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Abstract: Tar remaining in the gasification cavity during underground coal gasification (UCG) is
an important pollution source, while the reported studies only focus on the tar behavior at the
outlet. The present work aims to compare the tar properties from the reaction zone and the outlet,
analyze the tar evolution during gasification, and discuss possible measures to control tar pollution.
Tar was sampled with a self-developed equipment from an ex-situ underground coal gasification
experimental system and analyzed by GC-MS. The gas composition, temperature, and PM10 were
also compared for the reaction zone and the outlet. Compared with the tar from reaction zone, the
tar from outlet has a smaller percentage of high boiling point content, PAHs, C, O, N, S, Cl, Si, and a
larger percentage of H. The PAHs percentage in tar at the outlet in this work is closer to the field data
than the lab data from literature, indicating the experimental system gives a good simulation of tar
behavior in underground coal gasification. Condensation due to a fast temperature drop is one of the
main reasons for PAHs decreasing. Tar cracking and soot formation also cause the decrease of heavy
tar, proven by the light gas and particulate matter results.

Keywords: underground coal gasification; tar; ex-situ experiment

1. Introduction

Underground coal gasification (UCG) is a technology which transforms the in-situ coal
seam into combustible gas with high calorific value without coal mining activities [1–3].
Underground coal gasification is regarded as an effective method for the development and
utilization of deep coal resources, with the characteristics of clean utilization, technical
feasibility, and economic efficiency [4,5]. There are more than 36 field testing sites for
underground gasification in over 10 countries—such as the USA, Australia, and China—
while only a few projects are continuously operating [6,7]. In China, more than 70% of the
proven reserves of coal are distributed deeper than 2000 m, while the state-of-art mining
technology only works for a maximum depth of 1500 m. Thus it is important to develop
the underground coal gasification technology, especially for the deep coal resources. One
of the main challenges for utilization of underground coal gasification technology is the
pollution problem [8,9], such as tar remaining in the gasification cavity.

Many researchers have carried out experimental studies on tar behaviors in UCG,
including lab test [10–14] and field test [15–20]. Kumari et al. [10,11] studied the CO2 dry
reforming of tar through lab-scale ex-situ experiment, and found the catalytic effect of coal
char on the tar conversion to light gas, which offers a new method to improve the product
gas quality. Xu et al. [12] found a decrease of tar yields as the pyrolysis temperature
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increases, based on a high temperature tube furnace under UCG conditions. Mandal
et al. [13] uses FTIR method to study the chemical bonds and molecular structure of tar
from lab UCG experiment. Researchers from the Central Mining Institute (Poland) [14]
studied the environmental risk of the waste water in lab tests, and found high toxicity from
both organic and inorganic content in the waste water. Zhou et al. [15] investigated the
effect of pyrolysis temperature, operating pressure, water influx, and gasification agent
injection on the production, viscosity, and compound content of tar from UCG trial at
Inner Mongolia, China. Wiatowski et al. [16–18] carried out a series of inspiring work on
the tar properties from the UCG trial in the “Wieczorek” mine in Poland. The element
composition, heating value, molar mass, and other properties of tar samples were analyzed
and compared comprehensively. Grabowski et al. [19] monitored the water quality near a
UCG trial after 6-month gasification test, and analyzed the tar properties condensed in the
gas processing system. Mallett et al. [20] studied the water sample from UCG field test in
Queensland, Australia, found that in-flow groundwater could help retain the pollutants
in the cavity, while out-flow groundwater causes a fast migration of the pollutants—such
as benzene.

Some researchers use numerical simulation methods to study the tar yields in UCG.
Klebingat et al. [21] established a process model for prediction of gas quality and tar
production. The simulated tar yields and composition agree well with the literature results.
This model was further used to optimize the operating parameters in UCG [22]. Soukup
et al. [23] developed a porous media model to simulate the migration of pollutants such as
benzene, and further evaluated the effects of pore size, porosity, tortuosity, and reaction
conditions on the migration rate.

