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Abstract: Coal gasification experiments were carried out in a reactor used to simulate underground
coal gasification (UCG) processes under ex situ conditions at pressures of 10 and 40 bar. Changes
in the optical properties of the organic matter were analyzed and the influence of temperature
on coal during the UGC process was subsequently determined. The values of the true maximum
reflectance determined for the gasification residue at pressures of 10 and 40 bar, and at distances of
0.75 and 1.75 m, reached a level corresponding to semi-graphite. Furthermore, it was found that the
values of the true maximum reflectance and bireflectance decrease with increasing distance from
the reactor chamber inlet. In addition, the results show that, regardless of the pressure used during
the experiment, the temperature influence on the coal decreased with increasing distance from the
reactor chamber inlet. The true temperatures operating during the experiment were higher than
those recorded by the thermocouples, regardless of the pressure used. However, it was found that
the distance at which the influence of temperature on the coal is still marked during the gasification
process depends on the pressure used in the experiment. For example, in the case of the experiment
at a pressure of 10 bar, the estimated distance is approximately 60 m, while for a pressure of 40 bar, it
is approximately 35 m. These results can, and should, be taken into account for the planning of an
UGC process.

Keywords: underground coal gasification (UCG); bituminous coal; oxygen gasification; reflectance;
bireflectance

1. Introduction

The process of coal gasification has been around for over 200 years. It involves the
conversion of coal into a process gas that can be used, for example, in the chemical industry
as a synthesis gas or for obtaining hydrogen, which is considered to be the fuel of the
future [1,2]. A number of chemical reactions take place in the coal gasification process,
including oxidation, reduction, and distillation. As a result, heat is released, which causes
the temperature to rise well above 1000 degrees Celsius.

Research has been carried out on underground coal gasification (UCG) for over a
century [1,3–5]. Indeed, UCG is considered as an alternative to coal extraction, as well as a
way to use deposit residues or thin coal seams that cannot be exploited with traditional
mining methods for technical or economic reasons [6,7]. The use of UCG processes can
also help minimize some of the environmental damage associated with traditional coal
mining. These include no underground work, less impact on the surface (land subsidence
and mining waste dumps), and increased efficiency in the use of coal, which improves
the economic balance and simultaneously reduces overall emissions to the environment
compared to conventional mining [6,7].
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Regarding the industrial use of UCG, an important aspect is the type and range of
impacts the process has on the rock mass surrounding the georeactor. These interactions
cause changes in the coal and rocks surrounding the coal seam, which can lead to the
formation of cracks and pores [8]. This creates the risk of uncontrolled gas migration
and contamination of the surrounding groundwater [9–15]. Many experiments have been
carried out (including gasification of hard coal and lignite, both in laboratory conditions
simulating the coal seam, as well as in georeactors, that focused on the optimization of the
process flow and the composition of the process gas obtained [4,16–23]. The gasification
process also harnesses solid products, such as thermally transformed coal and mineral
substances; however, these have garnered less research interest.

The organic matter (i.e., coal) is very sensitive to temperature. Under the influence
of temperature, the petrographic composition of coal changes, as well as its properties,
such as reflectance and chemical composition (i.e., the carbon content, C, hydrogen, H, and
nitrogen, N).

The reflection of the temperature in the georeactor is the degree of organic matter
carbonation, most often expressed by the reflectance value of vitrinite, which is one of
the primary components of coal. A common result of coal thermal metamorphism is its
transformation into anthracite or natural coke in the temperature-affected zone. Numerous
studies have revealed changes in vitrinite reflectance related to the thermal metamorphism
of coal caused by intrusions in the Upper Silesian Coal Basin, a region in southern Poland
which also spans into Czechia [24–29]. Experimental studies were also carried out to deter-
mine the rate of change in the optical parameters of vitrinite with increasing temperature.
They showed that, after short-term heating at 350–400 ◦C, the light reflectance and vitrinite
birefringence changes begin [30–32]. Such changes in optical properties are related to
thermal changes taking place in the internal structure of vitrinite and its transformation
products (mesophases and matrix). The nature and intensity of these changes depend on
the coal rank and coking susceptibility of the starting material [33–37].

Research conducted so far on the influence of temperature on the optical properties of
vitrinite has revealed that the changes in the internal structure of vitrinite due to increasing
temperature can be divided into two stages. In the first stage, which occurs between
400 and 600 ◦C, rapid changes in the parameters characterizing the internal structure of
vitrinite annealing products were observed. In the vitrification derived from coking coal
at temperatures of 500 ◦C or 600 ◦C, mesophase appears, which, at higher temperatures,
transforms into the basic mass matrix. These changes are related to degassing and plas-
ticizing processes. The second stage of changes was observed between 800 and 1200 ◦C.
In this range, the mean reflectance Rr and the bireflectance Rbi of vitrinite further increase.
This means that, with the increase in the annealing temperature, the order of the internal
structure of vitrinite carbonization products increases [33,34,38,39].

