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underground gasification of lignite
through an oxygen enrichment process: insights
from experimental study and Aspen Plus process
model

Jishuang Ding,a Caifang Wu,bc Bin Gao, *d Shengxu Zhang,a Jinbiao Zhanga

and Kaiyue Tana

Underground coal gasification (UCG) can convert coal resources to high-calorific value syngas, which is

important for the exploration of resources and the application of clean coal technology. This study

investigated the gasification process of lignite in Heilongjiang Province through an oxygen enrichment

approach and examined the impact of the oxygen concentration on the gasification efficiency.

Furthermore, a high-fidelity Aspen Plus process model was designed to predict the gasification products

of lignite. These findings indicate that the abrupt increase in the gasification temperature and pressure is

governed by the concentration of oxygen in the gasification agent. An increased concentration of

oxygen results in a higher gasification temperature, thereby influencing the thermodynamic reaction

processes within the gasifier. The combustion reaction of lignite transitions into a coke reaction when

the oxygen concentration is elevated to 90%. At this time, the relative concentration of CO2 generated

from lignite combustion progressively diminished from 78.33%, while the relative concentrations of H2

and CO produced through coke reactions gradually increased from 3% and 2.07%, respectively. When

the oxygen concentration reaches 100%, the relative contents of H2 and CO generated through

gasification reach their respective maxima, measuring 18.90% and 23.91%. The calorific value attained

a peak of 6.65 MJ N−1 m−3 simultaneously. Furthermore, the ash yield of lignite may be a critical factor

influencing the process of underground coal gasification. The gasification efficiency of lignite near T6 is

suboptimal when the oxygen concentration falls below 100%, potentially attributable to the influence of

ash. In summary, lignite in Heilongjiang Province can be effectively developed through underground

gasification technology via an oxygen enrichment process. Furthermore, the Aspen Plus model we

developed can effectively assist in predicting the products of lignite gasification in Heilongjiang Province.
1. Introduction

Lignite accounts for 18% of the total global coal reserves and is
an important energy supply.1 The coal resources of Heilongjiang
Province, China, are rich, accounting for 36.06% of the prov-
ince's coal. Lignite is typically distinguished by its elevated
moisture content and relatively low caloric value.2,3 Moreover,
spontaneous combustion can easily occur, which greatly
increases the cost of transportation and storage. Furthermore,
certain sections of the lignite coal-bearing strata in Hei-
longjiang Province exhibit semicemented diagenesis, resulting
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in relatively weak rock formations. In contrast, the roofs of
some coal seams consist of siltstone, whereas the base is
composed of mudstone, providing excellent structural support.
However, these formations are constrained by the conditions
associated with open-pit and underground mining. Clearly,
a new strategy for lignite development is urgently needed.
Underground coal gasication (UCG) is a technology for the in
situ controlled combustion of coal that can directly convert coal
into combustible gases (H2, CO, CH4, etc.) underground.1,4–9 It is
considered to be an effective method for recovering deep coal
resources, thin coal seams that are difficult to mine via
conventional underground methods, and discarding coal
resources in abandoned mines.10–12 This technology reduces the
environmental damage caused by coal combustion, has good
environmental benets, and can promote the clean utilization
of coal.13–18 Consequently, in light of the stability constraints of
the surrounding rock during the gasication process, it is
crucial to investigate underground gasication methods for
© 2024 The Author(s). Published by the Royal Society of Chemistry
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extracting lignite from stable coal-bearing strata rather than
from soer coal-bearing strata in Heilongjiang Province, as this
approach signicantly enhances resource utilization.

Scholars have experimentally studied the inuence of gasi-
cation technology on gas production and temperature in the
UCG process. It is generally believed that the type of gasication
product depends on the thermodynamic conditions of the
gasication process and the composition of the gasication
agent used.17,19,20 Gasication media such as air, oxygen, and/or
steam are used in gasication engineering.21,22 Different gasi-
cation agents correspond to different gasication processes, but
the reactions between coal and gasication media are essen-
tially the same in the gasication process.15,23,24 The caloric
value obtained with oxygen as the gasication agent is generally
1 MJ N−1 m−3 higher than that of other gasication agents.1,2,25

Oxygen and air are widely used gasication agents, but the
applicable scenarios of steam need to be selected according to
the coal type.25,26 Moreover, in previous studies, inert process
conditions were established by adding nitrogen to gasication
agents, which were subsequently used to cool the reactor aer
the gasication experiment was completed.5 Importantly, while
the gasication agent signicantly inuences the gasication
products, the intrinsic properties of the coal being gasiedmust
not be overlooked. Several studies have indicated that the effi-
ciency of gasication diminishes as the ash yield in coal
increases.6,27,28 Furthermore, the impact of pressure on gasi-
cation products, particularly methane, is markedly signicant
throughout the gasication process.29 It is evident that the
gasication efficiency is inuenced by either the gasication
environment or the characteristics of the coal itself, presenting
a signicant issue for further consideration.

