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HIGHLIGHTS

e Large scale gasification experiments of methane-rich gas production using hydrogen (hydrogasification) were conducted.

o The effect of pressure and coal rank on the methane concentrations and gas production rates was confirmed in the study.

e The technical feasibility of the underground coal hydrogasification (UCHG) concept was confirmed.
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ABSTRACT

This paper presents a series of surface experimental simulations of methane-oriented
underground coal gasification using hydrogen as gasification medium. The main aim of
the experiments conducted was to evaluate the feasibility of methane-rich gas production
through the in situ coal hydrogasification process. Two multi-day trials were carried out
using large scale gasification facilities designed for ex situ experimental simulations of the
underground coal gasification (UCG) process. Two different coals were investigated: the
“Six Feet” semi-anthracite (Wales) and the “Wesota" hard coal (Poland). The coal samples
were extracted directly from the respective coal seams in the form of large blocks. The
gasification tests were conducted in the artificial coal seams (0.41 x 0.41 x 3.05 m) under
two distinct pressure regimes - 20 and 40 bar. The series of experiments conducted
demonstrated that the physicochemical properties of coal (coal rank) considerably affect
the hydrogasification process. For both gasification pressures applied, gas from “Six Feet”
semi-anthracite was characterized by a higher content of methane. The average CH,
concentration for “Six Feet” experiment during the H, stage was 24.12% at 20 bar and
27.03% at 40 bar. During the hydrogasification of “Wesota" coal, CH, concentration was
19.28% and 21.71% at 20 and 40 bar, respectively. The process was characterized by high
stability and reproducibility of conditions favorable for methane formation in the whole
sequence of gasification cycles. Although the feasibility of methane-rich gas production by
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underground hydrogasification was initially demonstrated, further techno-economic
studies are necessary to assess the economic feasibility of methane production using

this process.

© 2022 The Author(s). Published by Elsevier Ltd on behalf of Hydrogen Energy Publications
LLC. This is an open access article under the CC BY-NC-ND license (http://

creativecommons.org/licenses/by-nc-nd/4.0/).

Introduction

The process of underground coal gasification (UCG) is based
on the direct, in-situ conversion of the coal seam into process
gas that can be further used for the production of heat, elec-
tricity or as a raw material for the chemical industry [1-3]. The
gasifying reagent is usually air, oxygen or mixtures thereof,
and water. The most valuable components of the process gas
are its combustible components, therefore the UCG process is
carried out in such a way that the calorific value of the ob-
tained gas is as high as possible. The most important products
of the UCG process are methane, hydrogen and carbon mon-
oxide. The factors that determine this are the process condi-
tions such as temperature, pressure, amounts of water
involved in the gasification, oxygen concentration in the
gasifying reagent and its flow rate [4—8]. A typical UCG gas has
the following composition: 10—30% H,, 15—25% CO, 5—8% CH,
and 15—60% CO,. The content of ethane and hydrogen sulfide
usually does not exceed 1% [9—11]. The component of the UCG
gas that has the highest calorific value is methane. Its calorific
value is 35.81 MJ/m? and is approximately three times higher
than the calorific values of carbon monoxide and hydrogen of
12.68 MJ/m> and 10.79 MJ/m?, respectively.

During the thermochemical conversion of carbonaceous
feedstocks, methane is formed in the following reactions:

Cs)+2Ha(g — CHa(g) AH 08 = — 87,5 kJ/mol (R1)
CO(g)+3H2(g)—>CH4(g)+H20(g) AHozgg = — 206.2 kJ/mol (R2)
COy(g+4Ho (g — CHag)y+2H,0(g) AH 505 = — 165.0 kJ/mol  (R3)

3CO0,(g+6Hs(g — CHag+2C0g+4H,0(g AH%0g = — 313.05
KJ/mol  (R4)