Even though there are many interesting and inspiring reported studies on tar in UCG,
there are several problems remained to be solved. Firstly, it is well known that the tar
properties at the outlet of lab UCG test are far different from those of field test [24], which
limits the application of some results found in labs. Secondly, all the reported studies—no
matter experiments or simulations—only focus on the tar behavior at outlet of gasifier,
which follows the investigation logic of traditional gasifier on the ground. However, the
tar remained in the gasification cavity of UCG is a more important pollution source, which
is difficult to collect and deal with. Meanwhile, tar yields and evolution are closely related
to the carbon conversion, and the condensed tar may cause pipe blockage at the gasifier
outlet. Thus, it is necessary to study the tar behavior in the gasification channel, rather
than only at the outlet.

In this work, an ex-situ underground coal gasification experimental system was built,
and Shenmu bituminous coal is used as the gasification raw material. A sampling method
was proposed to compare the tar behaviors from the reaction zone and the outlet. The
differences of tar samples in boiling point, compound content, and element composition
were studied and discussed in detail.

2. Materials and Methods
2.1. Underground Gasification Experimental System

The ex-situ underground gasification experimental system is mainly composed of
gas supply unit, gasification reaction unit, sampling unit and gas analysis unit, as shown
in Figure 1. The gasification reaction unit consists of reactor, refractory brick, and coal
block. In particular, the coal block is composed of four small blocks, each with a size of
230 × 230 × 115 mm, and there is a borehole with a size of 10 × 5 mm on one side of the
block surface. After combining 4 small blocks, the final size is 460 × 230 × 230 mm, with a
borehole of 10 × 10 mm as the initial gasification channel. Two layers of refractory bricks
are surrounded outside the coal, and the thickness of single layer of refractory brick is
70 mm. The refractory brick and coal block are placed in the steel square reactor. The inlet
and outlet gas pipes are mounted on the left and right sides of the reactor respectively, with
a diameter of 6 mm. Five pipes are set at both the upper and the lower walls of the reactor,
reserved for temperature measuring wires and a sampling system.
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Figure 1. Schematic diagram of underground gasification experimental system.

The gas analysis unit consists of dilution gas circuit and gas analyzer. Since pure
oxygen is used as gasification agent in the experiment, the direct measurement of oxygen
content may exceed the range of gas analyzer, so dilution pre-processing method is adopted
to ensure that the measured value is within the range.

2.2. Tar Sample Collection

Tar samples are collected by the sampling unit, composed of a sampling pipe, valve,
filter, flowmeter, and vacuum pump. The front end of the sampling pipe extends vertically
into the initial gasification channel. Since the ignition position in the experiment is at the
center of the coal block in the gasification channel, for this work we selected the ignition
position for tar sampling as the ‘reaction zone’, and chose the end of the gasification
channel as another sampling point (the ‘outlet’), shown in Figure 1. The sampling gas flow
is controlled to 0.2 L/min through the vacuum pump and valve, and the tar is captured
through the multi-stage filter.

2.3. Tar Sample Analysis

The collected tar mixture is dissolved in dichloromethane, and then treated by ul-
trasonic oscillation and centrifuge respectively to obtain upper liquid and lower liquid.
The dichloromethane solution of tar can be obtained after filtering the lower liquid many
times, and then the chemical components of tar can be analyzed by gas chromatography-
mass spectrometry (GC-MS). The collected tar samples were analyzed by red hot gas
chromatography–mass spectrometry produced by Perkin Elmer Company, the United
States. The measured molecular weight is 1 ~ 1200 amu, and the injection volume is 0.03
µL with nitrogen as carrier gas. The initial temperature is 40 ◦C, while after 3 min it rises to
100 ◦C at 4 ◦C/min. Then the temperature keeps constant for 3 min, and finally it rises to
240 ◦C at 6 ◦C/min and keeps constant for 10 min. The mass spectrometer detector adopts
full scanning mode.