In the study of underground coal gasication products, the
Aspen Plus model can be employed to predict the composition
of syngas generated from underground coal gasication, in
addition to the use of physical simulation devices for conduct-
ing gasication experiments. Aspen Plus is a globally recog-
nized process for steady-state chemical simulation soware that
is based on process technology. A process simulation system
can be used to visualize the thermal reaction process of coal
gasication in a gasier. Notably, the gas components produced
during coal gasication are controlled by various chemical
reactions in the gasier.30,31 Thus, Aspen Plus soware can be
used to assist in the study of the entire coal gasication
process.32 Scholars frequently employ the thermal balance
method for modelling, which assumes that the coal gasication
process and its associated chemical reactions achieve thermo-
dynamic equilibrium. By applying the principle of minimum
equilibrium energy, this approach predicts the composition,
yield, and temperature of the produced gas.33 Many under-
ground coal gasication models have been constructed under
this assumption to predict the perinational process. The LVW
and CRIP models, which are two very important theoretical
models, are worth mentioning.31,33 However, the Aspen plus
process is relatively complex, and many scholars only rely on
coal pyrolysis experiments for design, which is obviously not
enough and will lead to ideal simulation results. Thus, it is very
important to design an Aspen Plus gasication process that is
© 2024 The Author(s). Published by the Royal Society of Chemistry
based on coal pyrolysis data and uses underground coal gasi-
cation physical simulation experimental data as calibration
samples to achieve accurate prediction of underground coal
gasication. Nevertheless, constructing Aspen Plus process
models that align with physical simulation experiments to
achieve consistent gasication results remains a formidable
challenge.

Lignite is considered to be a low-value coal and is abundant
in reserves.3,34 Therefore, its exploration and utilization have
attracted much attention from scholars.1,3,35 The evaporation of
water during the gasication of lignite leads to signicant heat
loss, which consequently results in a low caloric value of the
generated gas.1,2,25 However, the yield of H2 can be greatly
increased by using steam as the gasication agent when there is
less water in the coal.4 Previous studies have conrmed the
feasibility of developing lignite coal seams via underground
gasication technology.1,34 The caloric values of gas produced
by lignite from Slovenia and Romania are 6.4 MJ N−1 m−3 and
4.8 MJ N−1 m−3, respectively.34

On the basis of the above analysis, this study used lignite
from the Chaoyang open-cast coal mine in Heilongjiang Prov-
ince for underground gasication experiments. The Aspen Plus
process model was developed on the basis of physical simula-
tion experiments and pyrolysis data. The gasication charac-
teristics of lignite were investigated via an oxygen-enriched
process. The variation trend of the gas product relative
concentration under different oxygen concentration conditions
was elucidated, and the primary controlling factors inuencing
lignite underground gasication were revealed. Moreover, the
present study offers an optimal O2 concentration ratio scheme
for a gasication project in Heilongjiang Province, ensuring the
most effective gasication agent utilization. Furthermore, the
Aspen Plus process model developed in this study is capable of
predicting lignite gasication products specic to Heilongjiang
Province, thereby offering a novel approach for the exploration
and utilization of lignite resources in the region.
2. Experimental methodology
2.1 Materials

The gasication coal used in this study was collected from the
Chaoyang open-cast coal mine in Heilongjiang Province. The
maximum reectance of vitrinite (Ro,max), proximate analysis,
and ultimate analysis information of the samples are shown in
Table 1. A xed bed cutting machine was used to cut the sample
0.3 × 0.3 × 0.2 m along the bedding direction for the under-
ground gasication physical simulation experiments. Fig. 1
shows the state of the sample aer being placed on the
underground gasication simulation platform.
2.2 Experimental apparatus and process

2.2.1 Physical simulation experimental apparatus. A sche-
matic of the physical simulation experimental apparatus is
shown in Fig. 1. It is mainly composed of a simulated gasier,
a gasication agent supply system, a syngas cooling system,
a tar separation system, and a thermal coupling temperature
RSC Adv., 2024, 14, 36398–36409 | 36399
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Table 1 Ro,max, proximate, and ultimate analysis information of gasified lignite

Ro,max%

Proximate analysis (%) Ultimate analysis (%)

Mad Aad Vad FCad Cdaf Hdaf Odaf Ndaf Sdaf Cldaf

0.42 9.68 26.43 66.50 33.50 60.58 6.37 31.52 0.56 0.91 0.06

Fig. 1 Experimental apparatus and physical simulation experimental process of lignite underground gasification ((1) the physical simulation
apparatus for underground lignite gasification; (2) gasifier; (3) electric simulation steam generator; (4) gasified lignite; (5) syngas firing; (6) char; (7)
syngas; (8) Tar).
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detection panel. The space in the gasier is rectangular, and its
size is approximately 0.3 m × 0.3 m × 0.4 m. There are 15
thermal coupling device holes on both sides of the furnace
body, which are connected to the thermal coupling device to
monitor the reaction temperature. The gasication agent supply
system is mainly composed of external gas tanks. Air, O2, N2,
CO2, and water vapour can be used as gasication agents. The
steam is provided mainly by the electric steam generator.
Furthermore, the apparatus is outtted with valves designed to
periodically collect syngas and tar. Syngas can be measured by
gas chromatography, and the main gas components, such as
H2, CH4, CO, CO2, and N2, can be determined.25

Fig. 2 shows a schematic of the gasier, while Fig. 3 shows
the position of the ignition point both before and aer the
gasication experiment. Prior to the experiment, the coal
underwent treatment, and six cavities approximately 10 cm in
length (number 2 in Fig. 2) were drilled into the coal for the
placement of temperature thermocouples (number 1 in Fig. 2).
In this experiment, six temperature sensing devices were
installed on both sides of the gasier to monitor the tempera-
ture changes in the furnace in real time (Fig. 2). The tempera-
ture measuring devices on the le side are named T2, T3, T5, and
T6, and those on the right side are named T11 and T13. Notably,
T2 and T3 are close to the ignition point (Fig. 3). Accordingly, the
lignite here starts gasication earlier. In addition, the lignite at
36400 | RSC Adv., 2024, 14, 36398–36409
T2 and T3 is rst in contact with the gasication agent, and its
gasication reaction changes due to the concentration of
different oxygen concentrations. The thermal response of T2
and T3 is more sensitive than that of the other temperature
measurement devices.