From the equations presented, it can be seen that all re-
actions are highly exothermic which reduces the amount of
heat energy required for coal gasification. Therefore, all these
reactions are favored by lower temperature. Furthermore,
equations (R1-R4) show that with an increase in the partial
pressure of hydrogen, the concentration of methane in-
creases. This is due to the hydrogenation and methanation
reactions that convert C, CO or CO, and H, into CH, at high
pressures, leading to a reduction in the number of molecules
in the reacting system. Reaction (R1) - hydrogasification is
heterogenic while the other reactions (R2-R4) occur only in the
gas phase. The hydrogasification reaction is favored by high
pressure with the effect of increased process pressure on
methane yield [15,16]. This reaction is often accelerated by a
catalyst (coal ash and metal oxides Ni, Rh, Ru). Typically the

temperature used is not lower than about 650 °C. At lower
temperature (400—450 °C) the process is performed with low
efficiency, while after exceeding 1200 °C, the resulting
methane is pyrolyzed to carbon and hydrogen.

Methane can also be formed [17,18] in three reversible
methanation reactions (R2-R4) in which the ratio of hydrogen
to carbon monoxide/dioxide should be atleast 3:1 or 4:1. These
reactions are also favored by high pressure. Reaction (R3) is
known as Sabatier reaction [19,20] and it proceeds catalyti-
cally at relatively low temperature (300—400 °C) on catalysts
[20] such as Ru, Co, Ni, Fe. Reactions (R2-R4) are linked with the
water gas shift (WGS) reaction (R5) that always occurs when
catalysts are used [21,22].

COg+Hz0(g — COg+Hag AH%0s = — 33.2 kJ/mol (RS)

The hydrogen formed in the reaction (R5) can then react as
described by reactions (R1-R4). Increasing the methane con-
tent of the process gas in the UCG process by adding water to
the reacting system is a well-known method [23], because the
participation of water in the UCG process is essential. During
coal methanation at 650 °C and above, the dominant reaction
is heterogeneous exothermic hydrogasification (R1) while the
other reactions (R2-R5) occur to a lesser extent. The metha-
nation process has been known and used for many years
[12,13]. It is used for the production of substitute natural gas
(SNG) from syngas (H, and CO), most often obtained via sur-
face gasification of carbon-containing feedstocks (coal, lignite
and biomass). A practical example of the application of the
methanation process is the Great Plains Synfuel Plant [14],
which opened in 1984 in Beulah, North Dakota. It produces 4.1
million m* of SNG per day by gasifying 18,000 tons of lignite.

In order to carry out the underground coal hydro-
gasification (UCHG), it is necessary to conduct the process
under increased pressure and to provide thermal energy to
sustain the reaction. The pressure of the UCG process is
related to the depth of the coal seam underground. In-situ coal
gasification can be carried out at a pressure that does not
exceed the hydrostatic pressure of the water that prevails at a
given depth. For example, at a depth of 500 m the maximum
hydrostatic pressure of the water is 50 bar and this pressure
must not be exceeded by the UCG process. Otherwise, the
pressure of the generated gases would exceed the hydrostatic
pressure, and as a consequence, contaminants could spread
in the rock mass, which should be prevented [24].

The main goal of the experiments presented in this paper
was to assess the feasibility of producing high-methane gas by
hydrogasification of coal in the simulated underground con-
ditions (via reaction R1). For this purpose, it was assumed that
the gasification process would be two-stage. In the first stage,
oxygen was used as the reagent, the main purpose of which
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was to accumulate thermal energy for the subsequent
hydrogasification reaction (in the next stage). This stage
involved the highly exothermic combustion reactions:

In the next stage, only hydrogen was injected into the in-
candescent coal seam in order to carry out the hydro-
gasification process.