Vitrinite reflectance is a very good indicator showing the intensity of changes taking
place in the georeactor, as well as in its immediate surroundings. However, so far only a
few publications have addressed the issues of changes in reflectance [40] or petrographic
composition [41] in gasification residue (coal, carbonizate, rocks) created during UCG.

Previous work [8,42–44] on UCG concerned the analysis of the possibility of transform-
ing the coal seam resources into gas that can be used as both fuel and for the production of
electricity and chemicals. However, such experiments are costly compared to experiments
performed in simulation reactors designed for these exact purposes. Gasification in a
reactor simulating UCG does not require expensive mining work. The reactor can be used
many times for experiments with different types of coal.

The coal rank, most often expressed by the vitrinite reflectance value, reflects the
temperature acting on the organic substance. There are few known studies on the transfor-
mation of organic matter after UCG [40,41]; however, no such studies have been conducted
after coal gasification in a simulation reactor. The aim of this study is to assess the impact
and range of temperature influence on coal during the coal gasification process in a simula-
tion reactor. The results of these studies may contribute to a deeper understanding of the
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phenomena occurring during UCG processes in particular, to determine the range of the
impact of UCG processes on the coal seam and surrounding rocks.

2. Experimental Methods
2.1. Reactor Construction and Sample Preparation

Coal gasification was performed in a reactor used to simulate UCG processes ex situ.
The scheme of the applied installation is presented in Figure 1. The reactor was constructed
of a metal, heat-resistant pipe with an outer diameter of 0.9 m and a length of 3.5 m,
insulated on both the inside and outside with heat-resistant material. The inside of the
reaction chamber was constructed to create an artificial coal seam with a maximum length
of approximately 3.5 m, with a cross-section of 0.42 m × 0.42 m. Depending on the type of
coal, this corresponds to a charge to the reactor within the range of 500–800 kg.
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Figure 1. Reactor used in the experiment. (a) Scheme of the pressure unit for simulation of the un-
derground coal gasification process, as follows: (1) compressed reagents, (2) pressure reactor, (3) 
wet scrubber, (4) air cooler, (5,6) gas cleaning system, (7) thermal combustor, (8) gas treatment 
module prior to GC analysis; (b) cross-section of the reactor, (c) longitudinal section of the reactor. 

Figure 1. Reactor used in the experiment. (a) Scheme of the pressure unit for simulation of the
underground coal gasification process, as follows: (1) compressed reagents, (2) pressure reactor,
(3) wet scrubber, (4) air cooler, (5,6) gas cleaning system, (7) thermal combustor, (8) gas treatment
module prior to GC analysis; (b) cross-section of the reactor, (c) longitudinal section of the reactor.

The reactor was closed on both sides with cylindrical ends. Pipes passed through
both ends, which made it possible to supply the gasification agent to the interior of the
reactor, as well as to discharge the gasification products. Gaseous media were supplied to
the reactor by a system of metal pipes equipped with valves, sensors and flow regulators.
Technical oxygen (99.5%) and nitrogen gas were taken from gas cylinders (Figure 1a), and a
compressor supplied the compressed air.
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Sensors were installed that measured the temperature and pressure of gases at the
inlet and outlet of the reactor, the scrubber, and the purification module. The reactor was
equipped with 14 spigots (7 at the bottom and 7 at the top) to measure the temperature
in various places. For the purposes of these experiments, only 10 of them were used.
Temperature measurements were carried out using a B-type thermocouple (PtRh30-PtRh6),
and measurements were taken at the bottom of the reactor using thermocouples T2-T6, and
at the top part of the reactor using thermocouples T8-T13. Reading the temperature inside
the reactor allowed for continuous control of the gasification process during the experiment
(Figure 1).

Before placing the block of coal in the reactor chamber, it was cut into blocks with
transverse dimensions of 0.4 m × 0.4 m. The number of blocks was selected in such a way
that their total length was 3.5 m. A hole with a square cross-section of 0.1 m × 0.1 m was
cut in the lower part of the blocks which acted as a fire channel through which process
gases could be transported to the reactor outlet (Figure 2).
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Figure 2. Preparation of coal for gasification. (a) Cutting block of coal, (b) coal blocks with a cut-out
fire channel ready to be placed inside the reactor, (c) reaction chamber while loading with coal blocks,
(d) reactor prepared for gasification.

