamics of the tested materials. The
results of the comparison of the models according to the authors show that the possible
adaptation of the computational methods (models-coefficient of resistances of the flow
through granular porous structures) characteristic for porous granular beds does not give
sufficient results for the use of these models in the description of the gas flow hydrodynamic
criteria. The main reason for such a situation is the influence of pressure losses on the bed
of the tested material, related to friction losses and losses resulting from the disturbance of
the velocity profile—especially the local resistance of the skeleton material.

Table 4. Correlation equations for calculating the coefficient of flow resistance through granular porous structures (own elaboration).

Autor Model Equation Criteria Number

Ergun [28] ζrE = 150
Reε

+ 1.75 (4)

Rer =
wrdrρ
(1−ε)η (5)

Brauer [29] ζrB = 160
Reε

+ 3.1
Re0.1

ε
(6)

Tallmadge [30] ζrT = 150
Reε

+ 4.2
Re0.1666

ε
(7)

Burke-Plummer [31] ζrB−P = 0.878 (1−ε)
ε2 (8)

Blake-Kozeny [32] ζrB−K = 75 (1−ε)2

ε3
1

Reε
(9)

Rer =
wrdrρ

η (10)
Blake-Kozeny–Carman [32] ζrB−K−C = 180

Reε
(11)

Żaworonkow [33] ζrZ = 3.8
Re0.2

ε
(12) Rer =

wrdrρ
εη

(13)

Windsperger [34] ζrW = 2.2
(

0.4
ε

)0.78( 64
Reε

+ 1.8
Re0.1

ε

)
(14) Rer =

2
3

wrdrρ
(1−ε)η

(15)

Rer

Figure 14. Correlation referred to other authors in acc. with Table 4 a coefficient of resistances for volume sample char.

There is still a debate [35] on how to best describe this criteria number to identify
the flow through frame-structured porous materials. In the case of these materials, it is
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extremely difficult or even impossible to assess the diameters of pores and capillaries and
their actual flow velocity; Bear and Cheng [36] suggest that, in this case, the Reynolds
number Equation (16) to be determined for the total volume of the porous material is
related to the flow path:

Reε =
wεd∗ε ρg

ηg
(16)

The characteristic linear measurement is calculated as an alternative diameter, re-
sulting from the volume of the porous material and the section active for the flow, viz.
Equation (17):

d∗ε =
Vc

εAr
(17)

Furthermore, velocity is a result of the deposit porosity and is associated with an
apparent velocity (calculated for the entire cross-section of the deposit; Equation (18)):

wε = εwr (18)

The conducted analyses show that the method resulting from Equations (16)–(18),
and the definition of the criteria, the Reynolds number, does not best reflect any of the
hydrodynamic conditions in which a low porous frame material gas is present. This is due
to the fact that the subject of the research was a sample of a different shape. Particularly in
the case of the volume of a solid, the determination of the cross-sections for the direction of
flow is extremely difficult and imprecise. In order to solve these problems, an attempt was
made to develop an alternative model based on the change of kinetic energy characteristics
for all gas flow oppositions through the porous medium. According to Equation (1), this
may be as follows Equation (19):

ξε(Re) =
2ΔPc

ρgw2
ε

(19)

3.3. Results of Gas-Permeability Coefficient

When pointing to the problem, the diversified shape of the material and the charac-
teristic structural features resulting from its porosity and permeability were taken into
account. Equation (19) can be modified by introducing a correction coefficient in the form
of the so-called tortuosity parameter Equation (20):

Ψε = f (K∗
V , ε) (20)

Assuming the gas flow rate, pressure drop across the bed, porosity of the bed and the
type of gas, the value of the gas permeability coefficient Equation (21) can be determined
experimentally and determined [37]:

K∗
V =

Qg√
ΔPzm

ρg

(21)

Results of the measurement being characteristic of a permeability coefficient of the
gas of the tested sample of char were shown on Figure 15.

The measured gas flow through the char from the total pressure drop is greater the
higher the aeration pressure, i.e., the reference pressure. On the other hand, the carbon
permeability is constantly increasing by the value of a given Reynolds number.
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ε

Figure 15. Gas-permeability coefficient (own elaboration): char (carbonizer) in situ: I-1, I-2, I-3; melted waste rock in situ:
V-1, V-2, V-3.

3.4. Own Model of Coefficient of Gas Flow Resistances

Taking into account dependence Equation (20), the equation for the total coefficient of
resistance is as follows Equation (22):

ξc(Re∗ε ) =
2ΔPc

ρgw2
ε

Ψε (22)

With reference to Equation (22), compensation calculations were performed for a
sample in the form of a solid body of a different shape (volume). The arithmetic analysis
shows that for a volumetric solid, the tortuosity parameter should be calculated on the
basis of the relationship Equation (23):

Ψε =
χa

ε

Re∗ε
(23)

The auxiliary function for the exponent: a is −0.22 for char and a is −0.20 for melted
waste rock; at the base of power is the coefficient of bed formation (24) related to the gas
permeability coefficient and porosity:

χε = K∗(ε−1)
V (24)

While the Reynolds number Equation (25) in the auxiliary function for the exponent
b is 0.4, char and melted waste rock take into account the defined apparent velocity
Equation (26):

Re∗ε =

(
w∗

ε drρg

ηg

)b

(25)

The apparent velocity Equation (26) refers to the entire space of the volume sample
feeding as the cross-section resulting from the frontal and lateral area of the feeding nozzle
(Figure 12).

w∗
ε =

Qg

A∗
o

(26)
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Cross-sectional area of nozzle feeding the porous material Equation (27):

A∗
o =

5
4

εbπd2
r (27)

Based on our own model, the obtained results of the resistance coefficient function as
a function of the Reynolds number are shown in Figure 16.

Re*

) 

Re *

Figure 16. Coefficient of resistances of gas flow through: (a) char in situ; (b) melted waste rock in situ—own models (own
elaboration).

The dependence presented in Figure 16, corrected by parameters resulting from
the authors’ own research, was compared to the points resulting from other calculation
models [28–34]. In this way, the developed area was obtained in line with the porous
sediment permeability trend–char in situ is presented as an example Figure 17.
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ε

Figure 17. Coefficient of resistances of gas flow through coal char acc. Authors’ models (Table 4)—the reference of the
authors’ own model to the computational models of other authors (own elaboration).

The distribution of experimental points proves that the expectation for the proprietary
model for all other models, according to the authors (Table 4), shows the same trend of
changes in the total flow resistance coefficient in the relation of the modified Reynolds
number, which confirms the adequacy of the assumptions. It should be noted that for the
methodology adopted in this way for the use of the authors’ own model, it is possible
to develop an area that is not yet recognized, especially in the context of gas flow under
UCG conditions.

In this research, direct measurements were taken, and for this purpose, instruments
for measuring gas flow, pressure (pressure difference) and temperature were used. These
instruments have been properly calibrated, for which the results in relation to the gas flow
meters used are given in Table 5.

Table 5. Parameters of gas flow meters calibration (own elaboration).

Flow Meter Type Measurement Range
Scaling Equation—The Value of the

Air Stream, dm3/min
Accuracy of Scaling

RDN 06–03 0–1.9 Qg = (0.0137 scala) − 0.30086 0.97
R 10a 0–38 Qg = (0.2836 scala) + 9.9091 0.99

RDN 06–03 0–48 Qg = (0.216 · scala) + 1.4112 0.99
R 10m 0–51 Qg = (0.4264 scala) + 9.5 0.99

R 0–1.5 Qg = (10 mL/ measurement time) ±5%

The subject of my own considerations was also the analysis of the measurement error.
It was found that in relation to the measured values, this analysis did not bring a significant
improvement in the estimation of the measurement error. Therefore, a detailed description
of the measurement error analysis was omitted.
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As an example, the algorithm for calculating the error and uncertainty of the air
volume flow measurement is presented, which results from the analysis of measurement
errors. The results of the calculations according to the algorithm are presented in Table 6.