The experimental studies were conducted in a high-

C(s)+02(g— COxg AH%gg = — 394.9 kJ/mol (R6) pressure ex situ laboratory installation. To determine the ef-
fect of pressure and coal rank on the hydrogasification pro-
2C(5)+02—2CO¢q AHC505 = — 226.0 kJ/mol (R7) cess, the UCHG experiments were conducted at two pressure
regimes - 20 and 40 bar with two coals of different ranks. To
2CO + Oy(g—2C0yg) AH%gg = — 563.8 kJ/mol (R8) the best of our knowledge, there is no information on under-
ground coal gasification with hydrogen in the available
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Fig. 1 — Scheme of the ex situ high pressure UCG installation: (1) compressed reagents, (2) hydrogen preheater, (3)
gasification chamber, (4) wet scrubber for gas cleaning, (5) air cooler, (6,7) gas separators, (8) thermal combustor, (9) gas
treatment module prior to GC analysis [23].
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Table 1 — Proximate and ultimate characteristics of coals used for the gasification tests [23].

No. Parameter Coal sample Standards
“Six Feet” semi-anthracite “Wesota" hard coal
As received
1 Total moisture, % 1.15 + 0.40 3.60 + 0.40 PN-G-04511:1980
Ash, % 4.61 +0.30 8.74 + 40 PN-G-04560:1998
PN-ISO 1171:2002
3 Volatiles, % 9.92 + 0.12 27.67 +£0.50 PN-G-04516:1998
PN ISO-562:2000
4 Total sulfur, % 1.55 + 0.04 0.31 +0.02 PN-G-04584:2001
PN-ISO 334:1997
5 Calorific value, kJ/kg 33,416 + 220 28,798 + 200 PN-G-04513:1981
Specific gravity, g/cm? 1.35 + 0.028 1.40 + 0.018 PN-G-04537:1998
Analytical
7 Moisture, % 0.84 + 0.30 218 + 0.27 PN-G-04511:1980
Ash, % 4.62 +0.30 8.87 + 0.63 PN-G-04560:1998
PN-ISO 1171:2002
9 Volatiles, % 9.95+0.13 28.08 + 0.92 PN-G-04516:1998
PN ISO-562:2000
10 Heat of combustion, kJ/kg 34,414 + 228 30,317 + 161 PN-G-04513:1981
11 Calorific value, kJ/kg 33,527 + 221 29,258 + 201 PN-G-04513:1981
12 Roga index RI 1+1 34+4 PN-G-04518:1981
13 Total sulfur, % 1.55 + 0.04 0.31 + 0.08 PN-G-04584:2001
PN-ISO 334:1997
14 Carbon, % 87.31 £ 0.66 7535+ 1.13 PN-G-04571:1998
15 Hydrogen, % 3.97 + 0.28 4.61 +0.40 PN-G-04571:1998
16 Nitrogen, % 1.29 +£0.12 1.20 +£ 0.22 PN-G-04571:1998
17 Oxygen, % 0.50 + 0.05 7.65+0.1 from difference to 100%
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literature. The research on the methane-oriented UCHG pro-
cess can therefore be considered as innovative and unique.

Materials and methods

Description of the UCG installation used for the
hydrogasification tests

The schematic view of the surface installation (ex situ) used
for the hydrogasification experiments is presented in Fig. 1.
An essential part of the installation is a gasification
chamber (3) where underground geological conditions of the
coal seam are reproduced. The installation enables simula-
tions of the underground coal gasification process on surface
(ex situ), in an artificial coal seam with a maximum seam
length of 3.05 m and a cross-sectional area of 0.41 x 0.41 m?.
Gasification reagents can be supplied individually or in mix-
tures. To avoid contact with oxygen, hydrogen is supplied to
the reactor through a separate line. This line is equipped with
a preheater that heats the hydrogen up to 400 °C before its
injection into the reactor, which reduces the rate of the tem-
perature drop in the reactor due to the high specific heat of
hydrogen (14.3 kJ/kg-K). Nitrogen is used as a safety agent for

inertizing and cooling down the reactor after gasification. The
raw UCG-derived gas is subject to scrubbing with water to
reduce its temperature, remove particulate matter and
condense high boiling tar components. The subsequent gas
treatment steps involve separation of aerosols. Produced gas
is finally burned in the thermal combustor.