2.2. Experiment Parameters and Sampling

Two tests of hard coal gasification at pressures of 10 and 40 bar were carried out in
this study. Coal samples were obtained from one of the mines located in the Upper Silesian
Coal Basin (Poland). The gasifying agent was pure oxygen, and had a flow rate of 4 Nm3/h.
The duration of the experiments was 72 hours. An oxygen flow rate of 4 Nm3/h has
been established experimentally based on earlier research and the chosen value depended
mainly on the geometry of the reactor. At a higher oxygen flow rate, e.g., 6 Nm3/h, oxygen
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appeared in the process gases, and at a lower flow rate e.g., 2 Nm3/h the reactor heating
time was very long. Therefore, the oxygen flow rate of 4 Nm3/h was determined as the
optimal.

After loading the coal into the reactor, the whole installation was tested for any air
leaks with compressed nitrogen. The coal was then ignited with a pyrotechnic charge at a
distance of one meter from the beginning of the coal seam. The ignition of the coal was
started in a stream of 2 Nm3/h of pure oxygen at atmospheric pressure, after which the
oxygen pressure was slowly increased to 10 or 40 bar for the first and second experiments,
respectively.

The beginning of the experiment was taken as the moment when the pressure inside
the reactor reached the target value. Then, the oxygen flow was increased to 4 Nm3/h,
where it remained until the end of the experiment. At the end of the experiment, the oxygen
flow was turned off and the pressure in the reactor was reduced to atmospheric value and
cooled down using a nitrogen stream at a flow rate of 2 Nm3/h. The cooling time was
4 days, after which samples were taken for analysis. Finally, after removing any gasification
residue, the entire plant was prepared for the next experiment.

The research was based on a raw coal sample and six samples of gasification residues
(three samples each for 10 bar and 40 bar pressure) taken at distances of 0.75, 1.75, and
2.75 m from the reaction chamber inlet, which correspond to thermocouple positions T9,
T11, and T13.

The samples were reduced and ground to a fraction of ϕ < 1 mm, and briquettes of
them were made for microscopic examination of the petrographic composition of the raw
coal sample. In this way, the percentage content of macerals were determined. The analysis
was performed in accordance with PN-ISO-7404-2:2005 [45].

2.3. Analyses Methods

The optical properties of raw coal and gasification residues were analyzed, including
the measurements of the average random vitrinite reflectance Rr (according to PN-ISO
7404-5:2002 [46]) of raw coal, as well as its transformation products after the gasification
process.

Random values of reflectance Rmax
′ and Rmin

′ were registered for each measurement
point. Based on these results, using Kilby’s method [47–49], a true maximum Rmax and
minimum Rmin reflectance value was calculated. The value of optical anisotropy was
expressed by means of bireflectance Rbi given by the following:

Rbi = Rmax − Rmin

Microscopic examinations were carried out using a Zeiss optical light microscope
equipped with a microphotometer. An immersion oil was used with a refractive index
no = 1.5176 at 23 ◦C and light wavelength λ = 546 nm.

Chemical and technological analysis of the raw coal sample was performed, which
included the following determinations: moisture content Wa (PN-G-04560:1998 [50]), ash con-
tent Ad (PN-G-04560:1998 [50]), volatile matter content Vdaf (PN-G-04516:1998 [51]), calorific
value Qs

daf (PN-ISO 1928:2020-05 [52]) and total sulfur content (PN-G-04584:2001 [53]).
Elemental analysis (Cdaf, Hdaf, and Ndaf) according to the PN-G-04571:1998 standard

was performed for the raw sample as well as all samples of gasification residues. All
analysis was carried out at the Silesian University of Technology, Gliwice, Poland.

3. Results
3.1. Properties of Raw Coal Sample before Gasification

It was found that the raw coal sample had an ash content Ad of 2.74%, moisture
content Wa of 2.36%, volatile matter content Vdaf of 32.61%, and a calorific value Qs

daf of
31.9 MJ/kg. The sulfur content St

d in the tested sample was small and amounted to only
0.31%.
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The results of the elemental analysis indicate that the content of Cdaf in the tested coal
sample was 81.74%, while the shares of hydrogen Hdaf and nitrogen Ndaf were 4.39% and
1.3%, respectively (Table 1).

Table 1. Chemical–technological properties and vitrinite reflectance of a raw coal sample.