Table 6. An algorithm concerning the analysis of measurement error (own elaboration).

Algorithm Score

Expected value as an arithmetic mean. 3.74 × 10−4

Measure of dispersion as the variance of the arithmetic mean. 1.07 × 10−10

Standard deviation. 1.03 × 10−5

The component of the measurement error limit:
— systematic limit error, where the absolute error of the measuring instrument (rotameter
RDN06–03) is 5%.

1.87 × 10−6

The component of the measurement error limit:
— accidental random error. 3.01 × 10−5

Measurement error limit at the probability confidence level p ~ 0.99. 3.29 × 10−5

The measurement result at the confidence level p ~ 0.99 3.74 × 10−4 ± 3.29 × 10−5

As can be seen from Table 6, the expected (average) value for the adopted measurement is
3.74 × 10−4 m3/s, at the result of (at the confidence level 0.99) 3.74 × 10−4 ± 3.29 × 10−5 m3/s,
which gives an average measurement error for the analyzed series of 8.7%. The average
relative mistake for the entire scope of the flow of gas amounted to ±5.3%.

4. Conclusions

Gas permeability tests of materials from UCG were carried out in bubbling conditions.
This made it possible to evaluate materials with a slit-porous structure characterized by
irregular shapes. The evaluation showed that the models available in the literature have
a limited scope of application to skeletal media, characterized by a significant internal
structure of the porous material. The test results show that under bubbling conditions, it
is possible to accurately assess the gas permeability, which makes it possible to compre-
hensively assess the properties of the porous material in terms of the process for UCG
technology. Based on the research carried out so far, it can be concluded that:

(1) Char (carbonizer) in situ and melted waste rock in situ research materials are charac-
terized by a large variety of structures;

(2) The structural features of materials derived from underground processing can be
attributed to many porosity patterns;

(3) Char (carbonizer) in situ—a fractured medium, it is more permeable in relation to
melted waste rock in situ—a less-porous medium (low proportion of open pores);

(4) Average transmittance does not depend on the shape of the sample, but on the internal
structure;

(5) The appropriate adaptation of the model equations allowed for a confrontation with
the authors’ own model, pointing to the need to interpret gas permeability in an
unconventional way, especially for materials derived from UCG technology.

In the utilitarian aspect, it is possible to use the developed gas-permeability in the
context of underground fermentation of coal seams with the use of an appropriate polydis-
perse substrate.
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Abbreviations

A total cross-section of the flow channel m2

K permeability coefficient m2

P pressure gauge Pa
Q volumetric flow m3/s
Re Reynolds number
T thermometer ◦C
V volume m3

e indicator porosity
d diameter m
f function
w velocity /s
ΔP pressure drop, resistance flow Pa
Ψ tortuosity
ε porosity
η fluid viscosity Pa·s
ξ coefficient of flow resistance
π Pi number
ρ fluid density kg/m3

χ coefficient of tortuosity
Upper indices refer to
a exponent
b exponent
* own model
Lower indices refer to
B acc. Brauer
B-K acc. Blake-Kozeny
B-K-C acc. Blake-Kozeny–Carman
B-P cc. Burke-Plummer
E acc. Ergun
T acc. Tallmadge
V own model
W acc. Windsperger
Z acc. Zaworonkow
a apparent
b absolute
c total
ef effective
g gas
o value calculated on the total deposit section-apparent value
r nozzle
re reference
s skeleton
zm measured
ε value calculated relative to the porosity
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Abstract: The underground coal gasification (UCG) represents an effective coal mining technology,
where coal is transformed into syngas underground. Extracted syngas is cleaned and processed for
energy production. Various gasification agents can be injected into an underground georeactor, e.g.,
air, technical oxygen, or water steam, to ensure necessary temperature and produce syngas with the
highest possible calorific value. This paper presents an experimental study where dynamic optimiza-
tion of operating variables maximizes syngas calorific value during gasification. Several experiments
performed on an ex situ reactor show that the optimization algorithm increased syngas calorific value.
Three operation variables, i.e., airflow, oxygen flow, and syngas exhaust, were continually optimized
by an algorithm of gradient method. By optimizing the manipulation variables, the calorific value of
the syngas was increased by 5 MJ/m3, both in gasification with air and additional oxygen. Further-
more, a higher average calorific value of 4.8–5.1 MJ/m3 was achieved using supplementary oxygen.
The paper describes the proposed ex situ reactor, the mathematical background of the optimization
task, and results obtained during optimal control of coal gasification.

Keywords: underground coal gasification (UCG); optimization; syngas; calorific value; optimal
control; operating variables; control algorithm

1. Introduction

The technology of underground coal gasification (UCG) enables the extraction of coal
energy by thermic decomposition. The coal is transformed into syngas by the utilization of
gasification agents injected into an in situ georeactor. The produced syngas is exhausted on
the surface, where it is transformed into the desired form of energy, or various chemicals are
produced. Compared with classical coal mining, the UCG is a less expensive technology,
also attractive in terms of environmental protection. In the case of UCG, at least two
boreholes must be drilled into a coal seam, i.e., inlet or injection hole and outlet production
hole [1].

Before gasification can begin, a highly permeable path (i.e., channel) within the coal
seam is established between the wells. This link is required as the in situ properties of the
coal seam do not permit the gas flows required for economical gasification. Many of the
known coal resources are currently uneconomic to mine using conventional techniques.
The potential of UCG is also in the case of deposits with tectonic faults and in deposits
that are unavailable for traditional mining. As coal reserves are much larger than those of
natural gas, it seems likely that coal gasification will be used more frequently for generating
synthesis gas to make chemicals and liquid fuels.

The essential performance parameter of coal gasification is the calorific value of the
syngas.

The raw dry gas from UCG consists of hydrogen, carbon monoxide and carbon dioxide,
methane, higher hydrocarbons, and traces of tars and pollutants. The valuable gases in
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syngas regarding calorific value are carbon monoxide, hydrogen, methane, and higher
hydrocarbons [2].

The produced gas composition from UCG depends on the injected oxidant used,
operating pressure, and the underground reactor’s mass and energy balance [3,4].

The main chemical processes occurring during UCG are drying, pyrolysis, combustion,
and solid hydrocarbon gasification. The UCG is operated as an autothermic process
whereby oxygen injected through the injection borehole generates heat via the combustion
reactions with the char (i.e., heterogeneous reactions of partial oxidation and combustion
of carbon) and homogeneous reactions in the gas phase. The most important chemical
reaction is the Boudoard chemical reaction (i.e., C + CO2 → 2CO), where valuable carbon
dioxide is produced [5,6].

Various gasification agents can be injected to support gasification, but air (see [7–11])
or a mixture of oxygen and water vapor (see [7,11–13]) are most often used. It was found
that the UCG technology based on injected air achieves lower syngas calorific value
(approximately 6–7 MJ/m3) as in the utilization of oxygen along with water vapor (i.e., up
to 10.9 MJ/m3, e.g., trials in Chinchilla and Rocky Mountain I [12,14]).

For the ignition of the coal seam, the pyrophosphoric materials in a gaseous state or
silane-methane ignition system are used.

Figure 1 shows the UCG principle with one injection and one production well. In
the underground, there is a coal seam called an in situ georeactor, in which UCG takes
place. On the surface, there are devices for measurement and regulation, compressors for
injection of gasifying agents, oxygen production, and devices for suction, purification, and
storage of syngas.

 
Figure 1. The principle of UCG.