Coal samples and preparation of the artificial seam

Properties of coals used for the experiments

The coal block samples for the UCHG tests were sourced from
two different mines. The first samples - “Six Feet” were ob-
tained from the South Wales Coalfield, UK (semi-anthracite
coal). The average thickness of the coal seam was 1.2 m and
the sampling location was 88 m below the ground level. The
second samples of coal were derived from the “Wesota" mine
in the Upper Silesia Basin, Poland (bituminous coal). The
sampling location was 950 m below the ground level from a
coal seam of an average thickness of 5 m. The results of
proximate and ultimate analyses of the tested coals are pre-
sented in Table 1. All analyses were performed in a certified
laboratory at the Solid Fuels Quality Assessment Department
of the Central Mining Institute (accreditation certificate ISO/
IEC 17025).

b)

d)

Fig. 2 — Preparation of artificial seam for the high-pressure hydrogasification tests: a) sample cutting, b) prepared coal block,

c) inlet cross-section, d) reactor closing.
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The preparation of coal samples for the hydrogasification tests
The raw coal samples after initial processing were used to
create a continuous artificial coal seam of a total length of
3.05 m, a width of 0.41 m and a thickness of 0.41 m. The pro-
cedure for the preparation of the coal seams for the tests is
presented in Fig. 2. The cross-sections of the reactor for the
UCHG tests are presented in Fig. 3.

The distribution of temperatures during the UCHG process
was controlled by 10 high-temperature thermocouples
(Pt10Rh—Pt). Fig. 3b shows that the thermocouples are located
in the insulating layer of the reactor and do not reach the coal
seam. The distance of the thermocouples from the bottom
and roof of the artificial seam was about 2 cm. This placement
of the thermocouples is necessary to protect them from direct
contact with oxidizers.

The coal seams were ignited using a pyrotechnic charge
located inside the gasification channel on the bottom of the
coal seam at a distance of approx. 1 m from the face of the coal
seam.

Experimental procedure

In order to simulate the coal hydrogasification process under
underground conditions, a two-stage process for each coal
type was used. In the first stage, oxygen was used as reagent
with the main aim to accumulate thermal energy for the
subsequent hydrogasification reaction in the second stage. In
the next stage, only hydrogen was injected into the incan-
descent coal seam to carry out the hydrogasification process.

AN\

Between the two alternate stages, nitrogen was put into the
experimental installation in order to remove the remaining
oxygen and hydrogen from the system. The main aim of this
inertization stage was to prevent formation of explosive gas
mixtures. The experimental procedure used is shown in
Fig. 4.

For each type of coal, the initial hydrogasification pressure
was 20 bar. The first 24 h of the test were used for the heat-up
process of the coal seam The next stage of oxygen injection
lasted 12 h. After reaching the required temperatures, the
reaction zone was flushed with nitrogen (inertization) for
15 min. Subsequently, the hydrogen stage was started, which
lasted for 12 h. After the hydrogen step, the reactor was re-
flushed with nitrogen for 15 min. Then, after 4 oxygen and 4
hydrogen cycles, the reactor pressure was increased to 40 bar
and the hydrogasification process was repeated. The full
UCHG experiment consisted of 16 successive stages: 8 oxygen-
blown and 8 hydrogen-blown, separated by inertization with
nitrogen. The flow rate of oxygen and hydrogen in each cycle
was 4 Nm®*h, and nitrogen during the inertization of the
reactor was 3 Nm?%h (see Fig. 4).

