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Abstract In this study, the composition of tars collected during a six-day underground coal gasification (UCG) test at the

experimental mine ‘Barbara’ in Poland in 2013 was examined. During the test, tar samples were taken every day from the

liquid product separator and analysed by the methods used for testing properties of typical coke oven (coal) tar. The

obtained results were compared with each other and with the data for coal tar. As gasification progressed, a decreasing

trend in the water content and an increasing trend in the ash content were observed. The tars tested were characterized by

large changes in the residue after coking and content of parts insoluble in toluene and by smaller fluctuations in the content

of parts insoluble in quinoline. All tested samples were characterized by very high distillation losses, while for samples

starting from the third day of gasification, a clear decrease in losses was visible. A chromatographic analysis showed that

there were no major differences in composition between the tested tars and that none of the tar had a dominant component

such as naphthalene in coal tar. The content of polycyclic aromatic hydrocarbons (PAHs) in UCG tars is several times

lower than that in coal tar. No light monoaromatic hydrocarbons (benzene, toluene, ethylbenzene and xylenes—BTEX)

were found in the analysed tars, which results from the fact that these compounds, due to their high volatility, did not

separate from the process gas in the liquid product separator.
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1 Introduction

The process of underground coal gasification (UCG) is

considered to be one of the forms of clean coal technolo-

gies for obtaining gaseous fuel and synthesis gas from hard

coal (Burton et al. 2006; Bhutto et al. 2013; Cough 2009).

In the situation of increasingly smaller coal resources

available for economically justified mining and the unfa-

vorable impact of coal combustion on the environment,

with a simultaneous prospect of continuous growth of

energy demand, it seems advisable to undertake research

on this technology.

The idea of underground gasification of coal directly in

the coal seam was developed at the beginning of the

twentieth century in England (Review of the feasibility

2004; Gregg and Edgar 1978) and in the former Soviet

Union (Klimenko 2009; Kreinin et al. 1982), and these

works were continued after World War II. Currently, after

many years of research and trials on an industrial scale

conducted around the world (mainly in the USA, China,

Australia, South Africa, Russia, Canada and Poland), the

technology of underground coal gasification is still not

fully mature for its widespread use on an industrial scale

(Greg 2018). The only active installation in which under-

ground coal gasification is carried out on an industrial scale

is located in Angren (Uzbekistan), located on the territory

of the former Soviet Union (Olness 1982). This installation
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has been operating since 1961, supplying low-calorific gas

to a nearby power plant. At present, this installation is

operating at a low efficiency of approximately 20%, more

as a demonstration facility for potential foreign investors.

Therefore, further research is needed to make these tech-

nologies applicable on a mass scale.

The coal gasification process is a combination of several

simultaneous reactions: pyrolysis, combustion and gasifi-

cation with complex kinetics, which are difficult to define

unequivocally (Cena and Thorness 1981). In this process,

apart from gas, which is its main product, liquid products

are also obtained in the form of tar with water and solids,

which are the remainder of the process. The content of tar

products in the obtained gas depends on the process con-

ditions and ranges from 0.5 to 15.5 g/m3 (Pavlovich and

Strakhov 2013; Chiranjeeva et al. 2015; Wiatowski et al.

2017). Condensing liquid products constitute an impurity

of the produced gas and should be removed when using gas

as a chemical raw material practically completely. The

most important factors affecting the amount and compo-

sition of tars in the process gas are the temperature con-

ditions in the reactor and in the pipeline transporting hot

gases to the surface. The tar starts to evolve from coal at

temperatures of 350–400 �C (Elliott 1981; Karabon 2002;

Vreugdenhil and Zwart 2009) and ends at approximately

1000 �C. During this time, tar undergoes many processes

(Barbour and Cummings 1986; Barbour et al. 1988), as a

result of which its quantity and composition change.

With a short residence time and lower temperatures in

the underground reactor (which depend mainly on the size

of the gasified seam, intensity and flow conditions of the

gasifying agent and its concentration), the tar will be less

affected by secondary processes (Akbarzadeh and Cha-

laturnyk 2014), e.g. thermal cracking. As a result, such tar

will contain heavier compounds with two or more ring

structures and fewer BTEX compounds compared to the

one that has been in the reactor for a longer time. After

leaving the reactor, tar is transported in a process gas

stream to the surface. Depending on the temperature in the

outlet pipeline, tar may continue to undergo the process of

secondary cracking. The higher the intensity, the higher the

temperatures and the longer the residence tar in the pipe-

line. Moreover, due to the temperature difference between

the beginning and end of the pipeline, the heavier com-

ponents of tar are liquefied (fractional distillation), and

only the lighter components reach the surface (Liu et al.