Chemical–Technological Properties

Wa Ad Vdaf Qdaf St
d Cdaf Hdaf Ndaf

% % % MJ/kg % % % %
2.36 2.74 32.61 31.9 0.31 81.74 4.39 1.3

Optical Properties

Rr S Rmax smax Rmin smin Rrmax Rrmin Rbi

% % % % % % % % %
0.79 0.05 0.82 0.03 0.76 0.05 0.88 0.66 0.22

Abbreviations are as follows: Rr, mean random reflectance; s, standard deviation of Rr value; Rmax, mean
maximum reflectance; Rmin, mean minimum reflectance; smax, standard deviation of Rmax value; smin, standard
deviation of Rmin value; Rrmax, true maximum reflectance value; Rrmin, true minimum reflectance value; Rbi,
bireflectance.

The tested coal was characterized by an average vitrinite reflectance Rr = 0.79%, with
the standard deviation s = 0.05%.

The analysis of the optical properties of the raw coal sample showed that the maxi-
mum mean Rmax and minimum Rmin reflectance values of vitrinite were 0.82% and 0.76%,
respectively, with standard deviations of 0.03% and 0.05%, respectively. The value of the
true maximum reflectance, Rrmax, determined on the basis of Kilby diagrams, was 0.88%,
while the true minimum reflectance, Rrmin, was 0.66%. The bireflectance Rbi was found to
be 0.22% (Table 1).

The analysis of macerals groups showed that the vitrinite content in the analyzed raw
coal sample was 47% (Figure 3). Among the vitrinite group, colodetrinite and colotelinite
the most commonly were observed. Corpogelinite was only occasionally observed (as
shown in Figure 4a,b,d).
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Figure 4. Raw sample of coal showing (a) trimacerite, (b) vitrinite–collotelinite, (c) inertinite–
semifusinite, and (d) vitrinertite–collodetrinite and micrinite.

The content of macerals in the liptinite group was found to be 13% (Figure 3), with
the most frequently observed maceral in the liptinite group being sporinite in the form of
macro- and microspores. Cutinite, resinite, and liptodetrinite were found in much smaller
amounts (Figure 4a).

The share of macerals from the inertinite group was 38% (Figure 3). This group was
represented by inertodethrinite semifusinite and micrinite, where micrinite and fusinite
were found to be less common (Figure 4a–d).

The content of the mineral substance in the tested coal sample was low and amounted
to only 2%. The mineral matter was mainly represented by carbonates, iron sulfides, and
the polymineral substance.

Based on the results obtained, the raw coal sample was classified as low ash (Ad < 10%),
medium vitrinite (vitrinite content in mineral matter free state 40% < Vmmf < 60%), and
medium rank bituminous C coal (PN-ISO 11760:2007 [54]).

3.2. Temperature Distribution in the Reactor during Gasification

The temperature distribution in the reactor chamber during the coal gasification
experiments at 10 and 40 bar pressures was analyzed. It was found that in both experiments
the recorded temperature at the distances of 0.75 m (T9 and T2 thermocouples), 1.75 m
(T11 and T4 thermocouples), and 2.75 m (T13 and T6 thermocouples) in the top and bottom
parts, respectively, was different during the entire gasification process (Figures 5 and 6).

The highest recorded temperature at a distance of 0.75 m at a pressure of 10 bar was
about 1000 ◦C in the top part and 580 ◦C in the bottom part (thermocouples T9 and T2,
respectively). As the distance from the reactor chamber inlet increased, the values of
the recorded temperatures decreased. At a distance of 1.75 m from the reactor chamber
inlet, the highest recorded temperatures are 880 ◦C and 300 ◦C in the top and bottom
parts, respectively (thermocouples T11 and T4, respectively). The highest temperature
recorded by thermocouples T13 and T6, located 2.75 m from the reactor chamber inlet, was
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approximately 580 ◦C in the top part and 280 ◦C in the bottom part, respectively (Figure 5a
and Figure 5b, respectively).
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During the experiment carried out at a pressure of 40 bar, the highest temperature
in the top part was approximately 1100 ◦C and 550 ◦C in the bottom part, respectively
(thermocouples T9 and T2, respectively, at distance d = 0.75 m).

As the distance from the reactor chamber inlet increased, the recorded temperature
values decreased. At a distance of 1.75 m, the highest recorded temperature is 875 ◦C and
450 ◦C in the top and bottom part, respectively (thermocouples T11 and T4, respectively).
The highest temperature recorded by thermocouples T13 and T6, located 2.75 m from the
reactor chamber inlet, was approximately 520 ◦C in the top part and 120 ◦C in the bottom
part, respectively (Figure 6a and Figure 6b, respectively).