2.4. Experimental Conditions

The coal sample used in the experiment is Shaanxi Shenmu bituminous coal, and
the industrial analysis results are shown in Table 1. The gasification agent used in the
experiment was pure oxygen, the flow rate was 8 L/min, and the gasification reaction time
was 4 h.

Table 1. Coal industry analysis.

Moisture (Mad) Ash Content (Aad) Volatile Matter (Vad) Fixed Carbon (FCad)

14.22 6.45 24.44 54.89
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3. Results
3.1. Tar Sample Analysis
3.1.1. Content and Properties

Over 100 kinds of compounds were detected in the tar samples by GC-MS. Table 2
shows only the top 10 contents in the tar samples from the reaction zone and the outlet.
Polycyclic aromatic hydrocarbons (PAHs) account for the largest proportion in tar, followed
by benzene and its derivatives (BTX) and phenolic compounds. Naphthalene has the largest
mass percentage in both tar samples, with 8.9% for reaction zone sample and 15.3% for
outlet sample.

Table 2. Top 10 contents in the tar samples.

Reaction Zone Outlet

Name Percentage Name Percentage

Naphthalene 8.9% Naphthalene 15.3%
Pyrene 6.2% 1-Methylnaphthalene 15.2%

1-Methylnaphthalene 5.8% Toluene 14.7%
Fluorene 5.3% 3-Ethynyltoluene 7.8%

Phenanthrene 4.4% 2-Methylnaphthalene 5.5%
Acenaphthylene 4.3% 2,2′-Methylenebis(6-tert-butyl-4-Methylphenol) 4.9%
Benzo(c)fluorene 4.0% 1-Hydroxycyclohexyl phenyl ketone 3.9%

2-Methylanthracene 3.6% M-Xylene 3.5%
P-Cresol 2.8% Styrene 2.5%

1,7-Dimethylnaphthalene 2.8% 3,5-di-tert-butylphenol 1.7%

According to the detected tar contents, the mass percentage of compounds with
different boiling points were determined, as shown in Figure 2. For tar sample from
reaction zone, 9.9% of the compounds in tar have a boiling point between 100 and 200 ◦C,
49.2% between 200 and 300 ◦C, and 39.2% over 300 ◦C. For tar sample from outlet, 33% of
the compounds in tar have a boiling point between 100 and 200 ◦C, 48.7% between 200 and
300 ◦C, and 13.9% over 300 ◦C. Compared to the reaction zone sample, the contents with
high boiling points in the outlet sample are apparently lower, indicating either chemical
consumption or physical condensation of heavy tar.
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Furthermore, the compounds in tar are classified by the number of aromatic rings, as
shown in Figure 3. For tar samples from the reaction zone, compounds with 2 aromatic
rings are the major content, with a percentage of 42.9%, followed by compounds with
3 rings, 1 ring, 4 rings, and 0 rings. While for the outlet sample, compounds with 3 or 4 rings
are not found. Instead, the percentages of 0-ring and 1-ring compounds are obviously
higher than those in the reaction zone. The results further demonstrate a decrease of heavy
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tar content. According to Figures 2 and 3, the tar properties from the reaction zone and
the outlet are apparently different, and it is not enough to focus only on the tar behavior
in the product gas. For the traditional gasifier on the ground, tar remaining in the reactor
could be collected easily, while for underground gasification it is very difficult. Thus, it is
suggested to adjust the temperature distribution in the underground gasification channel
to control the yields and condensation of tar.
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The elemental composition of tar samples are compared, as shown in Figure 4. For
the reaction zone sample, C has the largest molar percentage of 50.4%, followed by H of
47.0%. While for outlet sample, molar percentages of C and H are 44.2% and 54.1%, respec-
tively, leading to a H/C ratio larger than unity. This indicates a decrease of unsaturated
compounds from the reaction zone to outlet. For both tar samples, C and H are the major
contents, while all other elements are less than 2%. Compared with reaction zone sample,
O, N, S, Cl, and Si are less in outlet sample, indicating a potential pollution problem by
N, S, and Cl in either the product gas or the gasified coal seam during underground coal
gasification.
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3.1.2. Comparison with Literature

