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Tar related issues in underground coal gasification

Erika Skvarekova, Gabriel Wittenbergerand Marian Sofrankd’

Technology UCG is worldwide presented as the tedolgyawith the lower adverse effect on the enviramrivecomparison to all until
now applied techniques of the underground and serfaoal mining. The present paper deals with tHeifion from the underground coal
gasification in situ taking into the consideratite amounts of the gasified coal based on the ssrfpdbm the simulated gasification and
chemical analysis of tar. Pollution of rock surralimg can be caused by evasive gas, aromatic hydsoca extractable non-polar
substances and solid residues. During individuasifigation, there are raising polluting gases agltgcarbon, hydrosulphide, carbon
disulfide, oxide nitrogen, mercaptans. Such gaspmamds have high toxicity and significant stinkm®af the less qualitative sorts of coal
obtain till 6 % of sulphur, that is oxidised duringsification and burning to the sulphur dioxidedahydrosulfide is also rising. By not
perfect coal burning, there are also raising polyamatic hydrocarbons (PAH), many of them are tosicthey have mutagenic effects.
The question is how these tars will affect the up@eind and surface water in the area which hasnbeecumbered with the mining and
chemical industry for a longer period.
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Introduction

Gasification is the chemical process of the sotidiquid fuels transformation in gaseous fuels, ethiake
place in the gasifiers (generators, reactors).hin course of the gasification of coal, the decoritioos of
the organic mass occurs due to the effect of tis#figation media under high temperatures. The tegubare
gaseous products, tars and solid residues, asclorkash. The gaseous products are after theiniclg used for
the electricity production or as the raw materiaf the chemical products production. Tar relatesligs
represent one of more severe problems in coaligasdn since it is an unwanted product, which leirsd
the produced gas exploitation and increases theofdbe whole facility operation. Tar is the complmixture
of the organic substances. Underground coal gasiic is based on the same principle as the chlssic
gasification with the unique feature that the lamabf the gasification is in the coal deposit (Bbiet al., 2013;
BliStanova and Bligan, 2012; Boyd et al., 1981; Lamb, 1977; Uppal e2814; Straka et al., 2014).

The contribution shows the problems of undergroandl gasification. Currently, this topic is timely,
seeing that many coal deposits can not mine thrawgtitional mining methods. Through underground
gasification, the so-called synthetic gas - syngas be obtained from these deposits, which camobhgected
into electricity or used in industry and househodds fuel. Underground gasification technology hasrb
verified in laboratory conditions for several expants. Experiments differed from each other byhods of
coal bedding, using different oxidants and methedsmanagement. Experimental coal gasification in
experimental conditions, which took place in th&usons of applied research projects, has enabtetbwgain
knowledge about this process. We analysed the ludedii even harmful products of this so-called &cie
technology"(Durdan et al., 2014; Laciak et al., 201

The contribution is divided into two parts. By caanjgon of two experiments, the contribution invgstes
the process of coal gasification concerning produgas - syngas. Analysis of the gasification precegarding
syngas was focused on the quality of the produee \ghich can be characterised by its calorifiu@aFrom
this perspective, the primary goal of the coal fiizsion process is to generate the gas with thbdst calorific
value. In the second part of the contribution, tlal gasification process concerning by-producrialysed
(a mixture of tar and water) and the generatiohafardous substances that may endanger the eneinbnm
(Sasvari et al., 2007).

Underground coal gasification

More than 95 % of the world energy sources fronsifdsiels are bound in coal. Despite vast worldlcoa
reserves, only a small proportion of coal can beealiapplying the recent technology of mining. Apgmately
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85 % of known coal reserves are called non-extbdeteoal sources, which, according to many experts; be
made available using the new technology of the igrdend coal (UCG), (Bli&n and Bli§anova, 2009;
Sasvaéri et al., 2007; Yang, 2004).

This method is based on the underground coal "cstidn! right in the deposit. For the gasification i
the industrial scale, it is necessary to builddpstem of drills — as a minimum one injection ané production
drill and also the system for the produced gasn@hgp and storing, shown in Figure 1. By exploiting
the injection drill, the deposit is ignited, andsiation medium is blown inside. Produced gapassed on
the surface via the production drill. The goaltubtprocess is to generate as much gas as pofsibiig¢he coal
with the maximum calorific value. To achieve thairmose the methodology based on the algorithms of
controlling the input oxidising agents and exhafdthe produced gas must be applied. The processfésand
from the point of the economy is efficient, whiehits highest advantage.