The underground temperature is an essential indicator of the course of chemical
reactions. Unfortunately, the measurement of underground temperature is complicated
due to the inaccessibility of the measuring place. For the estimation of the underground
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temperature in the georeactor during UCG, various proxies are used, e.g., proxy from
isotope measurement in syngas [15,16], proxy from radon emanation [17–19], or proxy
based on syngas composition and machine learning model [20].

In UCG, the rock joint roughness has a significant impact on fluid migration. The
surface roughness of rock directly affects its strength, deformation, and seepage charac-
teristics. The results show that the surface roughness of sandstone increases with the
increase in temperature and cycles after heating and cooling; at above 500 ◦C, the thermal
damage increased significantly due to the expansion and cracking of quartz particles [21].
The relationship between the aperture and gas conductivity of a single natural fracture
was investigated in the laboratory condition [22]. The effects of shear displacement and
normal stress on the mechanical and hydraulic behavior of fractures are also studied in [23].
Many different methods have been used to measure rock fracture surface roughness. An
accurate quantification of roughness is essential in modeling strength, deformability, and
fluid flow behaviors of rock joints. Rock mass strength, deformability, and fluid flow
behaviors depend very much on the properties of joints. A comprehensive review of rock
joint roughness measurement and quantification procedures can be found in [24].

1.1. UCG Control

The main issue of UCG control is to produce syngas with stable calorific value. The
control of UCG is a difficult task as, in UCG, there is a lack of direct control over many
essential parameters.

The automated control of UCG can be bedeviled by a relatively considerable uncer-
tainty of the controlled object (i.e., coal seam), which, unlike the industrial system, was
created by nature. Partly this uncertainty can be reduced by a more detailed geological
survey. However, even this does not guarantee the elimination of such uncertainty, as
evidenced by long-term experience in the traditional coal mining technology. There may
also be problems with the changing operating conditions of the process. For this reason, the
control system should be robust and be able to adapt to changes in the process continuously.

The input flows of the gasifiers should be continuously optimized to ensure the
required calorific value. An automated control system should be able to perform optimal
control interventions and eliminate the human factor.

On the outlet from the georeactor, there is an effort to optimize suction pressure (i.e.,
under pressure) or directly the exhaust fan power (e.g., revolutions). The under pressure
and overpressure control of UCG on the stabilization level were investigated in [25].

Kačur and Kostúr [25] have investigated the utilization of adaptive PI control to
stabilize the temperature in the oxidization zone, measured by a thermocouple, with
the regulated airflow and stabilization of measured oxygen concentration in syngas by
regulated exhaust fan power. The adaptation of discrete controllers aimed to cope with the
uncertainties in UCG. The proposed controllers were verified on an ex situ reactor.

Within experimental research of UCG improvement, an adaptive model-predictive
control (AMPC) was also tested on a regression machine-based simulation model [26].

In [26], the model based on multivariate adaptive regression splines (MARS) simulated
the UCG process, and the AMPC algorithm continuously optimized the three control
variables (i.e., the air flow, oxygen flow, and output under pressure) to maintain the syngas
calorific value setpoint. The internal prediction model of the ARX type was continuously
adapted in the MPC algorithm. The simulation results showed that AMPC could achieve a
better quality of calorific value stabilization with three manipulation variables than with the
use of a discrete PI controller and one manipulation variable (i.e., air flow). Unfortunately,
applications of MPC on industry hardware can be complicated, due to complex matrix
calculations and quadratic programming [26].

Another connection of learning methods with predictive control of gasification can be
found in [27]. In this work, adaptive predictive control of oxygen concentration in syngas
without using a model was proposed.
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Another research of automated UCG control was based on a continual adaptation of
two regression models to maintain syngas calorific value [28].

This approach was also tested on an ex situ UCG reactor. Several criteria were
proposed for the adaptation of regression parameters, e.g., the measure based on the
desired range of the calorific value and underground temperature. The proposed models
calculate optimal air flow and oxygen flow injected to the georeactor to increase or maintain
the syngas calorific value during UCG operation. The regression modes were adapted by
continually measured process data and the least square method. The proposed control
approach has shown exciting results and demonstrated the possibility of its application
on devices of industrial automation, or as a supporting algorithm for the monitoring
system [28].

Another approach for estimating an optimal amount of gasification agents based on
thermodynamical model was proposed in [29].

The optimization goal in [29] was to find the optimal amount of oxidizers at a known
thermodynamic temperature. Optimization problems were solved by a modified gradient
method for the defined weight of coal. The aim of the thermodynamics model was based
on input data of UCG processes to calculate the composition of syngas at different temper-
atures. Based on thermodynamics, the system will be in a state of equilibrium if overall
Gibson energy is at a minimal. The optimization task was solved using the method of the
Lagrange multipliers [30,31].

Wei and Liu [32] have proposed a new data-based iterative optimal learning control
scheme for discrete-time nonlinear systems, using the iterative adaptive dynamic program-
ming (ADP) approach, and apply this proposed scheme to solve a coal gasification optimal
tracking control problem. The neural network was used to approximate the system model
using the input-state-output data of the system, and the optimal tracking control problem
was transformed into a two-person zero-sum optimal regulation control problem. An
iterative ADP algorithm was then established to obtain the optimal control law where the
approximation errors in each iteration were considered [32].

Much research work to developing UCG advanced control has been completed by
Uppal et al. [33,34].

In [34], the nonlinear time-domain UCG model was used in a closed-loop configuration
with a sliding mode controller (SMC). The controller can find optimal input of the model
as the molar flow rate of inlet gas (i.e., a mixture of air and steam) to keep the calorific
value at the desired value in the presence of external disturbance (i.e., water influx from
the surrounding aquifers). Recently, a one dimensional (1-D) packed bed model of UCG
was proposed, which can be used in a closed-loop configuration with a robust controller
to maintain a desired heating value of the exit gas mixture by manipulating the flow rate
of injected gases. The solution of the model showed that the heating value of the exit
gas is sensitive to the flow rate of inlet gases. Therefore, a robust control strategy can be
employed to maintain the desired heating value in the presence of disturbances and model
uncertainties by manipulating the flow rate [33,35–38].

1.2. Model-Free Control

Model-free control does not rely on any mathematical model of the controlled system.
The control algorithm uses only online measurements from the real system. Model-free
control can adapt to a regulated system and deal with any uncertainty in the system,
as it does not rely on any specific model. One of the best-known approaches to system
management without a model is extremum seeking control [39–42].

This is a model-free optimization method that was initially proposed to control train
systems [43]. The main goal of such a control system is to seek an extremum, i.e., maximize
or minimize a given objective function, without closed-form knowledge of the function
or its gradient. In the literature, many results from the application of extremum-seeking
algorithms can be found, especially after the appearance of a consistent convergence
analysis in [44].
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To understanding extremum seeking methods, the following general dynamics of the
system can be defined:

.
x = f (x, u), (1)

where x ∈ R
n is the state of the system, u ∈ R is the scalar control (for simplicity), and f :

R
n ×R → R

n is a smooth function. We then use Equation (1) to represent the model of
a real system, with the control goal to optimize a given performance of the system. This
performance can be as simple as a regulation of a given output of the system to a desired
constant value, or a more involved output tracking of the desired time-varying trajectory,
etc. Let us now model this desired performance as a smooth function (x, u): Rn ×R → R ,
which can be simply denoted as J(u), as the state vector x is driven by u.

Indeed, one of the simplest ways to maximize J is to use a gradient-based extremum
seeking control as follows:

.
u = h

dJ
du

. (2)

Another well-known approach to seeking extremes is the so-called extremes seeking
based on perturbations. The control algorithm uses the perturbation signal to examine the
control space, and sets the manipulation variables toward the local optimum by implicitly
monitoring the gradient update. These types of extremum search algorithms have been
thoroughly analyzed, for example, in [41,44–46].