Fig. 2 shows the heating apparatus (number 4 of Fig. 2)
alongside the temperature sensing device (number 3 of Fig. 2).
The operating temperature range of the heating device is
between 100 °C and 1000 °C. The heating apparatus is con-
nected to the coal at the ignition point, with the objective of
igniting this point and facilitating the heating of the block coal
within the gasier until it reaches the combustion temperature.
The gasication agent inlet is positioned at the front of the
gasier (number 6 in Fig. 2). The high-temperature gasication
products generated during the experiment are directed into the
condensing unit (number 5 of Fig. 2) located at the rear of the
gasier. The condensed product is directed into the gas storage
tank for subsequent separation. The tar generated from the
gasication process is collected via a mixture of carbon tetra-
chloride (CCl4) and methanol (CH3OH) at the exhaust port of
the gas storage tank.

2.2.2 Physical simulation experimental process. The phys-
ical simulation experiment can be broadly categorized into
three stages: the preparation phase, the execution phase, and
the observation and sampling phase. In the preparation phase,
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Schematic representation of the simulated gasifier ((1) temperature sensing devices; (2) hollow cavity; (3) monitoring ignition point
temperature device; (4) heating apparatus; (5) condensation apparatus; (6) inlet device for the gasification agent).

Fig. 3 Position of the ignition point (a) denotes the state of lump coal prior to the gasification reaction; (b) signifies its form subsequent to the
gasification process.
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ve kinds of gasication agents were prepared according to the
ratio of oxygen to nitrogen, which were 60% O2–40% N2, 70%
O2–30% N2, 80% O2–20% N2, 90% O2–10% N2, and 100% O2.
This type of gasication agent has been proven to be applicable
to underground gasication experiments on lignite.1 A cavity
approximately 30 cm in length is subsequently drilled into the
base of the coal sample (Fig. 3) to function as a channel for coal
© 2024 The Author(s). Published by the Royal Society of Chemistry
gasication and to facilitate the connection of the ignition
device. The simulated gasier subsequently undergoes a clean-
ing process, followed by the sequential completion of loading,
wiring, and sealing tasks.

In the execution phase, the ve gasication agents are
injected into the gasier in turn according to the order of the
oxygen concentration from 60% to 100% for each 120 minutes.
RSC Adv., 2024, 14, 36398–36409 | 36401
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The ow rate of the gasication agent was 30 mL min−1. The
observation and sampling phases, upon completion of the
ignition process, assess the success of ignition by monitoring
the temperature variation at T2. Once the temperature stabi-
lized, gas and tar collection was conducted every 20 minutes.
The cumulative collection duration of the gasication products
was 10 hours. The temperature and pressure in the gasier can
reach 1000 °C and 0.45 MPa, respectively, when the gasication
process is severe. Therefore, this study reduces the reaction
efficiency by injecting water vapour into the gasier to reduce
the experimental risk.
2.3 Underground coal gasication balance model

In this study, a thermogravimeter was used to perform slow
pyrolysis on the collected lignite samples, and a mass spec-
trometer was used to test the main components of pyrolysis gas.
The experimental results can be used to clarify the pyrolysis
characteristics of Cenozoic lignite in eastern Heilongjiang Prov-
ince and provide a basis for themodelling of Aspen Plus soware.

2.3.1 Lignite pyrolysis experiment. Aer the coal sample
was loaded, high-purity nitrogen was injected into the reactor
for 5 min, aer which the temperature was raised from 27 °C to
900 °C at a heating rate of 10 °C min−1. When the temperature
reached 250 °C, 350 °C, 450 °C, 550 °C, 650 °C, 750 °C, 850 °C,
and 900 °C, the produced gas was collected and tested. The
composition of the produced gas was analysed. The results are
shown in Table 2.
Table 2 Pyrolysis composition and content of lignite at different tempe

Temperature
(°C)

Pyrolysis water
(%)

Pyrolysis gas
(%)

Tar oil
(%)

250 3.62 2.05 0.104
350 6.51 3.92 0.128
450 7.42 10.23 0.153
550 9.32 15.32 2.1
650 11.21 18.27 5.68
750 10.51 22.06 7.47
850 10.20 23.51 10.26
900 10.95 26.06 12.68

Fig. 4 Underground coal gasification model based on Aspen Plus softw

36402 | RSC Adv., 2024, 14, 36398–36409
2.3.2 Aspen Plus process model. The pyrolysis process of
lignite is consistent with the formation process of char. There-
fore, the Aspen Plus process model can be designed on the basis
of the pyrolysis data of lignite at different temperatures. As
mentioned above, the Aspen Plus process model is designed
according to certain rules and assumptions. The design prin-
ciples of this process model refer to previous studies.36–38 The
process model designed in this study is shown in Fig. 4. The
functions and applications of each operational unit in the
process ow model are illustrated in Table 3.