2020; Philips and Muela 1977). Condensation of tar in the

pipeline is very unfavourable because the pipeline diameter

decreases; in extreme cases, it may become clogged

(Department of Energy 2009). On the other hand, a high

content of tar products in the gas negatively affects the

properties of the produced gas and makes it necessary to

build an effective system of gas purification and tar

separation. Additionally, high tar content causes problems

with its management (it is a dangerous and troublesome

waste), and there may also be a possibility of groundwater

contamination in the case of migration of tar components

into the rock mass (Liu et al. 2007).

All factors that occur in tar from its formation to the

transport in the process gas to the surface are the cause of

the variable yield of tar products in the gas and the fluc-

tuation of their properties in a way that is difficult to pre-

dict. Since the main purpose of UCG is to obtain as much

process gas as possible with a high calorific value, the

gasification conditions must be optimized so that the

amount of tar obtained is as low as possible.

Information on the quantity and properties of tars

obtained in the UCG process is the basis for the decision to

dispose of tar products separated from the process gas. One

of the potential ways of using tars from the coal gasifica-

tion process is to connect it to the stream of mass-produced

coal tar produced in coking plants and processed by dis-

tillation. However, such management of coal gasification

tars requires their appropriate adaptation to a quality that

does not differ from the parameters of coal tar. This is

necessary from the point of view of the quality require-

ments for the products of tar processing, especially coal tar

pitch, to avoid deterioration of commercial products. This

is mainly due to the excessive content of ash and inert

parts, which are determined as substances insoluble in

toluene and quinoline. As an alternative, other uses of tars

with UCG can also be considered, including the most

unfavourable option of disposal as hazardous waste. To test

this possibility, it is necessary to know the properties of tars

produced during the real process of underground coal

gasification. There is little information in the available

literature about this topic. Therefore, the aim of this study

was to determine the range of variability of the basic

properties of tars from the process of underground coal

gasification, which will be the basis for indicating potential

methods of their utilization. The obtained results were

compared with the properties of typical coal tar, which

made it possible to adopt a certain reference level for the

tested tars from the UCG process.

2 Experimentals

2.1 Design and construction of UCG installation

The installation for coal gasification was built and located

at the experimental mine ‘Barbara’ in Mikołów, Poland. It

consisted of a surface and underground parts. As shown in

Fig. 1, the installation for UCG consisted of the following

systems: oxidizer supply, underground reactor, gas cooling,

collection and dewatering. An important part of the
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installation was the control and measurement apparatus

with operation and safety monitoring assurance. The

gasifying agent was oxygen, and for safety reasons, access

to nitrogen was also provided. Coal gasification was carried

out in an underground reactor located in seam no. 310 at a

depth of 30 m and seam thickness of 1.5 m. The horizontal

V-shaped fire channel had two 0.14-m-diameter and 17.3-

m-long holes.

After leaving the reactor, the hot process gases passed

through an underground water cooler and were then

directed to a gaseous product collection system located on

the surface. After tar separation, the process gas was

directed to the thermal combustor, where it was burned.

The scheme of the gaseous product collection system is

shown in Fig. 2.

2.2 Measurements of the process temperatures

and gas composition

The temperature of the process gases at the reactor outlet

was measured with a K type thermocouple (measurement

error ± 1.0 �C), and behind the water cooler and at the tar

sampling point with a Pt100 resistance sensor (measure-

ment error ± 0.3 �C). The process gas was sampled

directly from the pipeline, downstream the suction fan

(Fig. 2). The gas composition was analysed every 30 min.

using a gas chromatograph Agilent 3000A.

2.3 Analysis of gasified coal

An analysis of gasified coal is presented in Table 1. The

coal analysis was performed in a certified laboratory at the

Central Mining Institute in Katowice according to Polish

standards.

Gasified bituminous coal (according to the UN ? ECE

classification) contains many moisture, ash and volatile

parts. The total sulphur content is not high and amounts to

0.51% (as received).

2.4 Stages of gasification process

The coal gasification process was conducted in 2013 as part

of the HUGE 2 project. The test lasted 6 days (142 h).

Based on the results obtained, the process was divided into

three stages (Table 2):

The gasification process was started by igniting a coal

seam using a pyrotechnic charge. The ignition occurred

with low oxygen flow rate (2 Nm3/h) supplied into the

reactor inlet. After ignition of the coal, the oxygen flow rate

was increased to 10 Nm3/h. The process initiation was

considered complete when the concentration of oxygen in

the process gas was below 1%. Stage I of the coal gasifi-

cation was started with an oxygen flow rate of 10 Nm3/h.

After 45 h of the process, the oxygen flow rate was grad-

ually increased to 15 Nm3/h. In the stage I,

Georeactor

Suction
fan

Burner Tar
separator

Underground 
dewatering system

Supplying system                   Gas collecting system  Surface dewatering
system

Pit shaft Air shaft

Vertical drilling
to the surface

 Cooler

Fig. 1 Arrangement of installation elements: 1—liquid oxygen tank, 2—liquid nitrogen tank, 3—air compressor, 4—water supply, 5—gas

evaporators, 6—dewaterers, 7—tanks (Wiatowski et al. 2015)
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stable parameters of the gasification process were

observed. The process gas consisted (Fig. 3) of a high

content of hydrogen and carbon monoxide and a low

oxygen and nitrogen contents, which were not subjected to

large fluctuation. The calorific value of the gas was high

and amounted to 10–11 MJ/Nm3 (Fig. 4).