Results and discussion
Gas production rates

The evolution of the UCG gas product over the course of the
experiments with “Six Feet” and “Wesota" samples is

AN

SN TSt R T
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Inlet
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€
Er

0.5m 0.5m 0.5m 0.25m

b) Bottom thermocouples (T2-T6)

Fig. 3 — Cross-sections of the ex situ reactor prepared for the UCHG tests: a) side cross-section, b) vertical cross-section [23].
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Fig. 4 — Experimental procedu

re for the hydrogasification tests.

presented in Fig. 5a and b, respectively. The relatively inten-
sive gas production rate in the initial, oxygen-blown gasifica-
tion stage during both experiments was mainly due to an
intensive devolatilization (pyrolysis) of coal feed at the
beginning of the process. As can be seen from the gas pro-
duction graphs and from the data presented in Table 2, for

each of the hydrogasification experiments conducted, the
maximum gas yields were obtained in the oxygen (heating-up)
stages. The reasons for this are twofold. The first is the sig-
nificant contribution of pyrolytic gas and CO, during the ox-
ygen stage owing to relatively high temperature in the reactor.
On the contrary, in the hydrogen stage, the observed decrease
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Fig. 5 — Gas production rates over the course of hydrogasification experiments: a) “Six Feet” semi-anthracite, b) “Wesola”

hard coal.

Table 2 — Average gas production parameters for the UCHG experiments conducted.

“Six Feet” semi-anthracite

“Wesota" hard coal

Gas production parameter

20 bar 40 bar 20 bar 40 bar
O, stage H,stage O,stage H,stage O,stage H,stage O,stage H, stage
Average gas production rate, Nm*h 6.49 5.43 5.57 4.75 6.45 5.24 5.38 4.52
Gas yield, Nm?/kg of coal consumed 1.92 2.63 1.85 2.51 1.65 2.43 1.57 2.30

Please cite this article as: Kapusta K et al., Experimental simulations of methane-oriented underground coal gasification using
hydrogen - The effect of coal rank and gasification pressure on the hydrogasification process, International Journal of Hydrogen Energy,
https://doi.org/10.1016/j.ijjhydene.2022.10.012



https://doi.org/10.1016/j.ijhydene.2022.10.012

INTERNATIONAL JOURNAL OF HYDROGEN ENERGY XXX (XXXX) XXX 7

in the total gas volume was due to the reduction in the
number of gas moles in the reaction of carbon with hydrogen.
Additionally, during the hydrogen stage, pyrolysis was limited
due to a significant temperature drop. The temperature drop
during the hydrogen stage was most noticeable in the upper
(roof strata) parts of the coal seam (Figs. 8 and 9).

As can be seen from Table 2, for both coals used, the gas
production rates and gas yields per mass of gasified coal are
significantly affected by the gasification pressure and the
correlation is negative for both the oxygen and hydrogen
stages. Higher gas yields from gasified coal mass during
gasification of “Six Feet” anthracite resulted from more

99,99
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Fig. 6 — Changes in gas composition over the course of hydrogasification gasification experiments a) “Six Feet” semi-

anthracite, b) “Wesota” hard coal.
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favorable gasification conditions due to higher calorific value
and lower ash content in the gasified sample.

Product gas composition and gas calorific value

Changes in the product gas composition and gas calorific
value for the experiments carried out are presented in Figs.
6 and 7. Average gas compositions obtained in the partic-
ular gasification experiments are presented in Table 3 and
Table 4.

The calorific value of the produced gas was calculated by
summing the molar fractions of the particular gas compo-
nents multiplied by their calorific values according to the
following equation:

Q=) x*Q

where:

%; - the mole fractions of particular components,
Qi - heating values of the particular components (MJ/Nm?).

As can be seen from the data presented, the gas composi-
tion was significantly dependent on both coal properties and
gasification pressure. For both 20 and 40 bar experiments, gas
from “Six Feet” semi-anthracite was characterized by higher
contents of methane. The average CH4 concentrations during
the “Six Feet” semi-anthracite experiment in the hydrogen
stages were: 24.12% and 27.03% at 20 and 40 bar, respectively.
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Fig. 7 — Changes in gas calorific value over the course of hydrogasification gasification experiments: a)“Six Feet” semi-
anthracite, b) “Wesota” hard coal.