The entire process ow model is divided into ve regions, as
depicted in Fig. 4, representing the different stages of the
gasication process. These stages include wet coal drying (Stage
1), lignite oxidation (Stage 2), reduction (Stage 3), dry distilla-
tion zone formation (Stage 4), and component separation (Stage
5). The alignment between the physical simulation experiments
and Aspen Plus simulations is demonstrated through three key
aspects. Firstly, the model parameters are determined based on
proximate analysis, ultimate analysis, and pyrolysis data while
the process parameters are adjusted according to the results of
physical simulation experiments, as detailed in the Section 3.
Secondly, the Aspen Plus process model uses a rich oxygenation
process for simulation experiments, which is consistent with
the physical simulation experiments. The ratio between the coal
intake and the gasication agent ow was determined by
combining it with a physical simulation experiment. Speci-
cally, when a coal intake of 60 kg h−1 is simulated, the initial
gasication agent ow rate is 180 m3 h−1. Third, the consistency
ratures

Char
(%)

Composition of pyrolysis gas (mL g−1)

CO2 C2–C4 CO CH4 H2

94.23 1.06 0.18 0.23 0.23 0.25
89.44 3.02 0.35 0.48 0.48 0.39
82.20 10.56 0.31 0.98 0.81 0.91
73.26 20.14 1.56 5.60 2.50 2.60
64.84 35.00 3.50 9.40 4.50 4.20
59.96 40.14 5.41 12.22 6.54 10.50
56.03 38.10 7.50 16.20 8.45 15.60
50.31 35.15 8.50 19.58 12.54 21.65

are.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Table 3 Modules and functions of each operational unit in the gasi-
fication model

Operational unit Modules Functions

B9 RYield Dried sample
B14, B19 SEP Gas–solid–liquid separation
DECOMP RYield Coal is transformed into

elemental form
BURNING RStoic Coal combustion
B5, B13, B16, B17 SSplit Stream separation
GASIFIE RGibbs Gasication
B3, B4, B8 RYield Thermal decomposition of coal

and methanation reaction
B18 Mixer Merging ow streams
B20 Heater Cooling the gasied products
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of the relative contents of different gasication products with
respect to the oxygen concentration is important. The variation
trends of each gasication product illustrated in Fig. 6 and 7
provide compelling evidence for this phenomenon. Both of
these results are consistent with the trend of the relative
concentration change in the gas products. Consequently, there
is a high level of consistency between the gas production from
the physical simulation experiment and that predicted by the
Aspen Plus process ow model, thus conrming the strong
rationality of the constructed process ow model in this study.

The oxygen concentration in the gasication agent can be
manipulated as a variable in the Aspen Plus process model
simulation to predict the composition and yield of the gasi-
cation product, thereby facilitating an analysis of the impact of
the oxygen concentration on the resulting gasication product.
3. Results and discussion
3.1 Gasication process characteristics with respect to
temperature

In this study, the combustion process of gasication agents is
dened in ve stages. The temperature information monitored
by the six temperature measuring devices in the ve gasication
stages is shown in Table 4, including the initial, nal, and
average temperatures of each stage. The temperature change
curve of each stage is shown in Fig. 5.
Table 4 Measured temperatures in the five gasification stages

Stage

Temperature (°C)

T2 T3 T5

I 121.57–404.95 119.20–375.73 32.83–93.93
277.17 247.99 59.96

II 326.66–658.86 312.49–593.10 94.58–161.2
554.99 519.10 119.37

III 552.60–796.49 518.23–744.10 160.75–559
748.83 689.88 347.75

IV 690.47–971.72 678.18–915 550.20–681.
892.44 851.74 605.15

V 798.23–1100.20 793.46–1076 669–927.31
992.04 986.20 791.97

© 2024 The Author(s). Published by the Royal Society of Chemistry
In the rst stage, the initial and nal temperatures of T2, 3, 5,
6, 11, and 13 are 121.57–404.95 °C, 119.20–375.73 °C, 32.83–
93.93 °C, 31.75–65.20 °C, 38.62–84.97 °C, and 42.97–88.84 °C,
respectively. These average temperatures are 227.17 °C, 247.99 °
C, 59.96 °C, 46.20 °C, 61.66 °C, and 63.32 °C, respectively. The
temperature increases linearly with increasing combustion time
on the basis of changes in the above temperature points. T2 and
T3 are close to the ignition point; hence, their initial tempera-
ture is much higher than that of other temperature measuring
devices. The temperatures of T5, T6, T11, and T13 increase slowly,
indicating that the combustion area is mainly concentrated at
the front end during the initial combustion.

In the second stage, the initial and nal temperatures of T2,
3, 5, 6, 11, and 13 are 326.66–658.86 °C, 312.49–593.10 °C,
94.58–161.20 °C, 65.57–101.43 °C, 86.20–126.81 °C, and 89.37–
132.90 °C, respectively. These average temperatures are 554.99 °
C, 519.10 °C, 119.70 °C, 117.20 °C, 105.64 °C, and 119.73 °C,
respectively. The temperature increased compared with that in
the previous stage. The temperature changes in T2 and T3 are
more obvious. Notably, between the rst and second stages,
there are obvious temperature uctuations in the area near the
ignition point (T2 and T3). This phenomenon is attributed to the
replacement of the gasication agent between different gasi-
cation stages. This may represent a domain in which advance-
ments are required for physics simulations. Perhaps an
independent experiment for each oxygen concentration would
yield better results. Nevertheless, given the brief duration of the
replacement time, it can be inferred that its inuence on the
gasication process is minimal.