Fig. 2 Scheme of gaseous product collection system located on surface (Wiatowski et al. 2015)

Table 1 Proximate and ultimate analysis of raw coal from ‘Barbara’ mine

Item Value Standard

As received

Moisture W r(%) 11.81 PN-G-04511:1980

Ash Ar (%) 15.56 PN-G-04560:1998 PN-ISO 1171:2002

Sulphur total Sr (%) 0.51 PN-G-04584:2001 PN-ISO 334:1997

Lower heating value Qr (kJ/kg) 21,708 PN-G-04513:1981

Analytical

Moisture Wa(%) 6.39 PN-G-04511:1980

Ash Aa (%) 16.52 PN-G-04560:1998 PN-ISO 1171:2002

Volatile matter Va (%) 29.84 PN-G-04516:1998 PN ISO-562:2000

Lower heating value Qa (kJ/kg) 23,192 PN-G-04513:1981

Carbon Ca (%) 57.95 PN-G-04571:1998

Hydrogen Ha (%) 3.70 PN-G-04571:1998

Nitrogen Na (%) 0.87 PN-G-04571:1998

Sulphur total Sa (%) 0.54 PN-G-04584:2001 PN-ISO 334:1997

Sulphur combustible Sa
c (%) 0.54 PN-G-04584:2001 PN-ISO 334:1997

Oxygen Oa* (%) 14.03

*Oxygen calculated as ðOaÞ ¼ 100 � ðWaÞ � ðAaÞ � ðCaÞ � ðHaÞ � ðSa
cÞ � ðNaÞ (%)

Changes in properties of tar obtained during underground coal gasification process 1057

123



In the stage II of the process, starting from 101 h, a rapid

decrease in the concentrations of the combustible compo-

nents of the process gas was observed with a simultaneous

rapid increase in the nitrogen and oxygen contents. The

calorific value (Fig. 4) of the gas produced began to

decrease. Monitoring of air quality in the mine galleries

showed the presence of reaction gases, especially carbon

monoxide, carbon dioxide and hydrogen. The

concentrations of these gases were initially low but

increased to a high value by the end of gasification process.

Their presence in the mine air indicated that the under-

ground reactor was unsealed. Thus, due to safety reasons,

this experiment was terminated by stopping the oxygen

supply (after six full days from starting). Next, the reactor

was cooled with a stream of nitrogen. The cooling rate was

controlled by measuring the exhaust gas concentration as

well as its temperature. The reactor cooling time was

approximately 4 weeks. After that time, the conditions in

the reactor returned to the initial conditions. Detailed data

on the course of this gasification process and the con-

struction of the reactor were described in earlier publica-

tions (Wiatowski et al. 2015; Wiatowski and Kapusta

2018).

2.5 Temperature conditions in output pipeline

Figure 5 shows the results of the process gas temperature

measurement at a distance of 8 m from the reactor outlet,

behind the water cooler (in the underground part) and on

the surface at the tar sampling point.

As shown in Fig. 5, the temperature of the process gas at

the reactor outlet was not high. In stage I, after ignition of

the reactor, it was approximately 60 �C and gradually

increased to the final value of 100 �C. At the beginning of

stage II, the gas temperature decreased and then increased

Table 2 Stages of UCG test

Stage

No.

Stage description Time interval Duration

1 Coal ignition and stable operation of coal gasification process 0–101 h 101 h

2 Unstable operation of process 101–142 h 41 h

3 Extinguishing and cooling down of reactor 142 h ? 4 weeks 4 weeks
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Fig. 3 Concentration of process gas components (Wiatowski et al.

2015)
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to a final value of 180 �C. The gas temperature after

passing through the water cooler did not exceed 30 �C in

stage I and 40 �C at the end of stage II. The gas temperature

on the surface at the sampling site was subject to cyclical

fluctuations in the range of 18–38 �C. The observed tem-

perature fluctuations occurred in a twenty four hours cycle

and resulted from different temperature conditions outside

the gas pipeline in the underground and aboveground

sections. In the underground section, the gas pipeline was

laid in the mine galleries with a constant air temperature of

approximately 7 �C. In the aboveground section of the

installation, the temperature outside the pipeline depended

on the current weather conditions and was higher during

the day and lower at night.