The following well-known model-free control method is the co-called reinforcement
learning algorithm [47–53].

In this method, the control algorithm tests random control actions, monitors system
responses, and gradually creates a system’s predictive model. This approach to control
belongs to the machine learning class. The algorithm continuously learns how to map
system states to action interventions so that the objective function is maximized. The control
algorithm creates a database of the best action interventions using trial and error [54].

In this work, a model-free optimal control design is presented, which continuously
searches for local extremes of syngas calorific value using perturbation signals. The UCG
represents numerous chemical processes, which complex model would be complicated. In
this study, the UCG was considered a black-box system with known inputs and outputs
(see Figure 2). Utilization of an ex situ reactor and the physical model of coal seam enables
us to verify a UCG control system in lab-scale without environmental impact. The black-
box approach and model-free control enable us to process control without the need to
model internal processes. The controlled system, i.e., UCG georeactor, has known inputs
and outputs. After ignition of the coal seam, the syngas production depends on injected
oxidizers (i.e., gasification agents) and regulated under pressure.

Figure 2. The UCG system configuration.
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In the following sections, the UCG ex situ reactor and the proposal of model-free
optimal control of UCG are described. The aim was to design a model-free control algorithm
that could be implemented on industrial hardware (e.g., PLC) or SCADA software. By
introducing perturbations on the controlled system, it is possible to continuously optimize
the manipulation variables to maximize the calorific value of the syngas produced. The
algorithm should only work with measurable inputs (i.e., airflow or oxygen flow) and
measurable outputs (i.e., syngas composition and calorific value). Verification of the control
system was performed on an ex situ reactor where the influence of UCG uncertainties (e.g.,
fractures, surface subsidies, gas leaks, and water tables, etc.) on syngas production was not
analyzed at this stage of the research.

2. Experimental UCG in Ex Situ Reactor

Much research work in UCG has been performed on ex situ reactors (e.g., [6,29,55–58]).
Using the ex situ reactors, the influence of various oxidants on the calorific value of syngas,
the movement of the combustion front, reverse combustion, and the modeling of the
temperature field was investigated. Ex situ reactors with the bedded coal represent physical
models of the real coal seam. The coal storage, as well as the reactor design, meet the
conditions of geometric similarity.

To test advanced control methods (i.e., adaptive and optimal), the experimental
gasification equipment with a UCG ex situ reactor was constructed (see the scheme of
equipment in Figure 3 and ex situ reactor in Figure 4a). A ramp with sampling points
for gas analysis was constructed in the middle of the ex situ reactor. Coal was bedded
longitudinally on both sides of the reactor or only on the right half.

Figure 3. Experimental gasification equipment (modified after [20]).

The ex situ reactor allowed the bedding of connected blocks of coal. The coal seam
model was created from glued coal blocks (see Figure 4b). For experiments, the lignite
from the mine Cigel’ was used. This mine belongs to Upper Nitra coal Basin in Slovakia.
During the gasification, the fired coal and layers of coal from roof stone stroke down into
the formed space (see Figure 4c). After gasification, there was ash in the reactor and a
partly gasified coal (see Figure 4d).

Along with the coal seam model, the gasification channel was created. This channel
was created as a gap between blocks or drilled as a borehole to coal blocks. The bedded
coal was isolated by a mixture of sand and water glass. The outer isolation was ensured by
the sibral.
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Figure 4. Ex situ reactor: (a) closed reactor before experiment start, (b) coal bedding, (c) gasified coal in reactor, and
(d) extracted coal specimen.

As gasification agents, atmospheric air and technical oxygen were used. They were
injected into the reactor from the pressure vessels. Two compressors produced the pressure
air, and pressure oxygen was delivered from the oxygen plant.

For the measurement and control, several devices were used. Figure 5 shows devices
essential for the control system verification. The volume flows of gasification agents were
regulated by the servo-valve and reduction valves (see Figure 5a). Pressure transducers
measured the pressure of gasification agents (see Figure 5b). The volume flows of air and
syngas were measured using the flow meter diaphragms and the differential pressure
transducers (see Figure 5c,h). A vortex flowmeter measured the volume flow of oxygen
(see Figure 5i). The mixture of air and oxygen was created in the mixing chamber. The
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stationary analyzers measured the composition of syngas at the output from the ex situ
reactor. Using two analyzers (i.e., Madur CMS–7 and ABB Caldos (see Figure 5d)), gas
concentrations as carbon monoxide (CO2), carbon dioxide (CO), oxygen (O2), hydrogen
(H2), and methane (CH4) were continually measured.

Figure 5. Devices for measurement and control: (a) servo valve, (b) pressure transducer for air, (c) mixing chamber and
differential pressure transducer for airflow measurement, (d) gas analyzers, (e) exhaust ventilator valve, (f) frequency
changer, (g) programmable logic controller (PLC), (h) pressure transducer for syngas flow measurement, and (i) vortex flow
meter for oxygen flow measurement.
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The syngas calorific value was calculated from the measured gases according to the
following equations:

H = 126.4ϕCO + 107.6ϕH2 + 358.0ϕCH4 , (3)

where H is the syngas calorific or heating value (KJ/m3) and ϕi is the volume fraction of
the i-th fuel component in percentages.

The outlet under pressure was controlled by the power of the industry fan and
frequency converter (see Figure 5e,f). The produced syngas was burned in the combustion
chamber or exhausted by the smoke stack.

All devices were connected to PLC (see Figure 5g). The detailed specifications of all
devices used in experimental UCG can be found in [25].

The automated control system can simultaneously perform several cyclic tasks, which
provide the following operations:

• control of air pressure by two compressors;
• stabilization of airflow through servo valve;
• stabilization of temperature in the oxidizing zone;
• stabilization of the O2 concentration in syngas.

On the pipes were placed pressure transducers. The construction of an ex situ reactor
enables measurement of the pressures and syngas composition, along with the physical
model of the coal seam.

The temperatures in the coal, gasification channel, and isolating overburden were
measured by thermocouples of K type (up to 1300 ◦C). All devices for the measurement
and control were connected to PLC (B & R X20: Eggelsberg, Austria) that was placed along
with a frequency changer to the instrumental box (i.e., switchboard).

The control algorithms (i.e., stabilization and optimal control) were implemented
on PLC as cyclic tasks. The control interventions, controllers’ setup, or monitoring of
the gasification process variables were ensured by the SCADA system created in Pro-
motic [2,20,25,26,28,55].

Table 1 presents the results of the coal composition analysis performed in a certified
laboratory. It can be seen from the table that this is coal with higher moisture.

Table 1. Coal composition analysis (r = received, d = dry, daf = dry ash-free, and a = analytical) [25].

Parameter Value

Total Moisture Wr
t (%) 22.25

Ash Ad (%) 26.33
Volatiles Vda f (%) 60.39
Carbon Cda f (%) 64.79

Hydrogen Hda f (%) 5.59
Nitrogen Nda f (%) 1.04

Calorific value Qda f
i (MJ/kg) 24.94

Calorific value Qd
i (MJ/kg) 18.37

Calorific value Qr
i (MJ/kg) 13.74

Ash Ar (%) 20.47
Carbon Cr (%) 37.11

Hydrogen Hr (%) 3.20
Nitrogen Nr(%) 0.59

CaO (%) 1.12
MgO (%) 0.62
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Table 1. Cont.