Based on the results obtained, it can be concluded that the temperature in the bottom
part of the reactor was much lower compared to the temperature in the top part, regardless
of the pressure used during gasification. This is a result of the lower thermocouples being
insulated by the ash and slag formed during gasification. Therefore, during the analysis of
the residues after coal gasification, the maximum temperatures recorded by thermocouples
from the roof layer were taken into account.
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The distance of the thermocouples from the top and bottom part of the reactor chamber
was about 2 cm. This positioning of the thermocouples was necessary to protect them
from direct contact with the oxidants used during coal gasification. Therefore, the true
temperature of the gasification process was probably about 100–200 ◦C higher. However,
due to insulating phenomena (used refractory materials and ceramic thermocouple sheaths),
the recorded temperature was lower (Figures 1, 2, 5 and 6).

As can be seen in the diagrams (Figures 5 and 6), the temperature increases the fastest
in the initial section of the reactor (near the oxygen input). This is due to the fact that the
gasification process was initiated at this point (ignition site). With time, the intensity of the
gasification process also increases in the further part of the reactor, which is illustrated by
the increase in temperature recorded by successive thermocouples.

Higher pressure (40 bar) resulted in a faster temperature increase in the reactor during
the experiment. Higher maximum temperatures were also obtained. After the 55th hour of
the experiment, a clear decrease in the temperature measured by thermocouples T9 and T10
is observed. This means that the coal in this part of the reactor has already been gasified
and the intensity of the reaction has begun to decrease.

3.3. Properties of Residues after Coal Gasification
3.3.1. Elemental Analysis

The results of the elemental analysis of the coal gasification residue indicate that the
coal gasification products at a pressure of 10 bar show a similar Cdaf content in the range of
90.93% to 92.19%. However, coal gasification at a pressure of 40 bar caused the content of
Cdaf in the tested samples to reach values in a range from 88.98 to 93.90%.

The share of Cdaf in all analyzed gasification residue samples is higher than in the
raw sample, where the highest Cdaf content was found in the sample taken at a distance of
0.75 m from the inlet of the reaction chamber. On the other hand, the lowest Cdaf content
was found in the sample taken at a distance of 2.75 m from the inlet of the reaction chamber
(Tables 1 and 2, and Figure 7).

Table 2. The results of elemental analysis of residues after coal gasification.

Pressure Sample d Cdaf Hdaf Ndaf

Bar m %

10-1 0.75 90.93 0.83 1.08
10 10-2 1.75 92.19 0.68 1.40

10-3 2.75 91.09 0.98 1.43

40-1 0.75 93.90 0.58 1.09
40 40-2 1.75 92.56 1.15 1.54

40-3 2.75 88.98 2.38 1.39
Abbreviations are as follows: d, distance from reactor chamber inlet.

On the basis of the presented results, it can be concluded that the Cdaf content in the
gasification residue was about 10% higher than in the raw coal sample.

3.3.2. Optical Properties of the Residue after Gasification at a Pressure of 10 Bar

Microscopic observations of coal samples subjected to gasification at 10 bar pressure
showed that they contain coal components that have been transformed under the influence
of temperature. Vitrinite grains were found with visible pores after degassing (Figure 8a),
and coke grains were also observed in these sample, which are characterized by the presence
of various pore sizes with a high relief (Figure 8b). There was also a mesophase, where,
in some places, it formed regions of the same optical orientation anisotropic domains
(Figure 8c–f). The morphology of the macerals of the liptinite group changed significantly
compared to the raw sample; the edges of some grains were rounded, and the color became
lighter than in the raw sample (Figure 8e). Despite these changes, it was found that the
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degree of change in the morphology of the coal components caused by the influence of
temperature decreased as the distance from the reactor chamber inlet increased.
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Microscopic observations of the samples subjected to coal gasification at a pressure of
10 bar revealed that the optical properties of coal petrographic components changed during
this process. This means a change in the coal rank of the gasification residue compared to
the raw coal sample.

In order to determine the rank of coal, the reflectance of vitrinite and products of its
thermal transformations was measured.

Gasification products at a pressure of 10 bar were characterized by a different coal
rank. The mean maximum Rmax reflectance value determined for them ranged from 5.29%
to 6.28%, with the standard deviation smax between 0.55% and 1.07% (Figure 9a).

The mean minimum Rmin reflectance value varied from 4.66% to 5.40%, with the
standard deviation of smin ranging from 0.59% to 1.07%.

Such a high value of this parameter could have been influenced by the changing tem-
perature in the reactor chamber during the experiment. For this reason, for the gasification
products at a pressure of 10 bar, the true values of maximum Rrmax and minimum Rrmin
reflectance were determined using Kilby’s method.