Table 3 — Average gas yields and composition obtained during the “Six Feet” hydrogasification experiment.

Stage Gas yield Gas production rate Gas composition (vol. %) Gas calorific value MJ/Nm?
e S CO, H, CHy CO GHg H,S
20 bar gasification pressure
Stage 1 0, 176.16 7.34 41.26 15.88 10.8 3173 013 0.20 9.73
Stage 3H, 70.92 591 26.28 3798 2247 1271 040 0.16 14.06
Stage 5 O, 79.68 6.64 80.31 17.11 1.38 1.02 0.15 0.03 2.57
Stage 7H, 66.96 5.58 33.41 3872 2454 278 049 0.06 13.66
Stage 9 O, 73.20 6.10 8357 1429 131 0.73 0.08 0.02 2.16
Stage 11H, 61.68 5.14 3217 39.01 2459 3.62 0.56  0.05 13.86
Stage 13 O, 70.32 5.86 8561 1246 1.11 0.69 0.11  0.02 1.90
Stage 15H, 61.20 5.10 3136 39.34 2487 3.70 0.68 0.05 14.08
Average for O, stages 99.84 6.49 72.69 14.94 3.65 8.54 0.12 0.07 4.09
Average for H, stages 65.19 5.43 30.81 38.76 24.12 5.70 0.53 0.08 13.92
40 bar gasification pressure
Stage 17 O, 69.96 5.83 84.01 1347 124 1.03 0.20 0.05 217
Stage 19H, 59.16 4.93 34.27 35.02 2729 274 0.62 0.06 14.32
Stage 21 O, 68.16 5.68 84.38 1257 1.96 0.89 0.17 0.04 2.29
Stage 23H, 56.52 4.71 3449 3486 2738 251 0.68 0.08 14.35
Stage 25 O, 64.92 5.41 8539 1186 1.79 0.78 0.15 0.03 212
Stage 27H, 56.40 4.70 3145 3793 2764 231 0.62  0.05 14.70
Stage 29 O, 64.44 5.37 88.35 10.34 0.65 0.51 0.12 0.03 1.50
Stage 31H, 55.92 4.66 3563 3579 2579 217 0.56  0.06 13.76
Average for O, stages 66.87 5.57 85.53 12.06 141 0.80 0.16 0.04 2.02
Average for H, stages 57.00 4.75 33.96 3590 27.03 243 0.62 0.06 14.28
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Table 4 — Average gas yields and composition obtained during the “Wesota” hydrogasification experiment.

Stage Gas yield  Gas production rate Gas composition (vol. %) Gas calorific
Nm? Nm>h H, CH, o CHe H,S value MJ/Nm?>
20 bar gasification pressure
Stage 1 O, 183.12 7.63 45.50 20.68 9.81 23.72 0.19 0.10 8.89
Stage 3H, 72.60 6.05 16.39 51.58 21.26 10.10 0.58 0.09 14.86
Stage 5 O, 77.88 6.49 83.23 12.47 3.22 0.81 0.22 0.05 2.75
Stage 7H, 63.12 5.26 37.82 38.44 20.70 2.35 0.61 0.08 12.29
Stage 9 O, 71.40 5.95 84.86 12.26 1.97 0.66 0.20 0.05 2.25
Stage 11H, 59.64 4.97 39.98 38.78 17.85 2.66 0.65 0.08 11.35
Stage 13 O, 68.88 5.74 85.59 11.94 1.62 0.62 0.18 0.05 2.07
Stage 15H, 56.04 4.67 35.89 43.32 17.32 2.73 0.66 0.08 11.67
Average for O, stages 100.32 6.45 74.80 14.34 4.16 6.45 0.20 0.06 3.99
Average for H, stages 62.85 5.24 32.52 43.03 19.28 4.46 0.63 0.08 12.54
40 bar gasification pressure
Stage 17 O, 68.64 5.72 84.00 12.63 1.94 1.14 0.23 0.06 2.36
Stage 19H, 56.88 4.74 35.86 40.31 20.65 2.35 0.75 0.08 12.55
Stage 21 O, 63.84 5.32 85.31 11.78 1.74 0.93 0.19 0.05 2.14
Stage 23H, 53.28 4.44 35.17 38.87 22.97 221 0.71 0.07 13.18
Stage 25 O, 62.88 5.24 85.79 11.54 1.58 0.87 0.17 0.05 2.04
Stage 27H, 53.64 4.47 34.69 39.89 22.53 2.19 0.65 0.05 13.09
Stage 29 O, 62.76 5.23 87.33 10.61 1.21 0.66 0.15 0.04 1.77
Stage 31H, 53.04 4.42 34.37 42.35 20.67 1.95 0.61 0.05 12.63
Average for O, stages 64.53 5.38 85.61 11.64 1.62 0.90 0.19 0.05 2.08
Average for H, stages 54.21 4.52 35.02 40.36 21.71 2.18 0.68 0.06 12.86