Parameter Value

SiO2 (%) 12.10
Al2O3 (%) 5.26
Fe2O3 (%) 2.89
Na2O (%) 0.14
P2O5 (%) 0.02
TiO2 (%) 0.17

K2O 0.55
Volatiles Vr (%) 34.59

Analytical Moisture Wa (%) 9.56
Total Sulphur Sr

t (%) 1.93
Sulphate Sulphur Sr

S (%) 0.01
Pyritic Sulphur Sr

P (%) 1.35
Organic Sulphur Sr

O (%) 0.57
Oxygen Qda f (%) 26.34
Oxygen Qd (%) 19.4

Within the research, the permeability of the coal sample was also analyzed using a
pressure permeameter. The amount of gas forced through the sample was measured with
a wet gas meter. In the pressure of 1 MPa and flow 0.000011722 m3·s−1, the permeability
coefficient had the value of K = 2.37911 × 10−14 m2 [59].

3. UCG Optimal Control Based on Dynamic Optimization

An optimal control algorithm finds the optimal values of control variables (i.e., manip-
ulation variables) to achieve a certain optimality criterion (e.g., maximum profit, minimum
cost, maximum calorific value, the maximum volume of produced syngas, etc.). There are
two types of automatic optimization [60]:

• Optimization with the mathematical model of the process;
• Optimization without the mathematical model of the process (i.e., the system is

considered as the “black-box”).

In the first case, a mathematical description of the process in the control computer
is encoded. With this description, the optimal values of control variables, which are
transferred to the local automatic control systems, are found. These controllers’ role is to
maintain the setpoint of control variables, but the system properties change during the
time. Capturing the time variability in the mathematical model is probably impossible. The
mathematical model consists of a wide range of parameters determined by experimental
knowledge about the system’s behavior.

In the second case, the optimal mode can be found via “experiment” on the observed
object. In the controlled process, perturbations through the control variables are artificially
created and, based on the analysis of results, are gradually improving the operating mode
of equipment. The nonlinear programming methods are the most commonly used to find
the optimal mode where the model is the physical object itself. The advantage of the first
approach is that it involves a relatively simple calculation and setting of optimal conditions.
The advantage of the second approach is that there is no required mathematical model of
the process.

The disadvantage of the first approach is that obtaining a good model requires sub-
stantial theoretical and experimental efforts. The drawback of the second procedure is a
break in the continual work of equipment.

To formulate optimization problems in general, so that it covers all possible cases,
is very difficult. What follows is the formulation, which is quite near to the general
formulation.

The definition of an optimization problem from a mathematical term is essentially
a setup of set D ∈ R, and a function of multiple variables J(u1, u2, . . . , un), respectively
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J(u) ∈ R. Then, looking such J
(
uopt) so as uopt ∈ D, J

(
uopt) ≥ J(u) (i.e., maximization)

for all u ∈ D was fulfilled. The set of D is often called an area created by limitations.
In terms of proposal of the optimal control system, the following approaches can

be applied:

• Optimal control systems with feedback;
• Optimal control systems with feed-forward;
• Combined optimal control systems.

In this paper, to realize the optimal control of UCG, the optimal feedback control was
proposed. The proposal is based on a static optimization method that was adapted to
the dynamic process of UCG. The optimization method continually seeks local extremes
of the objective function and optimizes manipulation variables. The advantage of this
system is that it does not need the process model. In this case, the optimal control is
achieved directly by the experimental way, where the model is a controlled object. Process
behavior is performed in an iterative way so that the criterion of optimality according to
an optimization algorithm was fulfilled. The first successful trial with optimal feedback
control of UCG without model was reported in [42]. The optimal control system was based
on direct extremum seeking of carbon monoxide concentration in syngas and gasifica-
tion agent optimization. When formulating optimal control problems, it is desirable to
know the optimized vector, optimality criterion, constraints, and have chosen a suitable
optimization method.

3.1. Optimized Vector

Optimized vector (4) consists of variables that can be changed to obtain extremum of
optimality criterion, which optimize these parameters. For optimization of the gasification
process, this vector consists of three manipulation variables, with which we can dynamically
influence the process.

u =

⎛
⎝ u1

u2
u3

⎞
⎠, (4)

where u1 is the servo valve opening adjusted by digital pulses. By changing the servo valve
opening, the change of airflow is reached (m3/h). The airflow is the primary operating
variable in experimental UCG. Although the airflow can be stabilized by PI controller, for
more straightforward implementation and verification of the proposed control algorithm,
we decided not to use cascade connection. Variable u2 represents the oxygen flow added to
the oxidation mixture (m3/h). It is the value of the desired flow adjusted directly by the
servo valve. The third manipulation variable, u3, is an exhaust fan motor power frequency
(Hz). The change of this variable changes the fan’s revolutions, and subsequently, the
suction pressure (Pa) at the outlet is affected.

3.2. Optimimality Criterion

The gasification control can be performed optimally under the chosen optimality
criterion respecting restrictive conditions. Optimality systems generate optimal control,
which depends on the selected optimality criterion. This criterion may be technical or
economic nature. For optimal control, the gasification process can be used the following
criterion of optimality:

An optimality criterion that represents the maximum calorific value of syngas was
defined. The criterion was defined as functional in the form:

J =
τ2∫

τ1

H(τ)dτ → MAX (5)

where H(τ) is the calorific value of the syngas in time τ (MJ/m3), and constants τ1 and τ2
are the times of the start and the end of the analyzed section (s), respectively.
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Considering that the boundaries τ1, τ1 in previous integral are fixed values, and time
section τ2 − τ1 is the constant, this functional is unsuitable for practical solutions. For
the realization of the optimal control system, it is preferable to use the functional in the
following form:

J =
1

τ2 − τ1

τ2∫
τ1

H(τ)dτ → MAX. (6)

This criterion expresses the maximal calorific value on average during optimal process
control.

3.3. Constraints

In formulating the optimal control problem, consideration of limitations resulting
from the process is required. These are constraints and requirements on the input and
output process variables, which must not be exceeded. In technological processes, such
restrictions may result either from technological requirements or the equipment’s design
parameters, in which technological process occurs. For optimal control of the gasification
process, which is performed on a laboratory gasifier, the following constraints can be
defined:

• For the control variables, the constraints are defined as the following:

uMin
j ≤ uj ≤ uMax

j ; (j = 1, 2, 3) (7)

where uMax
1 , uMin

1 is the maximum and minimum of allowable servo valve opening (%,
pulses) or airflow (m3/h), respectively, uMax

2 , uMin
2 is the maximum and minimum of

allowable oxygen flow (m3/h), respectively, and uMax
3 , uMin

3 represent the maximum
and minimum of allowable exhaust fan power frequency (Hz), or boundaries for
controlled under pressure (Pa) on the outlet from the ex situ reactor, respectively;

• If the concentration of oxygen in the syngas is too high, it means that input is set
up to a high flow of oxygen or a higher amount of oxidant is blown. High oxygen
concentration at the outlet leads to a surplus of oxygen in the gasification process. It
is reflected in a reduced calorific value. An ideal situation occurs when the oxygen
concentration on the outlet is maintained at 0%. Given the above remarks, we can
define a limit on the concentration of oxygen

(
ϕO2

)
in the following form:

ϕMin
O2

≤ ϕO2 ≤ ϕMax
O2

, (8)

where ϕMax
O2

is the maximal permitted concentration of O2 in syngas (%), and ϕMin
O2

is
the minimal permitted concentration of O2 in syngas (%).

3.4. Optimization Method

In this paper, the simple gradient optimization method with constraints is proposed
to be applied for the model-free optimal control of UCG. It is an iterative method, based on
the last point approximation looking for another point in which the objective function’s
value is nearer to the extreme. The speed of convergence of this method is quite good at
greater distances from the extreme, and approaching the extreme, the rate of convergence
decreases. This approach is suitable for multidimensional optimization problems and
belongs to a group of methods called point–direction–step. Applications of gradient
methods for solving a specific problem of optimal control can be found in [61,62].