Kilby diagrams for samples taken from 0.75m and 1.75m were very clear. However,
in the case of the sample taken from a distance of 2.75 m, two populations of reflectance
values were distinguished. The first one included Rmax values < 3.5%. In this interval of
reflectance, the Kilby diagrams were disordered and impossible to interpret. The second
population had Rmax values > 3.5%, where, in this case, the Kilby diagram was clear.

The true maximum reflectance values Rrmax, calculated from the Kilby diagram, varied
from 6.46% to 8.30%, whereas that true minimum reflectance Rrmin ranged from 2.84% to
3.73%.

The bireflectance Rbi varied from 3.36% to 4.57%, where the values of the true maxi-
mum reflectance Rrmax determined for samples 10-1 and 10-2 reached the value correspond-
ing to semi-graphite (6.5–9.0%) (Table 3, Figure 9b,d). Such a degree of transformation of
the organic substance is confirmed by the value of the quotient H/C < 0.15 determined for
these samples.
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degassing is visible; (b) heat-altered coal–coke structure is visible; (c) heat-altered coal–mesophase 
is visible (parallel nicols); (d) the same field as photo c (crossed nicols); (e) heat-altered 
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Figure 8. The residue after gasification of coal at a pressure of 10 bar. (a) Vitrinite with pores after
degassing is visible; (b) heat-altered coal–coke structure is visible; (c) heat-altered coal–mesophase is
visible (parallel nicols); (d) the same field as photo c (crossed nicols); (e) heat-altered coal–mesophase
and thermally-altered liptinite is visible (parallel nicols); (f) the same field as photo e–(crossed nicols).

The results of this experiment show that with the increase in the distance from the
reactor chamber inlet, the values of the true maximum reflectance and bireflectance decrease.
These changes are related to the changing temperature in the reactor chamber during the
experiment (Figure 9b,d).

3.3.3. Optical Properties of the Residue after Gasification at a Pressure of 40 Bar

Microscopic observations of coal samples subjected to gasification at 40 bar pressure
showed that they contain coal components transformed under the influence of temperature.

Vitrinite grains were found with visible pores after degassing (Figure 10a), while coke
grains were also observed in these samples and were characterized by the presence of
various pore sizes and a high relief (Figure 10b). There was also a mesophase, where,
in some places, it formed regions of the same optical orientation anisotropic domains
(Figure 10c,d).
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Table 3. Characteristics of the optical properties of the raw sample and the residues after coal
gasification.

Pressure Sample Rmax smax Rmin smin Rrmax Rrmin Rbi

bar %

10-1 AM 6.28 1.01 4.87 1.07 8.30 3.73 4.57
10-2 AM 6.08 0.55 5.40 0.59 7.18 2.84 4.22

10
10-3

AM 5.29 1.07 4.66 1.07 NM NM NM
Rmax < 3.5 2.76 0.60 2.29 0.55 NM NM NM
Rmax > 3.5 5.32 0.57 4.72 0.81 6.46 3.10 3.36

40-1 AM 6.00 1.56 4.95 1.28 9.12 2.39 6.73

40-2
AM 4.95 1.51 4.31 1.57 NM NM NM

Rmax < 3.5 2.93 0.77 2.24 0.55 4.47 1.14 3.33
40 Rmax > 3.5 5.82 0.70 5.21 0.85 7.22 3.31 3.91

40-3
AM 3.78 1.84 3.45 1.7 NM NM NM

Rmax < 3.0 1.34 0.38 1.19 0.37 NM NM NM
Rmax > 3.0 5.09 0.39 4.60 0.46 5.87 3.68 2.19

Abbreviations are as follows: RS, raw sample; NM, not marked; AM, all measurements; Rmax, mean maximum
reflectance; Rmin, mean minimum reflectance; smax, standard deviation of Rmax value; smin, standard deviation of
Rmin value; Rrmax, true maximum reflectance value; Rrmin, true minimum reflectance value; Rbi, bireflectance.
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The macerals of the liptinite group were characterized by a different degree of trans-
formation. In the samples from a distance of 0.75 m and 1.75 m from the reactor chamber
inlet, the color of liptinite was brighter than in the raw sample. In the sample coming from
a distance of 2.75 m, grains were found, in which the color and morphology of liptinite
showed almost no change compared to the raw sample (Figure 10e,f). The changes in the
morphology of the coal components caused by the influence of temperature decreased as
the distance from the reactor chamber inlet increased.
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Figure 10. The residue after gasification of coal at a pressure of 40 bar. (a) Vitrinite with pores after
degassing is visible; (b) heat-altered coal–coke structure is visible; (c) heat-altered coal–mesophase
(matrix) is visible (parallel nicols); (d) the same field as photo c(crossed nicols); (e) trimacerite with
the color and morphology of liptinite unchanged compared to the raw sample; (f) macrosporinite
with the color and morphology of liptinite unchanged compared to the raw sample.