2.6 Testing of tar samples

Tar samples were collected from the liquid product sepa-

rator via the tar drain valve (Fig. 2) daily, with additional

samples taken at the beginning (initial sample) and end of

the test (final sample). The tar residence time in this place

was several hours. The collected samples represent the part

of the tar that, together with the process gas, has entered the

surface and was separated from the gas in the separator of

liquid products. The tar samples collected from the start of

the gasification up to and including the 4th day relate to

stage I. The sample taken on the 5th day of the test is a

mixture of tars obtained partly in stage I and partly in stage

II. The remaining samples, from the 6th day and the final

sample, were collected in stage II after unsealing the

reactor. The total amount of tar obtained during the whole

test was not too high and was approximately 3 dm3 (ap-

prox. 4.1 kg), while the volume of a single sample was

0.2–0.6 dm3. Considering that 9163 Nm3 of process gas

was obtained, the concentration of tar in the gas was 0.45

g/Nm3. This is a low value for the underground gasification

process. During the experiment, it was observed that as

gasification progressed, the amount of tar collected from

the separator systematically decreased, and at the end of

the experiment, tar production practically stopped. After

finishing the process and dismantling the pipeline through

which the process gas flowed, it turned out that large

amounts of tar mixed with dust were in the form of a layer

approximately 1 cm thick deposited on the walls inside the

pipeline. Taking this into account, the real tar yield may be

higher. However, it is difficult to determine the amount of

this tar because it was distributed inside the output pipeline

very unevenly.

The tar samples taken from the liquid product separator

were subjected to tests for analyses carried out as for

typical coal tar. The samples were tested in their raw state.

The analyses were carried out at the Institute of Chemical

Processing of Coal in Zabrze. The methodology of their

implementation was adopted from Polish standards for

testing typical coal tar from the coke oven process. The

standards of the individual tests were as follows:

(1) Water content by Karl-Fischer method (own labora-

tory procedure),

(2) Ash content, PN-77/C-97065 standard,

(3) Residue after coking (LK), PN-88/C97071 standard,

(4) Toluene insoluble components (TI), PN-82/C-97057

standard,

(5) Quinoline insoluble components (QI), PN-C-

97058:1999 standard,

(6) Elemental analysis C, H, N, S, Q/LG/15/A:2011

standard.

UCG tars are a black, dense liquid with a slightly

noticeable characteristic smell that is much less intense

than coal tar. They contain a very high amount of water and

ash (mechanical impurities). Table 3 presents the results of

a technical analysis of tars, while the results of an ele-

mentary analysis are presented in Table 4. To make the

results of the technical analysis independent of the water

content, the results were calculated for the dry state, while

the results of the elementary analysis were calculated for

the dry and ash-free states (daf). The calculated results of

the analyses make it easier to compare the properties of the

tested tars because they characterize only the tar substances

without taking into account the water and ash content,

which is variable.

The tested samples of tars were distilled by separating

them into individual fractions in accordance with the

guidelines of the subject standard (PN-C-97055: 2001

standard) for coal tar. The maximum distillation tempera-

ture was 360 �C. The yield of the obtained fractions is

shown in Table 5, while the course of the tar distillation

curves compared to the distillation curve of typical coal tar

is shown in Fig. 6.

During the distillation of all tested samples, large

amounts of fumes were observed, which were not con-

densed and were coming out of the cooler. This explains

the high amount of distillation losses recorded in the mass

balance of the distillation process.

The content of PAHs and heterocompounds in tars was

determined by chromatography. The content of these

compounds was determined according to the PN-C-

82056:2000 standard. The analysis was performed using a

Thermo-Scientific gas chromatograph (model Trace).

Quantitative analyses were performed using the internal

standard method. The results of the analysis including

compounds with content above 0.01% are shown in

Table 6. The content of selected compounds (with the

highest concentrations) in the tested UCG tar samples

compared to the content of the same compounds in coal tar

is shown in Fig. 7.
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From the tested samples of tars, one was selected that

showed the lowest tendency to thermal decomposition,

assessed on the basis of the amount of distillation loss. This

was the sample from the 5th day of the test, for which the

distillation loss was 4.7% (Table 5). For this sample,

chromatographic analyses of the composition of individual

fractions obtained during distillation were performed. The

content of the selected compounds with the highest con-

centrations in the obtained fractions is shown in Fig. 8.

After determining the concentration of a given compound

and the yield of the corresponding distillate fraction, the

content of individual components were calculated into the

concentration (Sum) in the entire distilled sample. For

comparison, the same graph (Fig. 8) also shows the content

of the same compounds (Sample) determined directly from

the same sample but without prior distillation.