The percentage of PAHs in tar in this work was compared with the ex-situ and in-situ
experimental results from other studies [18,24,25]. It is shown in Figure 5 that the heavy tar
in the outlet of field test is less than that in lab test, which might be caused by the low outlet
temperature for in-situ case. Apparently, the lab data in this work is closer to the field data
than the lab data from Wang [25] and Liu [24]. The outlet temperature is relatively low in
this work since the reactor is much bigger than the coal block, leading to a large heat loss
around the gasification channel, which is close to the situation underground. Therefore,
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the experimental system gives a good simulation of tar behavior in underground coal
gasification.
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3.2. Tar-Related Results
3.2.1. Temperature

Figure 6 shows the measured temperature during gasification experiment. According
to Figure 6a, the temperature at reaction zone is between 800 ◦C and 1200 ◦C for most of the
time, while sometimes higher than the permitted value of K-type thermocouple (1300 ◦C).
The outlet temperature is between 20 ◦C and 40 ◦C, barely changing with the gasification
process. Figure 6b shows the temperature field at t = 100 min, based on the interpolation
and measured data from 15 thermocouples. The flow direction is from the left to the right.
It is shown that the reaction region expands both upwards and downwards, while the
expanding distance downwards is longer. The position of the maximum temperature is at
the upper left of the marked reaction zone (center of the block), caused by the buoyancy
effect and the transport of oxygen. The temperature gradient from reaction zone to outlet
is 3000–5000 ◦C/m, indicating severe condensation of heavy tar in the gasification channel.
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3.2.2. Gas Composition

The measured gas compositions from the reaction zone and outlet are shown in
Figure 7. When t < 100 min, CO is the major content in the gas mixture, indicating that
gasification dominates; while when t > 100 min, CO2 is the major content, which means that
combustion dominates. As the coal consumption increases, the reaction creates oxygen-rich
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conditions, so yields of CO2 are greater than CO. For the gasification stage, the percentages
of CO, H2, and CO2 in outlet gas are a little higher than those in reaction zone gas, which
might be caused by the tar cracking or reforming.
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3.2.3. PM10

The particulate matter behavior is also a widely concerned issue in coal combustion
and gasification. Figure 8 shows the diameter distribution and sphericity of the collected
particle samples from the reaction zone and outlet. According to Figure 8a, the particle
size at outlet is larger than that at the reaction zone. According to Figure 8b, there are two
differences between the two particle samples. Firstly, fine particles smaller than 5 µm are
not found at the outlet. Secondly, the particle shape at the outlet is closer to a sphere. The
fine particles follow the gas flow well, thus it is not possible to settle down in the gasification
channel, which means the fine particles experience either agglomeration or oxidization
reactions. However, the agglomerates of fine particles—such as soot clusters—usually
features with branched or long-chain configurations, different from the near spherical
particles at outlet. Therefore, it is inferred that the fine particle oxidization takes place from
the reaction zone to the outlet. It is known that tar cracking and oxidization is faster than
fine particle oxidization [26], thus the chemical consumption might be another reason for
the decrease of heavy tar in outlet samples besides condensation.
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3.3. Tar-Related Reaction Analysis

For the gasification stage, the main reactions tar experienced include cracking, gasifi-
cation, and soot forming, shown in Equations (1)–(3),

kTC = ρYtarATCexp(−ETC/RuT) (1)

kTG = ctar
2.04ch2O

1.79cCO2
0.95cCO

0.20cH2
−0.74ATGexp(−ETG/RuT) (2)

kSF = ρYtarASFexp(−ESF/RuT) (3)

where the kinetic parameters can be referred to the previous study [26]. Based on the
measured gas composition, time scales for the tar cracking, gasification, and soot formation
were calculated, compared to the gas flow time scale in the gasification channel, shown in
Figure 9. Tar gasification is far slower than cracking and soot formation, causing no effect
on tar behavior. Time scales of cracking and soot formation are close to each other, and
smaller than flow time scale when temperature > 1100 ◦C. According to the temperature
field in Figure 6, tar cracking and soot formation take place near the reaction zone.
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4. Discussion