The mean maximum Rmax value of reflectance determined for the gasification residue
under 40 bar pressure ranged from 3.78% to 6.00%, with a standard deviation ranging from
1.51% to 1.84%. The mean minimum Rmin reflectance value varied from 3.45% to 4.95%,
with the standard deviation of smin ranging from 1.28% to 1.70% (Table 3, Figure 9a).
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The Kilby diagram for the sample taken from 0.75 m was clear. The values of the true
maximum, minimum reflectancs, and bireflectance for this sample were 9.12%, 2.39%, and
6.73%, respectively.

In the case of the remaining samples, two populations of reflectance values were dis-
tinguished; the first one included values in the range of Rmax < 3.5% (sample 40-2) and
Rmax < 3.0% (sample 40-3). The second population included values Rmax > 3.5% and
Rmax > 3.0% for samples 40-2 and 40-3, respectively. Kilby diagrams for both populations
from sample 40-2 taken from a distance of 1.75 m from the reactor chamber inlet were very
clear.

The true values of maximum and minimum reflectance and bireflectance were 4.47%,
1.14%, and 3.33%, respectively, for the Rmax < 3.5% population. The second population had
the true values of maximum and minimum reflectance and bireflectance of 7.22%, 3.31%,
and 3.91%, respectively.

The Kilby diagram for the sample taken at a distance of 2.75 m, in the reflectance range
Rmax < 3.0%, was disordered and impossible to interpret. In contrast, the Kilby diagram for
the second population of data, including reflectance values Rmax > 3.0%, was very clear.

The true values of maximum and minimum reflectance were 5.87% and 3.68%, re-
spectively, and the bireflectance was 2.19%. The values of the true maximum reflectance
Rrmax determined for samples 40-1 and 40-2 (Rmax > 3.5% population) reached the level
corresponding to semi-graphite (6.5–9.0%) (Table 3, Figure 9c,d). Such a degree of trans-
formation of the organic substance is confirmed by the value of the quotient H/C ≤ 0.15
determined for these samples.

The results of this experiment show that with the increase in the distance from the
reactor chamber inlet, the values of the true maximum reflectance and bireflectance decrease.
These changes are related to the changing temperature in the reactor chamber during the
experiment (Figure 9c,d).

3.4. Maximum Temperature and Range of the Coal Gasification Process

The calculated values of true maximum reflectance of the thermally transformed
residue after coal gasification were used to estimate the maximum temperature that acted
on the organic matter during the gasification experiments.

The values of true maximum reflectance gasification residue/vitrinite were com-
pared with the data obtained for vitrinite subjected to thermal treatment in the laboratory
experiments within the range of 400 ◦C to 1200 ◦C [37,39]. The arithmetic mean and
standard deviation of the true maximum reflectance of vitrinite were calculated for each
heat treatment temperature (i.e., 400, 500, 600, 800, 1000, and 1200 ◦C). The relation-
ship between temperature and the mean value of the true maximum vitrinite reflectance
Rmax = f(T) was then determined. This relationship was found to be linear and is given by
Rrmax = 0.00982T-2.6698 (r = 0.99, p < 0.05; see Figure 11). This function was then used to
obtain the temperature that acted on the coal during the experiment.

It was calculated that, at a distance of 0.75 m from the reactor chamber inlet during
the experiment at 10 bar pressure (sample 10-1), the temperature reached a value of at
least 1119 ◦C (Figure 11). Temperatures of about 1005 ◦C (sample 10-2, d = 1.75 m) and
932 ◦C (sample 10-3, d = 2.75 m) influenced the samples located further from the reactor
chamber inlet. During the experiment at a pressure of 40 bar, the maximum temperature
was 1203 ◦C (sample 40-1, d = 0.75 m). The samples located at a greater distance were
influenced by temperatures of about 1009 ◦C (sample 40-2, d = 1.75 m) and 871 ◦C (sample
40-3, d = 2.75 m) (Figure 11). The results of this experiment show that with the increase
in the distance from the reactor chamber inlet, the values of the temperature decrease,
regardless of the pressure applied during the experiment (Figure 12a,b).

The results obtained indicate that the maximum temperature influencing the coal
during gasification was higher than the temperature recorded by the thermocouples. In
the case of an experiment at a pressure of 10 bar, the difference between the temperature
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recorded by the thermocouples and the temperature estimated on the basis of the reflectance
measurements ranges from 120 to 350 ◦C.