In the third stage, the initial and nal temperatures of T2, 3,
5, 6, 11, and 13 are 552.60–796.49 °C, 518.23–744.10 °C, 16.75–
559 °C, 101.76–131.30 °C, 114.31–311.02 °C, and 131.51–
369.06 °C, respectively. These average temperatures are 748.83 °
C, 689.88 °C, 347.75 °C, 117.2 °C, 179.74 °C, and 234.52 °C,
respectively. Compared with those in the rst two stages, the
temperatures of T5, T11, and T13 increased exponentially. This
indicates that the combustion area began to extend backwards.
Notably, the temperature of T6 increases slowly, which indicates
that the combustion on both sides of the gasier is not uniform.
The le combustion area extends slowly backwards.

In the fourth stage, the initial and nal temperatures of T2, 3,
5, 6, 11, and 13 are 690.47–971.72 °C, 678.18–915 °C, 550.20–
T6 T11 T13

31.75–65.20 38.62–84.97 42.97–88.84
46.20 61.66 62.32

0 65.57–101.43 86.20–126.81 89.37–132.90
83.75 105.64 119.73
101.76–131.30 114.31–311.02 131.51–369.06
117.20 179.74 234.52

90 131.55–144.50 315.57–670.25 369.53–664.30
139.25 526.74 559.67
121.06–607.30 660.89–906.13 648–868.28
254.73 771.35 733.99
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Fig. 5 Temperature and pressure variation curves of each tempera-
ture and pressure measurement device during gasification.
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681.90 °C, 131.55–144.50 °C, 315.57–670.25 °C, and 369.53–
664.30 °C, respectively. These average temperatures are 892.44 °
C, 851.74 °C, 605.15 °C, 139.25 °C, 526.74 °C, and 559.67 °C,
respectively. The higher temperature area of this stage further
extends backwards, and the temperature distribution is more
uniform than that of the previous stage. However, the lignite on
the le side of the gasier burns slowly backwards, and the
temperature uctuation at T6 is relatively small.

In the h stage, the initial and nal temperatures of T2, 3, 5,
6, 11, and 13 are 798.23–1100.20 °C, 793.46–1076 °C, 669–
927.31 °C, 121.06–607.30 °C, 660.89–906.13 °C, and 648–868.28 °
C, respectively. These average temperatures are 992.04 °C,
986.20 °C, 791.97 °C, 254.73 °C, 771.35 °C, and 733.99 °C,
respectively. The temperature of each temperature measurement
device gradually increase, and the temperature of T6 increases
exponentially as well. This indicates that with increasing oxygen
concentration in the gasication agent, the gasication process
gradually intensies. Moreover, the gasication area extends
deeper backwards. In addition, at the end of the experiment, the
temperature of each temperature measurement device still
maintained an increasing trend, indicating that an increase in
the oxygen concentration in the gasication agent increased the
intensity of the gasication reaction.

3.2 Gasication process characteristics of pressure

The pressure change curve of underground lignite gasication
in the gasier during the simulation process is shown in Fig. 5.
The pressure curve shows a downwards trend during the tran-
sition time of the ve stages, that is, the time period of replacing
the gasication agent. The uctuation trend of the temperature
curve is consistent with that of the pressure curve in the rst
four stages. These ndings indicate that the temperature and
pressure conditions of the gasier clearly respond to a short
period of gasication agent replacement. As the temperature
increases, the pressure also increases in the rst four stages,
which means that the temperature in the gasier is closely
related to the pressure. This means that the gas production
capacity is increasing. The pressure sensor setting of the
simulation device was adjusted to ensure the safety of the
36404 | RSC Adv., 2024, 14, 36398–36409
experiment at the end of the fourth stage and the h stage.
This directly led to the pressure drop of the gasier, but it still
showed the same pressure change trend as the rst three stages
did. Previous studies have shown that increasing pressure can
improve the efficiency of the gasication process.1,24,29

Zagorščak et al. demonstrated that under high-pressure gasi-
cation conditions, the total energy efficiency improved by 6%.29

The relative content of effective gas components (H2 and CO)
obviously improved when combined with the analysis in
Section 3.3.
3.3 Gasication process characteristics of the output syngas

3.3.1 Physical simulation experiment. A gas chromatog-
raphy analyser (GC-950) was used to detect the components of
the collected syngas to analyse the gas production capacity. The
test time of each syngas was approximately 28 min. H2, N2, CO,
CH4, and CO2 appeared successively on the spectrum, and the
corresponding times were approximately 2 min, 4 min, 5.5 min,
12 min, and 22 min, respectively. Table 5 shows the results of
the gas chromatography experiments. The minimum,
maximum, and average relative content and caloric value of
each gasication product are included in ve stages. The
changes in the concentration of the output syngas and caloric
value during the process of underground coal gasication are
shown in Fig. 6.