Table 3 Technical analysis of tar samples (results were calculated for dry state)

Item Initial sample 1 day 2 day 3 day 4 day 5 day 6 day Final sample Coal tar

Water content, W (%) 35.7 20.3 16.8 2.9 5.8 5.5 3.4 1.5 1.5–5

Ash content, A (%) 6.3 5.5 7.2 15.3 11.7 12.8 14.0 14.4 to 0.1

Residue after coking, LK (%) 27.4 27.1 27.9 30.9 29.0 29.9 34.1 35.8 15–30

Content of toluene insoluble matter, TI (%) 20.2 26.6 35.3 25.4 26.9 29.1 32.0 33.6 4–15

Content of quinoline insoluble matter, QI (%) 9.1 16.8 21.2 27.7 21.5 23.1 32.9 37.2 1.5–5.5

Table 4 Elementary analysis of tested samples (daf)

Item Initial sample 1 day 2 day 3 day 4 day 5 day 6 day Final sample Coal tar

Carbon content, Cdaf (%) 88.4 88.7 89.8 88.2 82.1 83.1 85.0 84.6 88–92

Hydrogen content, Hdaf (%) 3.9 4.9 4.7 6.2 6.7 6.2 6.0 5.9 5–5.5

Nitrogen content, Ndaf (%) 1.7 1.5 1.6 1.1 1.6 1.6 1.5 1.3 0.8–1.1

Sulphur content, Sdaf (%) 1.5 1.9 2.3 2.2 2.3 2.1 2.1 2.2 0.3–0.6

H/C ratio 0.53 0.66 0.62 0.84 0.97 0.90 0.85 0.84 0.72

Table 5 Results of fractional distillation of tar samples

Item Initial sample 1 day 2 day 3 day 4 day 5 day 6 day Final sample Coal tar

Start of boiling (�C) 100 99 101 103 98 105 108 102 98

Yield of fraction (vol%)

to 170 �C 30.8 16.2 11.2 9.7 7.7 6.3 4.3 2.4 3.0

170–270 �C 7.1 10.7 13.6 15.4 17.0 17.0 11.7 9.1 14.5

270–330 �C 12.3 9.5 13.7 13.8 13.7 14.2 14.6 15.1 9.5

330–360 �C 4.6 7.7 8.9 8.6 14.6 11.3 10.0 10.8 10.5

Residue 33.1 43.2 52.6 45.6 41.3 46.5 53.5 55.3 61.5

Losses 12.1 12.7 9.4 6.9 5.7 4.7 5.9 7.3 1.0
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 2 day
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Fig. 6 Course of distillation of tar samples from UCG in comparison

to course of distillation of coal tar
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Table 6 Content of PAHs and heterocyclic hydrocarbons in tars

PAH Initial sample 1 day 2 day 3 day 4 day 5 day 6 day Final sample

Content (%)

Naphthalene 1.60 2.76 1.04 1.51 0.59 0.97 0.77 0.97

1-methylnaphthalene 0.26 0.43 0.30 0.33 0.28 0.32 0.26 0.33

2-methylnaphthalene 0.36 0.65 0.36 0.51 0.41 0.46 0.38 0.48

Acenapthylene 1.13 2.08 1.88 1.81 0.30 0.61 0.70 1.08

Acenaphthene 0.05 0.10 0.05 0.14 0.10 0.09 0.08 0.18

Fluorene 0.33 0.66 0.71 0.86 0.24 0.47 0.51 0.96

Phenanthrene 0.75 1.55 1.83 1.97 0.57 0.92 1.10 2.09

Anthracene 0.25 0.52 0.62 0.71 0.14 0.38 0.43 0.82

Fluoranthene 0.37 0.83 0.94 0.84 0.15 0.32 0.41 0.80

Pyrene 0.34 0.77 0.87 0.83 0.14 0.36 0.45 0.91

Benzo(a)anthracene 0.19 0.50 0.52 0.41 0.12 0.15 0.17 0.31

Chryzene 0.09 0.24 0.25 0.24 0.04 0.11 0.12 0.24

Benzo(b ? k)fluoranthene 0.05 0.14 0.18 0.13 0.06 0.03 0.05 0.10

Benzo(e)pyrene 0.04 0.09 0.10 0.08 0.02 0.03 0.03 0.07

Benzo(a)pyrene 0.09 0.20 0.21 0.17 0.05 0.05 0.06 0.11

Perylene 0.02 0.06 0.05 0.04 0.01 \ 0.01 0.02 0.03

Dibenzo(a,h)anthracene ? indeno(1,2,3-cd)pyrene \ 0.01 0.02 \ 0.01 0.02 0.01 0.01 0.01 0.01

Benzo(g,h,i)perylene 0.05 0.13 0.13 0.11 \ 0.01 0.04 0.04 0.08

Total PAHs 5.97 11.73 10.04 10.71 3.23 5.32 5.59 9.57

Heterocyclic compounds

Chinoline 0.06 0.13 0.17 0.17 0.16 0.09 0.09 0.16

Izochinoline 0.04 0.06 0.09 0.08 0.07 0.07 0.50 0.09

Methylchinoline (sum) 0.01 0.04 0.09 0.24 0.22 0.09 0.17 0.34

Dibenzofurane 0.25 0.49 0.50 0.62 0.51 0.38 0.41 0.77

Benzotiophene 0.08 0.11 0.05 0.06 0.05 \ 0.01 0.03 0.03

Carbazole 0.04 0.09 0.15 \ 0.01 0.11 \ 0.01 0.08 0.18

Total heterocyclic 0.48 0.92 1.05 1.17 1.12 0.63 1.28 1.57
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Fig. 7 Comparison of content of selected PAHs in tars from UCG and in typical coal tar
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3 Discussion of results

3.1 Properties of tar from UCG

Samples of tars collected during the underground coal

gasification test show a significant differentiation of prop-

erties; however, some regularities can be noticed. It is

interesting that the properties of the tested tars change

abruptly on the third day of the test. The observed changes

are as follows:

(1) The water content at the beginning of the test is very

high, from above 35% to approximately 3% on the

3rd day. From the 4th day, the water content

stabilizes and is maintained between 5.8% and

1.5% until the end of the test.