The greatest temperature difference was found at a distance of 2.75 m from the reactor
inlet (Figure 12a). Similar differences between the temperature recorded by thermocouples
and the temperature estimated on the basis of the reflectance measurements were found
for the experiment carried out at a pressure of 40 bar. These differences also range from
about 100 to 350 ◦C at a distance of 2.75 m from the reactor inlet (Figure 12b).
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It was found that as the distance from the reactor chamber inlet increased, the values
of the maximum temperature acting on the coal during gasification decreased.

This is confirmed by the observed values of the real maximum reflectance and bire-
flectance, which decreased with distance. This is because the degree of organic matter
coalification (rank), expressed by the vitrinite reflectance value reflects the temperature
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acting on the organic substance [55]. Similar changes in optical properties and the structure
of residues after coal gasification were also observed in previous studies [40,41,56,57].

The obtained test results indicate that with the increase in the distance from the inlet
of the reactor chamber, the value of the true maximum reflectance decreases.

There was an attempt made to estimate the distance from the reactor chamber inlet at
which no increase in reflectance value was observed in relation to the raw sample.

For this purpose, the value of the reflectance ratio IR was calculated. The IR is the ratio
of the true values of the maximum reflectance of the raw sample to the gasification residue.

It was found that with increasing distance from the reactor chamber inlet, both at 10
and 40 bar pressure, the value of the IR quotient increased systematically (Figure 13a,b).
This is probably due to the differences in the maximum temperature reached in different
parts of the reactor.
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The distance for which the value of IR = 1 means that the reflectance value of the
gasification residue is equal to that of the raw sample. In the case of an experiment at a
pressure of 10 bar, the estimated distance for which IR = 1 is approximately 60 m, while for
a pressure of 40 bar it is approximately 35 m, assuming that the relationship IR = f (d) is
linear.

The obtained results show that the distance at which the temperature effect on the coal
is marked during the gasification process depends on the pressure used in the experiment.

It should be noted that this distance was estimated only on the basis of the reflectance
data from the ex situ gasification experiment. That distance in the mine conditions corre-
sponds to the region of the UCG cavity and the boundary of the UCG cavity.

The exact distance depends on specific site geology, project scale, gasifier design,
and operational parameters, and the calculated distance may correspond to the near field
zone described by Perkins. This near field is a zone around the immediate cavity which
is impacted by the presence of the UCG process, which undergoes chemical, thermal,
geomechanical, and hydrogeological impacts. The region of the near field zone is expected
to extend from tens to hundreds of meters from the center of the UCG cavity.

4. Conclusions

The gasification residues of medium rank bituminous C coal with low ash content and
medium vitrinite content in a reactor at pressures of 10 bar and 40 bar showed about 10%
higher Cdaf content than raw coal, with the lowest values occurring at the greatest distance
from the reaction chamber inlet.

Regardless of the pressure in the gasification residues, as the temperature in the reactor
decreased and the distance from the inlet to the reaction chamber increased, the changes in
the morphology of the coal components decreased, with large standard deviations in the
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mean maximum and minimum reflectance observed, as well as a decrease in the values of
the true maximum reflectance and bireflectance.

The bireflectance Rbi varied from 3.36% to 4.57%. The values of the true maximum
reflectance Rrmax determined for samples 10-1 and 10-2 reached the value corresponding to
semi-graphite. Such a degree of transformation in the organic substance is confirmed by
the value of the quotient H/C < 0.15 determined for these samples.

The values of the true maximum reflectance Rrmax determined for samples 40-1 and
40-2 (Rmax > 3.5% population) reached the level corresponding to semi-graphite. Such a
degree of transformation in the organic substance is confirmed by the value of the quotient
H/C ≤ 0.15 determined for these samples.

The values of the true maximum reflectance determined for the gasification residue at a
distance of 0.75 and 1.75 m from the reactor chamber inlet reached the value corresponding
to semi-graphite regardless of the pressure applied during the experiment. This is confirmed
by the value of the quotient H/C ≤ 0.15 determined for these samples.

It was found that, as the distance from the reactor chamber inlet increased, the values
of the maximum temperature acting on the coal during gasification decreased, regardless
of the pressure applied during the experiment.

The true maximum temperature influencing the coal during gasification was higher
than the temperature recorded by the thermocouples. The differences between the temper-
ature recorded by the thermocouples and the temperature estimated on the basis of the
reflectance measurements range from 100 to 350 ◦C.

The obtained results show that the distance at which the temperature effect on the coal
is marked during the gasification process depends on the pressure used in the experiment.
In the case of an experiment at a pressure of 10 bar, the estimated distance is approximately
60 m, while for a pressure of 40 bar, it is approximately 35 m.
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