The control algorithm aims to maintain the extreme (i.e., maximum) of the objective
function in each control step. The research was aimed to maximize syngas calorific value,
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as this variable is the most critical indicator of UCG. Replacing the integral in Equation (6)
by the operator of the summation, a discrete form of the objective function can be obtained:

Jk(u) ≈ 1
n

n

∑
i=1

Hj·Δτj → MAX, (9)

where Jk(u) is the value of the objective function in the step k (MJ/m3), k is the index of the
control period T0,opt of the optimal control algorithm, u is the vector of the manipulation
variables, which are optimized by optimal control algorithm, H is the calorific value of
syngas (MJ/m3), j is the index of the sampling period T0,stab on the stabilization level, Δτj
is the value of T0,opt in the j–th step of the sampling, and n is the number of the samples in
the buffer.

Equation (9) represents a nonlinear function that will be maximized. This task can be
solved by a nonlinear optimization method with constraints.

Assuming that Δτj = 1 for j = 1, 2, . . . , n substituting into Equation (9), then the
equation for calculation of the average calorific value is the following:

Hk(u)
average =

1
n

n

∑
i=1

Hj, (10)

where Hk(u)
average is the average calorific value (MJ/m3) of the syngas in the step k, and

Hj is the j–th calorific value in the buffer (MJ/m3).
The average calorific value of the produced gas during the period T0,opt is in the

algorithm of optimal control calculated as a moving average of the samples recorded with
a period T0,stab. For calculation of the moving average, a FIFO buffer was used [63]. This
buffer contains a historical record of the calorific value. The time length of this record is
determined by the buffer size n and the sampling period T0,stab.

Components of the vector u are continually optimized by optimal control algorithm
to gradually achieve extremes of the objective function J(u). The control system sets a
new opening of the servo valve according to the value of the parameter u1, the desired
flow of the oxygen by the parameter u2, and the new frequency of changer according to
the parameter u3. Concerning the principle of the gradient method for maximizing the
objective function, the following equation is calculated iteratively [62,64]:

ui+1 = ui + h·∇J
(

ui
)

, (11)

where ui+1 is the vector of optimized control variables in step i + 1, ui is the vector of the
optimized variables in the step i, and h is an iterative constant (step), which is chosen in
such a way that the values ui+1 do not distort conditions of the existence of functions J(u),
also that was true (maximizing) J

(
ui+1

)
> J

(
ui
)

and, at the same time, ensure appropriate
convergence of the method. Step h is reduced only if the value of the objective function
does not grow. Each variable of vector ui can have custom parameter h. Then, the vector
h = (h1, h2, h3)

T can be defined; ∇J
(

ui
)

is the gradient of the objective function expressed
as the column vector of partial differentials of the objective function according to variables
ui

1, ui
2, ui

3.

Optimization starts with the initial vector u0 =
(
u0

1, u0
2, u0

3
)T . In the next step, the

control history is perturbed, and the partial derivatives are calculated on each iteration.
This straightforward control adjustment scheme derives the control perturbation for the
(i + 1)st iteration from the control gradient computed on the i-th iteration [62].

The gradient of the objective function contains the following components:

∇J
(

ui
)
=

(
∂J

∂ui
1

,
∂J

∂ui
2

,
∂J

∂ui
3

)T

. (12)
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For the approximation of gradients ∂J
∂ui

1
, ∂J

∂ui
2
, and ∂J

∂ui
3
, the finite difference method can

be used. Using a forward approximation, the following equations can be obtained:

∂J
∂ui

1

∼= ΔJ
Δui

1
=

J(ui
1+Δu1, ui

2, ui
3) − J(ui)

Δu1

∂J
∂ui

2

∼= ΔJ
Δui

2
=

J(ui
1, ui

2+Δu2, ui
3) − J(ui)

Δu2

∂J
∂ui

3

∼= ΔJ
Δui

3
=

J(ui
1, ui

2, ui
3+Δu3) − J(ui)

Δu3

(13)

where Δuj is the elemental change of the manipulation variable uj, (j = 1, 2, 3).
For the application of the gradient method, the parameters Δu1, Δu2, and Δu3 are

chosen so that the change of the parameter uj by value Δuj, (j = 1, 2, 3) causes a change in
the value of the objective function. The objective function’s value enters into the optimal
control algorithm only from the steady state of the process. Each subsequent step of the
optimal control algorithm is performed only if the following condition is fulfilled:

max
j=1...n

{∣∣Hk(u)
average − Hj

∣∣
Hk(u)

average

}
< εmax (14)

where Hk(u)
average is the average syngas calorific value of the syngas in step k, Hj is the j–th

calorific value in a FIFO buffer (MJ/m3), εmax is the maximum allowable deviation from
the arithmetic average (%), and parameter n is the number of samples in the FIFO buffer.

Alternatively, the test of steady state can be performed by calculating standard devia-
tion according to the equation

1
n

√
n

∑
k=1

(
Hk(u)

average − Hj
)2

< smax, (15)

where parameter smax represents the maximum allowable value of the standard deviation.
The choosing constant εmax is based on the analysis of the calorific value record. There

was analysis of the settling time of the calorific value and the ability to stabilize. At each
step of the record, the left-hand side of the Equation (14) was evaluated. Figure 6 shows
the calorific value behavior during the experiment and the relative error of the arithmetic
average as the value on the left side of the Equation (14). Calorific value is changed in
carrying out different control interventions (e.g., change the servo valve position, increase
oxygen flow, or change the power frequency of the exhaust fan). The graphical analysis
follows that the calorific value can be considered steady when the relative deviation is not
more than 25%.

When testing the algorithm, the buffer keeps a historical record of the samples from
the last 30 min. It is time that corresponds to the approximate stabilization time of the
calorific value. Detection of the steady state of the calorific value by evaluating condition
(14) should be verified not only at each step k, which is performed with the period T0,opt,
but also continually in every step of the calorific value stabilization (T0,stab). Recorded
behavior of the stabilization error can serve in the analysis of the algorithm activity. If the
condition (14) is fulfilled, the Boolean variable (i.e., flag) Steady in the algorithm is set to
the logical value True. The buffer size and the update period can be arbitrarily set on the
control panel in the monitoring system.
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Figure 6. Principle of steady state searching.

For the automated control of UCG, the gradient method was adapted to experimental
gasification equipment and possibilities of the ex situ reactor. The algorithm flow chart
is shown in Figure 7. The proposed algorithm represents one of the possible variants of
gradient method application for the dynamic process. The algorithm was programmed
as two cyclic tasks implemented to PLC Steps of the algorithm are performed with the
period T0,opt, and this period can be arbitrarily set from the environment of the monitoring
system. During testing, in the optimal control algorithm, the period T0,opt was set to 900 s
(i.e., 15 min).

The first cyclical task worked with period T0,opt and ensured the implementation of
each step of the algorithm, depending on the state given by flag Steady. The objective
function’s current value (in the algorithm labeled as J) also enters the first cyclic task.

The second cyclical task worked with the sampling period T0,stab, detecting the stabi-
lization of the calorific value and setting the flag Steady. When testing the optimal control
algorithm, the period T0,stab was set to 1 min. The algorithm was also tested with T0,stab
set to 30 and 15 s. At the same time, I second cyclic task ensures updating variable J,
containing the current value of the objective function calculated according to Equation (9).