(2) The opposite trend is observed with regard to ash

content. Starting with a relatively low content at the

beginning of the test (at 6.3%, calculated on a dry

basis), we note an increase to 15.3% on the 3rd day

and stabilization at 14% at the end of the test.

(3) Relevant changes are also observed on the 3rd and

6th days of the test in the value of coking residue.

The LK on the 3rd day increases by approximately

3% compared to the previous day, while maintaining

this value and slightly increasing on the last day of

the test by the next 3%.

(4) The content of substances insoluble in toluene TI,

after an initial increase, decreases by approximately

10% on the third day despite an increase in ash

content (which is entirely part of TI) and then

gradually increases again, also with an increase in

ash content. A similar but much less intense trend is

observed for parts insoluble in quinoline.

(5) During the distillation of the tars, a clear decrease in

distillation losses is observed for samples from the

3rd day of the gasification test. This indicates a

change in the properties of the tars and a decrease in

their tendency toward thermal decomposition.

The fractional composition of the tested tars (except for

the sample at the beginning of the test) is very similar

within certain limits. The tar sample taken at the beginning

of the test (initial sample) shows a much lighter character

than the other samples and is marked by an exceptionally

high (over 30%) content of fraction boiling up to 170 �C.

This value is 2–15 times higher than for the other tar

samples. For this sample, the distillation residue content is

also significantly lower (33%) and is over 40% for the

other samples. The content of the remaining fractions for

all samples shows no major differences, and the ranges of

variation of the content of individual fractions are as

follows:

(1) The content of fractions up to 170 �C systematically

drops from 30.8% to 2.4%,

(2) The content of fraction 170–270 �C takes values in

the range 7.1%–17.0%,

(3) The content of fraction 270–330 �C takes values in

the range 9.5%–15.1%,

(4) The content of fraction 330–360 �C takes values in

the range 4.6%–14.6%,

(5) The content of the distillation residue is approxi-

mately 50% except for the initial sample and the

sample from the 4th day.
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Fig. 8 Analysis of fraction composition obtained from tar sample distillation taken on 5th day of the gasification test

*Total volume per sample, including fractional content of distillate

1062 M. Wiatowski et al.

123



All tested tar samples are characterized by very high

distillation losses, which indicate their unstable properties.

High distillation losses from approximately 5% to almost

13% are due to the tendency toward thermal decomposition

of tar during heating. A visible sign of the thermal

decomposition of UCG tars is the large amount of white

fumes produced during their distillation, which are emitted

from the cooler. The presence of these fumes results from

the decomposition of unstable components contained in

tars during heating. These compounds have not been

identified, but it can be assumed that they are macro-

molecular compounds of the nature of oligomers and

resins, which at elevated temperatures depolymerize to

light products, including gaseous ones. The elemental

composition of the tested samples is stable, with a

noticeable tendency to change after 2–3 days of the test.

The carbon content in the first three days of gasification is

88%–89%; from the 4th day, it decreases by approximately

6% and then slightly increases until the end of the exper-

iment. The hydrogen content of the initial sample is the

lowest and is 3.9%; from the 3rd day, it increases by 1.5%

and maintains a constant level. It can be seen that the H/C

ratio increases up to the 4th day and then decreases until

the end of the experiment. This indicates changes in the

degree of hydrogenation of the tar samples, initially

increasing and later decreasing. The nitrogen and sulphur

content takes values between 1.1 and 1.7% for nitrogen and

1.5%–2.3% for sulphur. The relatively high sulphur content

in the tars results from the sulphur content in raw coal

subjected to gasification (0.51%) and a relatively small

amount of tar obtained in the gasification process, which

gives a high concentration of sulphur compounds con-

densed in the process gas treatment system.