In the rst stage, the relative content of H2 was between
2.64% and 12.68%, with an average of 6.84%. The relative
content of N2 was between 35.31% and 59.26%, with an average
of 47.09%. The relative content of CO was between 3.21% and
10.33%, with an average of 5.43%. The relative content of CH4

was between 0.54% and 1.83%, with an average of 1.15%. The
relative content of CO2 was between 32.02% and 42.17%, with
an average of 39.48%. The syngas component is mainly N2,

which is attributed to the high N2 content in the gasication
agent. The gas produced by lignite gasication is mainly CO2,
followed by H2, CO, and CH4 in this stage. The caloric value of
the gas produced in this stage is between 1.96 MJ N−1 m−3 and
3.65 MJ N−1 m−3, with an average of 2.02 MJ N−1 m−3. The
relative content of H2 in this stage is relatively high, which may
be related to the inherent moisture gasication in lignite. This
phenomenon was consistent with the work of Zagorščak et al.29

In the second stage, the relative content of H2 was between
0.48% and 1.19%, with an average of 0.73%. The relative
content of N2 was between 41.37% and 49.59%, with an average
of 46.78%. The relative content of CO was between 2.07% and
3.98%, with an average of 3.98%. The relative content of CH4

was between 0.24% and 0.42%, with an average of 0.31%. The
relative content of CO2 was between 45.58% and 54.58%, with
an average of 48.99%. The relative content of N2 was lower than
that of CO2 in this stage. The syngas is still dominated by N2 and
CO2, followed by CO, H2 and CH4. The average caloric value of
gas production in this stage is 0.62 MJ N−1 m−3, which is lower
than that in the rst stage.

In the third stage, the relative content of H2 was between
0.71% and 1.47%, with an average of 1.15%. The relative
content of N2 was between 25.75% and 27.36%, with an average
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Table 5 Relative contents and calorific values of various output gases in the five gasification stages

oxygen concentration H2 (%) N2 (%) CO (%) CH4 (%) CO2 (%)
Caloric value
(MJ N−1 m−3)

60% 2.64–12.68 35.32–59.26 3.21–10.33 0.54–1.83 32.02–45.38 0.96–3.65
6.84 47.09 5.43 1.15 39.48 2.02

70% 0.48–1.19 41.37–49.59 2.07–3.98 0.24–0.42 45.58–54.58 0.42–0.82
0.73 46.78 3.19 0.31 49 0.62

80% 0.71–1.47 25.75–27.36 1.11–3.05 0.28–0.82 67.61–71.06 0.34–0.90
1.15 26.62 1.83 0.50 69.91 0.58

90% 3–14.90 9.80–15.61 2.07–8.53 0.75–2.03 64.73–78.33 0.94–3.79
6.33 13.87 4.10 1.13 74.57 1.77

100% 16.37–18.90 1.37–2.46 8.75–23.91 0.50–3.06 55.51–70.85 3.39–6.65
17.89 1.78 17.88 1.46 61.10 5.12

Fig. 6 Characteristics of the syngas and calorific value in the underground coal gasification experiment: (a) characteristics of the syngas, (b)
characteristics of calorific value.
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of 26.62%. The relative content of CO was between 1.11% and
3.05%, with an average of 1.83%. The relative content of CH4

was between 0.28% and 0.82%, with an average of 0.50%. The
relative content of CO2 was between 67.61% and 71.06%, with
an average of 69.91%. The gas composition is still dominated by
CO2, followed by N2 at this stage. However, the relative contents
of H2, CO, and CH4 are low. The average caloric value of gas
production in this stage is 0.58 MJ N−1 m−3. Compared with
those in the rst two stages, the caloric values in the rst two
stages tend to decrease.

In the fourth stage, the relative content of H2 was between
3% and 14.95%, with an average of 6.33%. The relative content
of N2 was between 9.8% and 15.61%, with an average of 13.87%.
The relative content of CO was between 2.07% and 8.53%, with
an average of 4.10%. The relative content of CH4 was between
0.85% and 2.03%, with an average of 1.13%. The relative
content of CO2 was between 64.73% and 78.33%, with an
average of 74.57%. The gas composition is mainly CO2, and the
relative contents of H2, CO, and CH4 increase signicantly at
this stage. This indicates that the combustion area further
extends backwards, which is consistent with the analysis in
Section 3.1. In addition, the increase in the relative contents of
H2, CO, and CH4 also indicates that the ability of lignite gasi-
cation is signicantly enhanced at this stage. The average
© 2024 The Author(s). Published by the Royal Society of Chemistry
caloric value of gas production is 1.77 MJ N−1 m−3 in this
stage. The caloric value is signicantly greater than that in the
second and third stages, which further indicates that the gasi-
cation capacity of this stage is enhanced.