The described method enables to react flexiblyhto énergy market, because the transformation of
the primary product, the so-called syngas, in dl@tt is recently executable without serious peobk.
The further possibility of the syngas as the gasduoel exploitation is in the industry and homeke Dbjective
of the coal gasification is to produce gas - syngib the as high calorific value as possible, iorks (Kaur
et al., 2014; Kostur et al., 2015; Pastor, 2003).

Zone

Mobile 0il
Zone

0il Sand Formation

Fig. 1. Principle of UCG technology (www1).

Production of tar in the underground coal gasificaton

Processes and chemical reactions that originatedglgasification of brown coal are described farfture
(Sasvéri et al., 2007), chapter 3.
Individual possible negative influences to theriyienvironment on the surface and underground ean b
divided into:
the change of environment morphology
pollution by gas,
pollution by aromatic hydrocarbon,
pollution by VOCs,
pollution by solid remains after gasification anace elements.

orwdPE

In the 1st point - Terrain declines are a singfeuance of underground gasification that can besoled at
the surface. During gasification process, therevaheme changes at the rock. Only remains andtietsare not
gasified remain in originated hole from the fornseal stuff. Volume change has a decrease of théayemy of
rock as a consequence that leads to the creatidieadihed hollow basin at the surface accordingh® rock
type. Deformation of the surface does not occur édietely during gasification, but only after 2,5®nths.
Declined hollow basin is regularly created in thranfe of geometric space that is limited by marginal

299



Erika Skvarekova, Gabriel Wittenberger andMarian Sofranko: Tar related issues in underground coal gasificati

(tangential) drill holes of the generator, and tlaeg outstanding around the drill holes. It is gassto avoid
terrain decline by choice of proper locality forsgication and by the evaluation of geological éast mainly
when a discontinuity occurs in the chosen locality.

In the 2nd point - Rising of pollutive gases (C®, S, GS, NO, NQ and mercaptans) is influencing by
high toxicity and expressive odour.

In the 3rd point - Polycyclic aromatic hydrocar®AH) are organic compositions consisted of 3 andem
aromatic cycles that contain only carbon and hyenodhey are created during heat decompositionnaid
perfect burning of coke, black coal, asphalt anghtiza. Some PAH elements are easily vaporised to
the atmosphere from the soil or surface water. flagority of PAH is not soluble in the water, ane\yhare
joining to the soil elements and sediment on thverriand lake basin, and consequently they contdaeina
underground water. Their content characterises ingacf the environment. Due to the activity of
microorganisms, PAH are decomposed in soil or watement during several weeks or months. They are
accumulated in plants and animals, many of thenaedie, or they have mutagenic effects.

DHHS (The Department of Health and Human Serviada3sifies PAH as a potential carcinogen for
the health of people. Environmental Protection AyebSA (US EPA) mentioned them in the list of pitipr
pollutants with the necessity to monitor them imai as well as water elements of the living eswiment. US
EPA suggested to state 16 PAH as standards foPéd¢k that contaminate mostly soil and water: naglethe,
acetonaphtalene, acenaphthene, fluorene, phenaethaathracene, fluoranthene, pyrene, benzo(apehe,
chrysene, benzo(b,k)fluoranthene, benzo(a)pyreitendo(a,h)anthracene, benzo(g,h,i)perylene, indeR3-
c,d)pyrene.

In the 4th point - Volatile Organic Compounds (VQ®&®©Cs is a collective term given to organic
compounds, which have high vapour pressure andhbegases at ambient pressure and temperatures. afany
hazardous to human health, with several classtigdarcinogenic. The key sources of VOCs are indust
processes. A group of VOCs, collectively known aBER, comprising benzene, toluene, ethylbenzene and
xylene (often expressed as total xylenes (m+p) beavery dangerous for living environment and tbag occur
during coal gasification.

In the 5th point - black and brown coal containseetain concentration of trace elements, includirgvy
metals. The majority of heavy metals evaporategnguvsurning. Lately, during the process, it is censed on
the surface of solid elements (flue ash). Therebmpollution by fluorine, bromine, manganese, ,jrcaicium,
etc.

Table 2 illustrates the volume of pollutive elenteimt detracted samples of tar and water mixture for
analysis in accredited laboratory (extractable polar substances - ENP, total organic carbon -T@TEX,
PAH), (Laciak et al., 2011).