The proposed algorithm can optimize the three manipulation variables during the
UCG and seek local extremes of the objective function, i.e., maximization of syngas calorific
value. The algorithm uses perturbations to explore the control space, and steers the manipu-
lation variables toward their local optimum by following a gradient update. The algorithm
continuously seeks optimal manipulation variables to set the operating parameters as the
airflow, the flow of additional oxygen, and the under pressure at the outlet. By automatic
setup of the manipulation variables, the human factor is eliminated when deciding on
action interventions to increase the syngas calorific value.
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Figure 7. Algorithm of optimal control based on gradient method.
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Considering a defined constraint (7), the following conditions must be evaluated in
the algorithm:

If ui+1
j > uMax

j then ui+1
j = uMax

j ; if ui+1
j < uMin

j then ui+1
j = uMin

j for j = 1, 2, 3.

As the proposed algorithm can set the various value of the oxygen flow rate, which in
some cases can cause a state with a high excess of oxygen, the algorithm takes into account
the constraint (8) and evaluates the following condition:

If ϕO2 > ϕMax
O2

then
∂J
(

ui
)

∂ui
2

= 0

where ϕO2 is the currently measured concentration of O2 in syngas and parameter ϕMax
O2

rep-
resents the maximum allowed concentration of O2 in syngas. When testing the algorithm,
the value of the parameter ϕMax

O2
was set to 10%.

Initialization of the algorithm requires a correctly chosen value of the optimization
parameter h. The improperly selected value of this parameter can cause unexpected
behavior of optimization. When the optimization is in progress, the following condition
must also evaluate:

If J
(

ui
)
> J

(
ui+1

)
then h = h/2 until h ≤ hMin.

If h ≤ hMin, or max division of h exceeds, then it is necessary to determine the new
initial vector u, constant h, and re-solve the optimization task (i.e., restart and re-initiation).

4. Results

Four tests of the optimal control algorithm were performed within the experimental
gasification on an ex situ reactor. The individual tests differed in the number of optimized
manipulation variables and the duration. In all tests, the algorithm continuously intro-
duced perturbations to calculate the gradients according to the Equation (13). The control
algorithm optimized the manipulation variables to continuously maximize the calorific
value. The algorithm worked with online mean calorific value data, which it recorded
in the FIFO buffer to calculate the value of the objective function (9) within the period
of optimal control T0,opt. The algorithm was implemented on a PLC, which provided
online measurement and change in manipulation variables. Changes in manipulation
variables were made only when the steady state calorific value of syngas was indicated
according to Equation (14). The optimal control algorithm was programmed as a cyclic
task, i.e., a program implemented to PLC in Automation Basic Language. Figure 8 shows
the connection diagram of the proposed UCG optimal control.

In the first experiment, the optimal control algorithm, which was tasked to maximize
the calorific value and optimize two variables, was verified. Two manipulating variables,
i.e., u1—servo valve opening that adjusts the flow of injected air—and u3—frequency of
changer, that sets the exhaust fan power to effect under pressure at the outlet from the
generator)—were optimized. An objective function was chosen according to Equation (9).
The calorific value was entered into the algorithm as the average from the last 30 min.
Within this period, the relative deviation was continuously evaluated from the arithmetic
average by Equation (14). The maximum allowable relative deviation from the arithmetic
average was set to 25%.

The behavior of the algorithm is shown in Figure 9. The figure shows an optimized
servo valve opening to digital pulses and corresponding airflow, exhaust fan motor fre-
quency to regulate exhausting under pressure, and behavior of calorific value with discrete
values of the objective function sampled by T0,opt. The figure also shows an improvement
of the objective function concerning the value from the previous optimization step. The
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figure shows the application of perturbations to manipulation variables and the refinement
of the parameter h.

Figure 8. Scheme of the integrated control system verified in lab scale.

Figure 9. The first test of optimal control with optimization of two parameters.

The algorithm started with an initial value of objective function 2.17 MJ/m3 and,
after 730 min of operation, achieved an increase to 7.4 MJ/m3. Then, calorific value only
decreased, and the algorithm failed to increase it. The decrease in the calorific value was
caused by low temperatures in the oxidizing zone (i.e., the temperature was less than
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1000 ◦C). As the optimal control was deactivated after 17 h, a manual temperature increase
had to be performed with the oxygen.

In another test of optimal control with optimization of two manipulation variables,
the calorific value was increased from 0.95 to 2.1 MJ/m3 (see 1025 min) (see Figure 10). The
test lasted more than 9 h and, during this time, was restarted twice. The automatic restart
was carried out as the algorithm failed to increase the calorific value, even after several
divisions of the parameter h.

 

Figure 10. The second test of optimal control with optimization of two parameters.

Furthermore, an algorithm of optimal control with optimization of three variables was
tested: u1—servo valve opening, which adjusts the flow of injected air–u2–oxygen flow—
and u3—frequency of changer, which sets the exhaust fan power. Each control variable had
set its parameter h (i.e., h1 for u1, h2 for u2, and h3 for u3). The behavior of the algorithm
activity is displayed in Figure 11. The figure shows three manipulation variables, volume
flow of injected air, and the supplementary oxygen. The figure also indicates the behavior
of calorific value with discrete values of the objective function, and improvement of the
objective function concerning its value from the previous optimization step. The optimal
control algorithm started at an initial calorific value of 4.4 MJ/m3. During its activity for
the short term, there was an increase in the calorific value to more than 9.5 MJ/m3 (101 and
611 min). The algorithm ran a total of 10 h. During this time, it was automatically restarted
twice as the dividing parameter h, in the case of unsuccessful optimization, did not bring
an increase in calorific value.

In the fourth test of optimal control, three parameters were also optimized, and the
calorific value of syngas was maximized. Figure 12 shows the graph presentation of the
optimization activity. The algorithm ran a total of 10 h, and the calorific value increased
from an initial 4.4 to 8 MJ/m3. This result was reached by gradually reducing the airflow,
increasing the flow of oxygen, and reducing exhaust fan power. The automatic restart of
the algorithm was not activated during the test.
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Figure 11. The first test of optimal control with optimization of three parameters.

Figure 12. The second test of optimal control with optimization of three parameters.

Detailed analysis showed that the maximum permissible value of the relative devi-
ation from the arithmetic average could also be set to a lower value for the algorithm’s
improvement, e.g., 10%. Smaller maximum tolerance would be extended, waiting for a
stable calorific value, and extending the algorithm’s test. All four tests of the algorithm
favorably affect the gasification process. In any case, the calorific value was, in the short
term, increased, opening the way for further improvement and testing of the algorithm.
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A summary view of the configuration of individual tests and the achieved results
is shown in Table 2. The UCG experiments in which the proposed control algorithm
was tested differed in time duration, number of optimized manipulation variables, and
achieved temperatures in the oxidation zone. The table shows that the best results, i.e.,
the highest calorific values, were acquired by optimizing all three manipulation variables.
A higher average temperature was also obtained in these tests. The algorithm calculates
manipulation variables to ensure optimal flows gasification agents so that the content of the
heating components was the greatest. This aim can be achieved only at higher temperatures
above 1000 ◦C.

Table 2. Configuration of experiments and summary of results.

Test
Duration

(min)
Optimized
Variables

Optimization
Steps

Maximum
Temperature

(◦C)

Average
Temperature

(◦C)

Initial
Calorific

Value
(MJ/m3)

Average
Calorific

Value
(MJ/m3)

Maximum
Calorific

Value
(MJ/m3)

Final
Calorific

Value
(MJ/m3)

#1 1100 u1, u3 4 1050 878 2.17 4.3 8.1 7.4
#2 1150 u1, u3 5 956 815 0.95 2.1 5.5 2.1
#3 650 u1, u2, u3 5 1194 938 4.4 4.8 14.2 9.7
#4 650 u1, u2, u3 6 1182 1054 4.4 5.1 8.5 8.0

Optimization of supplemental oxygen injection has significantly improved gasification.
On the other hand, gasification with oxygen can be more expensive.