In the h stage, the relative content of H2 was between
16.37% and 18.90%, with an average of 17.887%. The relative
content of N2 was between 1.37% and 2.46%, with an average of
1.78%. The relative content of CO was between 8.75% and
23.91%, with an average of 17.88%. The relative content of CH4

was between 0.50% and 3.06%, with an average of 1.46%. The
relative content of CO2 was between 55.51% and 70.85%, with
an average of 61.10%. The relative contents of H2 and CO
rapidly increased at the h stage and the end of the fourth
stage. An increase in the O2 concentration accelerates the
combustion rate and enhances the efficiency of gasication.
Notably, the temperature of T6 began to increase exponentially
when the gasication experiment was carried out for 510 min.
This indicates that the combustion process gradually intensi-
ed around the T6 region. Moreover, the degree of backwards
extension of the le gasication area is greater than that of the
rst four stages. At this time, the relative contents of H2 and CO
increased to 18.57% and 16.23%, respectively. In addition, the
caloric value of gas production reached its highest value at this
stage, with an average value of 5.12MJ N−1 m−3. Under the same
RSC Adv., 2024, 14, 36398–36409 | 36405
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process conditions, the average caloric value obtained in this
stage is essentially the same as that of Polish lignite.2

3.3.2 Aspen plus process model. Owing to the inuence of
various factors, physical simulation experiments fail to fully
capture the intricacies of lignite gasication. Therefore, this
study integrates the Aspen Plus process model to investigate the
process of lignite gasication under controlled variable condi-
tions. The gas production of lignite is predicted on the basis of
the oxygen enrichment process, ranging from 50% to 100%
oxygen concentration. As shown in Fig. 7.

Fig. 7 clearly shows that the oxygen concentration signi-
cantly controls the gas production potential of lignite. Speci-
cally, as the oxygen concentration increases, the relative
contents of available gases (H2, CO and CH4) increase. This
observation aligns with both physical simulation experiments
and previous studies on lignite gasication.1,2,39 Notably, the
output of effective gas in the physical simulation experiment is
relatively lower than that in the Aspen Plus simulation. Two
preliminary reasons can be speculated as follows: (1) the Aspen
Plus simulation experiment represents an ideal state model
where the gasication process is controlled by reactor param-
eters, eliminating any intermediate losses during gasication;
(2) the lignite samples collected from the Chaoyang open-pit
coal mine have higher ash yields, resulting in a reduced yield
of effective gas components in the physical simulation experi-
ment. Importantly, this study did not gather samples with low
ash yields in this region. Consequently, it is unfortunate that
this study is unable to quantitatively assess the impact of ash on
the gasication efficiency through comparative experiments.

Previous studies on the relative concentration of CO2 during
underground coal gasication have shown some variations.
Certain scholars argue that as the oxygen concentration
increases in the gasication process, the combustion reaction
within the oxidation zone gradually intensies, leading to an
increase in temperature. Consequently, heat transfer to the
reduction zone promotes the reduction reaction between CO2
Fig. 7 Changes in the relative product concentration during the
oxygen enrichment process.

36406 | RSC Adv., 2024, 14, 36398–36409
and C, resulting in an increased yield of CO and a decreased
amount of CO2.40 An increase in the oxygen concentration is
believed by some scholars to increase the reaction rate between
oxygen and semicoke, thereby promoting more complete
combustion and resulting in an elevated CO2 content.41

The concentration of CO2 exhibited a pattern of initial
increase followed by a decrease in both the physical and
numerical simulation data, with its inection point occurring at
90% of the oxygen concentration. This consistency validates the
rationality of the numerical simulation, as described in Section
2.3. A higher concentration of oxygen leads to improved
hydrogen production during lignite underground gasication.
However, when the oxygen concentration is less than 80% in
both simulations, the yields of hydrogen and other effective
components remain low. While a higher oxygen concentration
enhances the efficiency of producing gases such as hydrogen, it
may also result in the complete combustion of semicoke. At an
oxygen concentration of 90%, the semicoke reaches a critical
value where the ratio of CO to CO2 is maximized. Aer the 90%
oxygen concentration was reached, the CO2 production effi-
ciency gradually decreased.

Aer a 90% concentration in both simulations, the efficiency
of CO2 production decreases with increasing degree of gasi-
cation, whereas the efficiency of the active components (H2, CO,
and CH4) increases. Furthermore, as the degree of gasication
progresses, the tar yield tends to increase. When the oxygen
concentration reached 90%, the tar yield remained relatively
stable. Increasing the gasication intensity has a certain
inhibitory effect on tar output. Drawing from the preceding
analysis, it can be inferred that at an oxygen concentration of
100%, the lignite gasication process attains a relatively stable
state, exhibiting signicant potential for gas production and an
increased yield of valuable gaseous components. It is evident
that a gasication agent with a 100% oxygen concentration is
more appropriate for the underground gasication of lignite in
Heilongjiang Province.
3.4 Effect of the oxygen concentration on syngas

The oxygen concentration in the gasication agent is one of the
key factors for controlling underground gasication.32 As illus-
trated in Fig. 5 and 6, at any given stage, when the oxygen
concentration remains constant, the temperature, pressure,
and concentration of gas products clearly uctuate. These
uctuations occur at a relatively gradual rate. However, when
the gasication reaction stage varies, specically with changes
in the oxygen concentration, the gasication temperature,
pressure, and relative concentrations of the gasication prod-
ucts exhibit a stepwise change trend. This nding indicates that
the inuence of the oxygen concentration on the gasication
temperature, pressure, and gasication products is signicantly
more pronounced than that of the coal used for gasication.