Underground coal gasification is a promising technology for mining of deep coal
seams, while the potential pollution problems such as tar have drawn growing concern. In
this work, an ex-situ underground coal gasification experimental system was built, which
has a large reactor size compared to the gasified coal block. The heat loss leads to a pretty
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low outlet temperature, and thus the tar behavior at outlet is closer to field test compared
to the lab tests in literature. The reported studies prior to now have only focused on the tar
in the product gas, while the risk of condensed tar in the gasification channel has not been
evaluated. The present work proposed a method for sampling and analyzing tar in the
reaction zone, and making a detailed comparison with the tar at outlet. A sharp decrease
of heavy tar content was found, and the mechanisms were discussed. Condensation due to
a fast temperature drop is one of the main reasons for PAHs decreasing. Tar cracking and
soot formation also cause the decrease of heavy tar, proven by the light gas and particulate
matter results.

Different from the gasifier on the ground, the condensed tar in the underground
gasifier is difficult to collect and deal with. It takes months, or even years, to detect the
polluting effect on the underground water and soil. One can easily decrease the tar content
in the product gas by decreasing the outlet temperature, while it does not mean that the
pollution is controlled. Future underground gasification sites should not only monitor the
tar in the product gas and the underground water, but also pay attention to the proportion
of condensed tar remaining in the underground gasifier, establishing a comprehensive
evaluation system. This might be realized by adding sampling equipment on the gas
injector, since the heavy tar is formed mainly in the high temperature region near the gas
inlet.

The present work has discussed the relationship between tar-related reactions and
temperature. In fact, optimization of the temperature field is an ideal way to deal with the
tar problem. The temperature in the oxidization region should not be too high in order
to control the yields of heavy tar; while the temperature at the gasifier outlet should not
be too low, thus the amount of condensed tar could be decreased. Staged oxygen supply
is a promising method to meet such a requirement, which could apparently decrease
the temperature gradient in the gasification channel. At the same time, the increase of
temperature near the outlet leads to faster cracking of heavy tar, further reducing the
potential for condensed tar.

The studies focused on the tar evolution mechanisms in underground coal gasifi-
cation are rarely reported. It is suggested that more attention be paid to the life-cycle
measurement and simulation of tar behaviors during the gasification process of coal seams,
which is helpful for developing more techniques for pollution control and establishing an
environmentally friendly technical system for underground coal gasification.

There are some limitations in this work. First, we have only two sampling points
in the present work. In the future, tar samples from more different positions will be
compared. Second, the experimental data is limited. More experiments need to be carried
out, especially those focused on the relationship between temperature distribution and tar
evolution. The research method proposed in the present work is useful for a comprehensive
understanding of tar behaviors in underground gasification while more experiments are
necessary in the future.

5. Conclusions

In this work, tar was sampled with our newly developed equipment from an ex-situ
underground coal gasification experimental system and analyzed by GC-MS. The present
work emphasized the differences of tar behaviors from the reaction zone and outlet, which
are meaningful for comprehensive evaluation of the environmental issues of underground
gasification. The tar evolution mechanisms and pollution-control methods are further
discussed. The main conclusions are as follows:

1. Compared with the tar from reaction zone, the tar from outlet has a smaller percentage
of high boiling point content, PAHs, C, O, N, S, Cl, Si, and a larger percentage of H.

2. The PAHs percentage in tar at the outlet in this work is closer to the field data than
the lab data from literature.

3. Condensation, tar cracking, and soot formation are the reasons for decrease of heavy
tar from reaction zone to outlet.
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