5. Discussion

Optimal control based on the gradient method’s application in the four tests ensured
an increase in the calorific value. The algorithm uses perturbations to explore the control
space, and steers the manipulation variable toward its local optimum by following a gra-
dient update. Thus, the advantage of the proposed solution is that no model is needed
to calculate optimal manipulation variables. However, on the other hand, the proposed
control needs the continual work of equipment, and finding optimal control can be rel-
atively time consuming. The proposed algorithm was implemented on PLC and on the
SCADA system.

Three manipulation variables were optimized during experiments, i.e., airflow, oxygen
flow, and exhaust fan power on the outlet. These variables enable control of the behavior of
the UCG. When oxygen was used as an additional oxidant, the higher temperature in the
oxidation zone and syngas’ calorific value were recorded (i.e., 938–1054 ◦C, 4.8–5.1 MJ/m3).
There was also recorded a short-term highest calorific value of 14.2 MJ/m3 in gasification
with oxygen. When only air (i.e., combination of overpressure and under pressure system)
was used as the sole oxidant, the average coal temperature and calorific value of the syngas
were lower (i.e., 815–878 ◦C, 2.1–4.3 MJ/m3). The highest calorific value of 8.1 MJ/m3 was
recorded during gasification with air.

Other algorithms for continuous extreme search have also been experimentally tested
at UCG, and they are compared with the proposed algorithm in this paper.

Kostúr and Kačur [42] proposed an extremal controller algorithm that continuously
maximized CO concentration in the syngas. The discrete extremal controller algorithm
optimized only one manipulation variable, which stabilized the airflow by the PI controller.
When testing the control algorithm, the CO concentration in the syngas increased by
17 vol.% (from 15 to 31%), which resulted in an increase in the calorific value of the syngas
by 5 MJ/m3 (from 12 to 15 MJ/m3).

Kačur et al. [28] also tested optimal control with an adaptive regression model. The
online adaptation of the regression model was based on the least-squares method, and
the selected criterion was based on the calorific value of the syngas. The syngas calorific
value was successfully maintained from 3 to 10 MJ/m3 during the experiment. However,
this algorithm was more computationally complex and implemented within the SCADA
system. In both cases, UCG control tests were performed on the same type of coal and the
same ex situ reactor as used in this work.
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Despite the complexity of the control system, the implemented system remains open
to further improvement. It is necessary to look for such a solution so that the calorific value
of syngas is sustainable in the long run. For further research in laboratory conditions, it is
necessary to test the optimal control algorithm for another criterion, e.g., maximizing the
temperature in the oxidation zone and maximizing economic profit or CO concentration in
the produced gas.

6. Conclusions

Underground coal gasification has a range of potential benefits. The process is safer
and more energy-efficient than the conventional combination of coal mining and surface
combustion. At present, UCG is blindly controlled, and various automated control methods
are being tested experimentally.

In laboratory conditions, the technology of UCG was investigated on an ex situ reactor
with a coal seam model to find a suitable control strategy. This paper solved the problem
of model-free optimal control of underground coal gasification of UCG. The proposed
algorithm was based on a simple gradient method that optimizes by experimental way of
operating variables.

The novelty and originality of the proposed solution of UCG control rests on a model-
free approach. This approach of automated UCG control to maximize calorific value
has not been investigated to date. Most of the research in the world focuses on the
model-based stabilization of calorific value and mathematical modeling of UCG processes.
However, research is lacking in improving the direct automated control of the UCG process
that is often controlled only blindly. Furthermore, the high complexity of model-based
control complicates the implementation of control on automation hardware (e.g., due to
the calculation of matrices or quadratic programming). The advantage of the proposed
control is the low computational complexity and the possibility of implementation on
industrial hardware.

The proposed control algorithm has been implemented on a PLC; it does not require a
process model, and only online measured process data are needed. The proposed algorithm,
in four tests, was able to increase the calorific value by optimizing the manipulation
variables. Better algorithm performance, i.e., higher syngas calorific value, was achieved by
optimizing three manipulation variables, i.e., when additional oxygen flow was optimized.
By optimizing the manipulation variables, the calorific value of the syngas was increased
by 5 MJ/m3, both in gasification with air and additional oxygen. However, in gasification
with additional oxygen, higher average calorific values (i.e., 5.1 MJ/m3) were achieved.
When gasifying with air (overpressure and under pressure), the highest average calorific
value obtained was 4.3 MJ/m3. Gasification with air showed a lower average temperature
in the oxidation zone (878 ◦C) than gasification with additional oxygen (1054 ◦C).

Although the control system has only been tested on an experimental ex situ gasifier
with minor modifications, it can also be tested on an in situ gasifier operation. Proposed
control can eliminate the human factor when deciding on actions to intervene in the UCG
process (i.e., correct setting of control parameters) when maintaining the maximum calorific
value is necessary.
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Abbreviations

The following abbreviations are used in this paper:
UCG Underground coal gasification
PI Proportional integral
MPC Model-predictive control
AMPC Adaptive model-predictive control
ARX Auto-regressive with eXogenous input
MARS Multivariate adaptive regression splines
ADP Adaptive dynamic programming
SMC Sliding mode control
1-D One dimensional
3-D Three dimensional
PLC Programmable logic controller
SCADA Supervisory control and data acquisition
FIFO First in, first out

Nomenclature
x The state of the controlled system
u The manipulation variable
H The syngas calorific value (MJ/m3)
ϕCO The volume fraction of CO in syngas (%)
ϕH2 The volume fraction of H2 in syngas (%)
u The volume fraction of CH4 in syngas (%)
u0 The initial vector of optimized manipulation variables
uopt The vector of optimized manipulation variables
R Real numbers
J(u) The objective function
u1 The change of the servo valve position in pulses or airflow (m3/h)
u2 The volume flow of oxygen added to the oxidation mixture (m3/h)
u3 The exhaust fan motor power frequency (Hz) or controlled under pressure (Pa)
uj The j-th manipulation variable (j = 1, 2, 3)

uMin
j Minimum of the j-th manipulation variable

uMax
j Maximum of the j-th manipulation variable

uMax
1 ,uMin

1 Boundaries of servo valve opening (%, pulses) or airflow (m3/h)

uMax
2 ,uMin

2 Boundaries of oxygen flow (m3/h)

uMax
3 ,uMin

3 Boundaries of exhaust fan power frequency (Hz) or under pressure (Pa)

ϕO2 The volume fraction of O2 in syngas (%)

ϕMin
O2

The minimal permitted concentration of O2 in syngas (%)

ϕ
Mqx
O2

The maximal permitted concentration of O2 in syngas (%)

τ Time (s)
τ1, τ2 Time of beginning and end of the analyzed section (s)
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K The coefficient of permeability (m2)
k The index of the control period T0,opt of the optimal control algorithm
Jk The value of the objective function in the step k (MJ/m3)
Hk(u)

average The average calorific value (MJ/m3) of the syngas in the step k
Hj The j–th calorific value in the buffer (MJ/m3)
n The number of the samples in the FIFO buffer
Δτj The value of T0,stab in the j–th step of the sampling
T0,opt The optimal control sampling period (s)
T0,stab The sampling period on the stabilization level (s)
ui The vector of optimized control variables in the step i
ui+1 The vector of the optimized variables in the step i + 1
h The common iterative constant
h The vector of iterative constants for each manipulation variable

∇J
(

ui
)

The gradient of the objective function

Δuj Increments of manipulation variables (j = 1, 2, 3)
εmqx The maximum allowable deviation from the arithmetic average (%)
smax The maximum allowable value of the standard deviation
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41. Ariyur, K.B.; Krstić, M. Real-Time Optimization by Extremum-Seeking Control; John Wiley & Sons, Inc.: New York, NY, USA, 2003.
[CrossRef]
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