The results of the physical simulation and Aspen Plus
process modelling demonstrate that the CO2 concentration in
the syngas tends to increase when the oxygen concentration is
60%, 70%, and 80%. This phenomenon may be attributable to
the rapid backwards expansion of the lignite gasication front
© 2024 The Author(s). Published by the Royal Society of Chemistry
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depth when the oxygen concentration reaches 80%. Notably, the
temperature is approximately 300 °C when a large amount of
lignite is gasied in the above three stages. The reaction of coal
combustion mainly occurs under these temperature conditions,
resulting in a higher relative content of CO2 in the syngas. This
phenomenon has generally been observed in previous studies
on lignite.1,25

The relative content of CO2 in the syngas is stable when the
oxygen concentration is 90% and decreases when the oxygen
concentration is 100%, which may be related to the strong
gasication of lignite around the T6 region. The temperature of
a large amount of lignite is above 300 °C at this time, the
combustion reaction of lignite has ended, and CO2 is not
produced in large quantities. In contrast, char gradually reacts
with oxygen and water to produce CO, H2 and CH4. An increase
in the oxygen concentration improves the intensity of gasica-
tion but also inhibits the generation of CO2.

Physical simulations show that the relative contents of H2

and CO in syngas are greater at the beginning of the rst stage
of gasication, which may be related to the easy combustion
and high temperature of lignite near the ignition point. This
phenomenon is not found in the Aspen plus process model.
Lignite completes H2 and CO conversion at a faster rate under
the action of higher temperatures, which is consistent with
the above analysis. With increasing gasication time, the
gasication depth and range gradually increased, and the
gasication temperature decreased to approximately 300 °C.
This leads to an increase in the relative content of CO2. In
addition, in the second and third stages, the relative contents
of H2 and CO are low.

In theory, the gasication process should be continuous, and
the temperature should be gradually increased. However, except
for the coal near the ignition point, the deep lignite gasied
slowly, and the efficiency was low, which may be related to the
high ash yield of the experimental lignite. The higher ash yield
(Ad = 26.43% in Table 1) hinders the transfer of gasication to
greater depths, which causes the deep coal seam to remain in
a low-temperature state for a long time, the relative CO2 content
to increase, and the relative contents of the other components
to decrease. Previously reported gasication experiments on
low-ash lignite (Ad = 4.41%) were carried out under the same
oxygen enrichment process conditions.27 The relative contents
of H2 and CO reached 30.42% and 26.47%, respectively, when
the oxygen concentration was 80%. This result was also re-
ported in previous studies.6,28 Kashyap et al. reported that the
volume of H2, CH4, and CO in high-ash coal is reduced by 5%
compared with that in low-ash coal.6 The excessive ash yield
affects the gasication rate and increases heat loss, which in
turn leads to a decrease in the relative contents of H2 and CO.

When the gasication depth increases, the temperature
increases, and the oxygen concentration increases to 80%, 90%,
and 100%, the relative contents of H2 and CO increase gradu-
ally. Furthermore, the relative contents of H2 and CO still
increased aer the end of the gasication experiment. This
shows that the relative content of combustible gas increases
with increasing oxygen concentration and gasication temper-
ature, which may be attributed to the signicant improvement
© 2024 The Author(s). Published by the Royal Society of Chemistry
in the thermodynamic conditions of the gasication reaction.1

Notably, the relative content of CH4 was low at all times. This
may be related to the release of pressure in the h stage.
Previous studies have shown that pressure changes can improve
the quality of CH4 and the recovery rate of volatiles in coal
seams.21,24 In the h gasication stage, the average relative
content of effective components (H2, CO, and CH4) is much
greater than that in the other stages. This phenomenon is re-
ected in both the physical simulation and the Aspen Plus
process model. This means that the optimal oxygen concen-
tration for underground lignite gasication in Heilongjiang
Province is approximately 100%.
4. Conclusions

In this work, the underground gasication potential of lignite in
Heilongjiang Province was investigated. The impact of the
oxygen enrichment process on the gasication efficiency and
product was thoroughly analysed. The main conclusions are
summarized below.

(1) Using the physicochemical properties, along with the
physical simulation process and pyrolysis data of lignite,
a highly reliable Aspen Plus process model was developed. This
model is applicable for preliminarily predicting the gasication
efficiency of lignite in various regions of Heilongjiang Province.

(2) The concentration of oxygen is the primary determinant
inuencing gasication efficiency. It modies the thermody-
namic reaction occurring within the gasier. The transition
from lignite combustion reactions to char reactions occurs
when the oxygen concentration reaches approximately 90%.

(3) The optimal oxygen concentration for lignite gasication
in Heilongjiang Province was determined to be 100%. At this
point, the relative concentrations of H2 and CO reached their
maximum values, denoted as 18.90% and 23.91%, respectively.
The caloric value reached the highest value of 6.65 MJ N−1 m−3

at the same time.
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25 M. Laciak, K. Kostúr, M. Durdán, et al., The analysis of the
underground coal gasication in experimental equipment,
Energy, 2016, 114, 332–343.

26 S. K. De and V. Prabu, Experimental studies on humidied/
water inux O2 gasication for enhanced hydrogen
production in the context of underground coal
gasication, Int. J. Hydrogen Energy, 2017, 42(20), 14089–
14102.

27 J. Zhao, H. Liu, X. Pan, et al., Study on O2/CO2 underground
coal gasication effect with different oxygen-enriched
conditions, Coal Sci. Technol., 2017, 45(06), 214–220.

28 A. Arabkhalaj, H. Ghassemi and M. R. Shahsavan,
Thermodynamic evaluation of integrated gasication
combined cycle: Comparison between high-ash and low-
ash coals, Int. J. Energy Res., 2016, 40(12), 1638–1651.
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