A chromatographic analysis of the tested samples did

not show any significant differences in the content of the

identified compounds. There is no component whose con-

tent is by far the highest for all samples. The content of

naphthalene is highest only in the first two tar samples; in

the samples taken from the second day, the predominant

components are phenanthrene, acenaphthylene and

methylnaphthalenes. A surprise may be the lack of iden-

tified light aromatic compounds from the BTEX group in

the tars. The lack of these compounds is mainly due to their

volatility, which is especially high for benzene. These

compounds, despite the low-temperature conditions in the

pipeline and at the tar sampling point, were in the gas phase

(some in the form of aerosols). In this form, in the process

gas stream, they moved to the thermal combustor, where

they were burned. This is evidenced by the results of

similar tests (Wiatowski et al. 2017; Wiatowski and

Kapusta 2020) in which the composition of tars collected

directly from the process gas in the output pipeline before

entering the separation system and the composition of the

same tars after their separation were tested. There were

many BTEX compounds in the tars taken directly from the

process gas, while in the tars after separation, these com-

pounds were not found.

The total content of identified compounds, mainly

PAHs, is relatively low and does not exceed 13%. In

combination with high content of TI and QI with high

distillation losses, this is an additional confirmation of the

high content of macromolecular compounds susceptible to

thermal decomposition. The thesis of susceptibility to

thermal decomposition is also confirmed by the results of

an analysis of the composition of fractions obtained from

the distillation of a selected tar sample from the 5th day of

the test. Thermal decomposition takes place during heating

of the distilled tar in a distillation flask where the tem-

perature is slightly higher than the boiling point of the

distillate received. For this sample, the compliance of the

content of the determined compounds in the initial tar

sample (without distillation) and in the fractions obtained

from distillation occurs only for 2-methylnaphthalene,

fluorene and acenaphthene. For most of the determined

compounds, a decrease in their content in the fractions

from the distillation in relation to the initial tar is visible.

This especially concerns acenaphthene, phenanthrene,

anthracene, fluoranthene, pyrene, benzo(a)anthracene and

chrysene. This is due to the thermal decomposition of these

compounds during heating to compounds of different

compositions and lower molecular weights. The observed

effect of this phenomenon is the resulting fumes that come

out of the cooler during distillation.

An increase in the content of compounds in the distilled

fractions in relation to nondistilled tar was noted for

compounds forming stable aromatic structures such as

naphthalene and. 1-methylnaphthalene, which may be

formed in the decomposition reactions of heavier com-

pounds. It should be expected that for the remaining

samples of tars for which the distillation losses are higher

(even more than twice), the thermal decomposition reac-

tions are much more intense. Distillation losses are quick,

simple and the most reliable indicator of the intensity of the

thermal decomposition reaction of the tar sample during

heating.

During the experiment, it was observed that the amount

of tar produced gradually decreased and practically stopped

at the end of the process. This is due to the decrease in the

intensity of coal pyrolysis processes with the progress of

gasification. This phenomenon was also observed in other

similar underground coal gasification trials (Wiatowski

et al. 2012; Wiatowski and Kapusta 2020).
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3.2 Comparison of properties of UCG tar with coal

tar

Coal tar from the coke oven battery process is the only

product obtained from thermal coal processing on an

industrial scale in Poland. It is a mass commercial product

that is further processed by distillation. Despite the fact that

UCG tar and coke oven tar are made of the same type of

raw material (hard coal), the properties of these tars differ

significantly from each other. Particularly noteworthy is the

very high ash content in the tars after underground gasifi-

cation, amounting to approximately 6%–15%, with the

values for coke oven tar at a level of tenths or even hun-

dredths of a percent. Such a high ash content results from

lifting most of the mineral substances (and coal dust) from

the gasified coal in the process gas and accumulating them

in the tar. It is possible to reduce the ash content several

times in different physical processes in a properly con-

ducted tar preparation process (standing and centrifuging),

but it is very difficult to obtain the ash content at a level

analogous to that of coke oven tar without extraordinary

effort. The consequences of the high ash content include

significantly higher values than for coke oven tar; these are

related to the tar group composition.

The residue after coking LK is approximately twice that

of coal tar, and the content of insoluble parts in both

toluene and quinoline is many times higher. It should also

be noted that the properties of substances insoluble in

toluene and quinoline occurring in UCG tars are different

from those of coke oven tar. Tars from UCG are to a large

extent mineral and carbon particles and oligomeric

macromolecular compounds susceptible to thermal

decomposition (depolymerization). However, coal tar is

mainly composed of high-molecular-weight polyaromatic

compounds with a small amount of carbon and coke

particles.

The high water content in the tar samples collected at

the beginning of the test stabilizes from the third day at a

level similar to that of coal tar. The elemental composition

of UCG tar is similar to the elemental composition of coal

tar with the exception of sulphur content, the concentration

of which in coal gasification tar is 3–4 times higher than in

coal tar. This is most likely due to the much smaller

amount of tar produced in this UCG process compared to

coking, with a similar amount of sulphur compounds being

transferred from coal to tar. The carbon content is at a

similar level, and the hydrogen content is slightly higher in

the tested tars, which can be explained by the lower content

of aromatic hydrocarbons with a higher content of aliphates

and naphthenes.