The average CH, concentrations during the “Wesota" coal
tests in the hydrogen stages were: 19.28% and 21.71% at 20 and
40 bar, respectively. The maximum (peak) methane concen-
tration in the product gas was 27.64% and it was achieved at
40 bar hydrogasification pressure for the “Six Feet” sample.
The positive effect of gasification pressure on the methane
yields was therefore evident.

The higher concentrations of CH, in gas produced during
hydrogasification of “Six Feet” sample resulted in relatively
higher gas calorific values, i.e. 13.9 and 14.3 MJ/Nm? at 20 and
40 bar, respectively compared to 12.5 MJ/Nm?> at 20 bar and
12.9 MJ/Nm? at 40 bar during gasification of “Wesota" hard
coal.

The both processes were stable and conditions conducive
for the methane formation were reproducible in each
hydrogen stage.

500
£ 400
2
3
+ 3004
©
[
-
GE> 200
2
100 +
04
T T T T T T T T T T T
0 20 40 60 80 100 120 140 160 180 200 220
a) Time (h)

Temperature distribution

Distributions of temperatures over the course of the experi-
ments in the gasification channel and in the roof strata are
presented in Figs. 8 and 9. The highest temperatures during
the “Six Feet” semi-anthracite hydrogasification test were
aproxymatly 900 °C and were recorded in the roof of the seam
during the oxygen-blown stage of the process (heating-up).
The relatively high calorific value of the feed coal was the
main reason of the higher gasification temperatures. The high
temperatures consequently resulted in relatively high
methane yields. As presented in Fig. 9, during the hard coal
“Wesota" hydrogasification experiment, the recorded tem-
peratures were lower, with the maximum value of approxi-
mately 800 °C. Another observation that may be drawn from
the graphs is that temperatures in the bottom strata
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Fig. 8 — Distributions of temperatures during UCHG test with “Six-Feet” semi-anthracite: a) seam bottom, b) roof strata.
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Fig. 9 — Distributions of temperatures during UCHG test with “Wesola” coal: a) seam bottom, b) roof strata.

Table 5 — Mass and energy balance calculations for the “Six Feet” semi-anthracite UCHG experiment.

Stage/reagent Duration, h  Gas yield, Average gas Energyin Mass of coal Gasification Energy in coal

Nm? production rate, gas, MJ gasified, kg rate, kg/h consumed, MJ
Nm?h

20 bar gasification pressure

Total for O, stages 60 399.4 6.5 2210.5 208.4 34 7050.9

Total for H, stages 48 260.8 5.4 3628.4 99.1 2.1 2569.7

40 bar gasification pressure

Total for O, stages 48 267.5 5.6 542.2 144.9 3.0 4903.0

Total for H, stages 48 228.0 4.8 3256.8 90.7 1.9 3070.2

Table 6 — Mass and energy balance calculations for the “Wesota” coal UCHG experiment.