Additionally, the nitrogen content of the UCG tars is

slightly higher. The distillation course for the samples from

UCG was essentially analogous to that of coal tar (Fig. 6),

with the exception of the first-day sample deviating from

the other samples in terms of a higher lightest fraction

content and significantly higher distillation losses. The

remaining samples, compared to coke-oven tar, usually

showed a higher content of each fraction up to 360 �C, with

greater differences noted only at the beginning of the test.

The residue after distillation for the tested gasification tars,

lower than for coal tar, should actually be considered even

lower after taking into account the ash content, which is

incomparably higher than for coal tar and is inert in the

distillation process.

Losses during distillation, minimal for coal tar (less than

1%), are significantly higher for the samples tested and

range from 5% to 13% due to differences in the stability of

these products. The first symptoms of the thermal decom-

position process (appearance of fumes from the cooler) for

the tested samples were observed at the collection of the

first fraction (up to 170 �C), which indicates the beginning

of these processes at a temperature of 150 �C. For coal tar,

thermal decomposition starts at a temperature of approxi-

mately 400 �C, in which the beginning of the coking pro-

cess is observed. Chromatographic analysis of the

composition of the tar samples showed that there is no

compound whose content clearly dominates, such as

naphthalene in coal tar. The contents of compounds above

1% are recorded only for naphthalene, phenantrene and

acenaphthylene, with their highest concentration value not

exceeding 3%. Tars from the analysed UCG process, unlike

coal tar, which is a polyaseotropic and polyeutectic mixture

of aromatic compounds, do not show a distinct aromatic

character.

4 Summary

Tars obtained in the process of underground coal gasifi-

cation constitute a small share of the gasification reaction

products. However, the mass character of the coal gasifi-

cation process in the case of its industrial and commercial

implementations obliges an assessment of the properties of

the resulting tars, which is the first step in determining the

direction of possible product utilization. During the six-day

underground gasification test, eight samples were collected

that show significant differences in basic properties. This

proves that the process parameters changed during the test.

It is noticeable that the quality parameters of tars stabilized

since the 3rd day of the test. This gives the prospect of

obtaining a product with stable properties, for which the

direction of utilization should be found.

The results obtained indicate that for the only method of

disposal from tar from underground coal gasification not to

be landfilled as hazardous waste, it is necessary to undergo

a purification process. To consider any functional use of
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these tars, it is necessary to remove excess ash and other

inert substances by means of standing or other physical

methods. This will allow us to take into account the dis-

posal of tar as a component of liquid fuels and heavy fuel

oils after issuing and energy tests. It is also possible to use

these tars as fuel for cement plants or in waste incineration

plants as well as a component of bonding agents for the

electrode industry. The high ash content excludes the

addition of coke-oven tar processed by distillation to the

stream without costly upgrading operations (centrifugation

and filtration) due to very high quality requirements for

coal pitch produced from coal tar. However, any manage-

ment of tars from the UCG process, due to their properties,

must be preceded by detailed research.

5 Conclusions

Based on the research carried out, the following conclu-

sions can be drawn:

(1) The conditions of the gasification process have a

significant influence not only on the quality of the

gas obtained but also on the properties of liquid tar

products, which are a by-product of the UCG

process. After obtaining the stabilized process

parameters of UCG (until the reactor is unsealed),

the fluctuation of the properties of the produced tars

decreases significantly and occurs only to a limited

extent.

(2) In the conducted underground gasification test, only

the properties of the first initial tar sample are

different from the others due to the intensive release

of volatile components from coal at this stage of the

process. After the stabilization of the process

parameters, which took place on the 3rd day of the

test, a jumping change in the properties of the

analysed tars was observed. The water content is

significantly reduced while the ash content is

increased. For the other parameters of the technical

analysis, significant changes were also observed on

the 3rd day of the test.

(3) The tested tars show a strong tendency to thermal

decomposition, which was found on the basis of the

course of distillation during which intensive fumes

and very high distillation losses in the mass balance

of the distillation were noticed. This thesis is

confirmed by the composition of the tested tar

samples: low content of stable aromatic compounds

and high content of macromolecular compounds of

oligomeric character (TI, QI), which were suscepti-

ble to depolymerization.

(4) The tars from the UCG process are different from

coal tar both in terms of technical analysis properties

and chemical composition. The samples tested differ

from coal tar by the content of impurities (ash, TI

and QI), susceptibility to thermal decomposition

reactions and low content of aromatic hydrocarbons.

(5) The tested tars are similar to coal tar in terms of

elemental composition and the course of distillation

(except for the initial sample), excluding distillation

losses.

(6) Any useable treatment of tar from UCG must be

preceded by appropriate preparation to remove

excess ash by physical methods.

(7) The absence of BTEX compounds in the tested tars

was caused by their high volatility, as a result of

which they did not condense in the gas cleaning

installation and together with process gas were

burned in the thermal combustor. In the case of the

UCG process on an industrial scale, the gas cleaning

system should be equipped with an installation for

efficient recovery of BTEX compounds.
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