Stage/reagent Duration, h  Gas yield, Average gas Energyin Massof coal Gasification Energy in coal

Nm? production rate, gas, MJ gasified, kg rate, kg/h consumed, MJ
Nm?*h

20 bar gasification pressure

Total for O, stages 60 401.3 6.5 2145.3 243.2 4.0 7003.8

Total for H, stages 48 251.4 5.2 3185.5 103.6 2.2 2983.3

40 bar gasification pressure

Total for O, stages 48 258.1 5.4 538.0 164.7 3.4 4743.0

Total for H, stages 48 216.8 4.5 2788.1 94.3 2.0 2714.2

(gasification channel) for each experiment were about
200—400 °C lower compared to the roof strata. This phenom-
enon confirms that the post gasification ash/slag and molten
roof may effectively insulate against heat conduction to the
bottom strata during the UCG operations. It should be
emphasized, however, that the actual process temperatures
were much higher, but due to the insulating phenomena (re-
fractory materials and ceramic thermocouples casings used),
the records had lower values.

Process balance data

The energy and mass balance calculations for the “Six Feet”
and “Wesotla" UCHG experiments are presented in Table 5 and
Table 6, respectively. The energy in the process gas at each
stage of the gasification was calculated by multiplying the gas
yield by the corresponding average gas calorific value. The
amount of carbon contained in the process gas was calculated

based on the gas composition and its yield. Then, the mass of
coal gasified during the particular stages was calculated based
on technical and elemental analysis of the raw coal.

The study revealed that at the same experimental condi-
tions, hydrogasification of “Wesota" coal took place at much
higher coal consumption rates, i.e. 4.0 kg/h compared to
3.4 kg/h at 20 bar and 3.4 kg/h compared to 3.0 kg/h at 40 bar
for “Wesota" and “Six feet” coal, respectively. These differ-
ences can be explained by the higher reactivity of “Wesota"
sample (lower rank coal).

Conclusions

The hydrogasification experiments conducted demonstrated
a significant influence of coal properties and operational
pressure on the main process parameters, including gas
composition and methane formation, in particular:
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1. The UCHG gas composition was significantly dependent on
both coal properties (coal rank) and gasification pressure.
For both 20 and 40 bar gasification pressure, gas from “Six
Feet” semi-anthracite was characterized by a higher con-
tent of methane. The average CH4 concentration for “Six
Feet” anthracite during the H, stage was 24.12% at 20 bar
and 27.03% at 40 bar. During the hydrogasification of
“Wesola" coal, the CH, concentration was 19.28% and
21.71% at 20 and 40 bar, respectively. The study revealed
that the hydrogasification process was characterized by
high stability and reproducibility of conditions favorable
for methane formation in the whole sequence of the gasi-
fication cycles.

2. For both coals under study, the gas production rates and
gas yields (volume of gas per mass of gasified coal) were
significantly dependent on gasification pressure and the
correlation was negative both for the O, and H, stage. The
higher gas yields obtained during gasification of “Six Feet”
coal, resulted from more favorable gasification conditions
due to higher calorific value and lower ash content in the
gasified sample.

3. The study revealed that at the same experimental condi-
tions, hydrogasification of “Wesota" coal took place at
much higher coal consumption rates, ie. 4.0 kg/h
compared to 3.4 kg/h at 20 bar and 3.4 kg/h compared to
3.0 kg/h at 40 bar for “Wesola" and “Six Feet” coal, respec-
tively. These differences can be explained by the higher
reactivity of “Wesota" sample (lower rank coal).

4. Because during UCG operational pressure increases with the
coal seam depth (increase of the hydrostatic pressure avail-
able) the results obtained imply that the in-situ hydro-
gasification of coal (UCHG) is more effective at higher depths.

5. Although the feasibility of methane-rich gas production by
underground hydrogasification was initially demon-
strated, further techno-economic studies are necessary to
assess the economic feasibility of producing methane
through UCG using hydrogen as gasification reagent.
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