Gasification process, heating with the air absefmcesonducted as follows. At the temperatures about
100°C, the part of water (free) and absorbed gasestrased. By 30, a substation proportion of water and
a certain amount of gases, mainly carbon diox&legleased from brown coal due to which in paréiceikygen
is released, then the small amount of nitrogencamdon oxide. Further heating within the tempeeguange of
300 — 350°C causes the continuation of the bound water aydexsplitting off, and combustible gases begin
to release (methane) as well. Up to this tempegakewel, only the ballast substances are relea&bdve
the temperature of 35, the decomposition of the carbon components éegmsed, the combustible gases,
vapours of the hydrocarbons and tars which exishéngaseous phase are released. However, theinterste
production of the hydrocarbon gases and tars, which in the liquid fraction after their coolings iat
the temperatures about 680. At high temperatures (1 00G), the majority of the product is released in
the form of the gas, and their amount is quickiyueed when the temperature drops below ®D0As the solid
fraction is considered, the porous residuum is pced in connection with the gas and vapours rejease
the temperatures should not exceed 600 °C. Thisaiked as the low-temperature coke (char), in tse of
the higher temperatures (up to 1 8DCand more) as mentioned in the works (Zelenaka&#ova, 2012;
Friedmann et al., 2009; Durdan, Kostur, 2015).

The higher temperatures cause the coal decompusttie product of which is the gaseous fraction and
substantial residuum. By cooling these gases angbura the condensate is produced, consisting of
the hydrocarbon and water fraction. Their chematalracter is identical with the hydrocarbon fratti@s it is
with crude oil: petrol, motor naphtha, paraffight and heavy oils and asphalt matters. Next, taezewater
fractions and soluble compounds which are formethduhe coal thermal decompaosition. That is thst fof all
the ammonia, the particular amount of the sulptamtaining matters and the broad spectrum of tharocg
compounds of the phenol type, ketones, and otHariped cases.

Table 1 provides the physical and chemical parametethe brown coal mined in Slovakia (Skvarekova,
Kozakova, 2012).
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Tab. 1. Characteristic of physicochemical paramet# the Slovak brown coal (Skvarekova, Kozakp@?2).

Item Fuel Slovak brown coal
Symbol assorted | boiler | average
Elemental fraction in the fuel / wt. %
Cc' fraction of carbon 47.29 28.35 33.80
H' fraction of hydrogen 3.62 2.49 2.86
o fraction of oxygen 14.36 12.42 13.52
N’ fraction of nitrogen 0.78 0.45 0.54
S fraction of combustible sulphur
1.37 1.76 1.78
Amount of combustibles 'V “'in the fuel 67.41 45.48 52.50
w' total humidity 24.26 36.04 32.00
Sv (Dm) total dry matter 75.74 63.96 68.00
A ash in the fuel 8.33 18.48 15.50
A’ ash in dry matter 11.00 28.90 22.80
S’ total S in the fuel 1.51 2.58 2.38
5 ¢ total S in dry matter 1.99 4.04 3.50
Q" [MIkg] fuel efficiency 15.27 10.76 12.04
Q® [MJ.kg 7] caloric value of combustible 22.65 23.66 2293
Qs' [MJkg 7] caloric value of fuel 16.03 11.30 12.64
Tab. 2. Composition of tar from the coal gasifieat mentioned in work (Laciak et al., 2012).
Experiment 1 2 Limit values for the synthetically
barametor Amount Amount produced polllfﬂgﬂ]substanceﬂg]
(o] (gl
ENP 1324 000 144 900
TOC 2 824 000 22 656 000
Benzene (BTEX) 3.80 393.90 0.75
0 — xylene ( BTEX) 3.00 41.00 3125
m, p — xylene ( BTEX) 4.75 76.20
Toluene ( BTEX) 3.20 199.90 437.5
Acenaphftene (PAH) 3.08 1022.19
Acenaphthylene (PAH) 2.36 3766.27
Anthracene (PAH) 2.61 880.49
Benzo(b)fluoranthene (PAH) 0.00 29.67
Benzo(a)anthracene (PAH) 0.34 358.28
Benzo(K) fluoranthene (PAH) 0.00 15.64
Benzo(g.h.i)perylene (PAH) 0.00 11.58
Benzo(a)pyrene (PAH) 0.00 44.35 0.00625
Dibenzo(a,h) anthracene (PAH) 0.00 5.48
Phenanthrene (PAH) 16.72 2 299.92
Fluoranthene (PAH) 3.20 1 036.90
Fluorene (PAH) 4.92 1162.52
Chrysene (PAH) 0.38 363.43
Indeno(1,2,3-c,d)pyrene (PAH) 0.00 20.83
Naphthalene (PAH) 1.77 2 894.26
Pyrene (PAH) 2.26 660.04
SPAH 41.102 14 784 0.0625
Tar amount [litre] 21.8 10
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Analysis and discussion

For the analysis of the underground coal gasificafirom the view of syngas and secondary product
(a mixture of tar and water) that had been retchiotenediately after finishing of gasification, tvexperiments
were done in laboratory conditions. Tar samplesnftbe experiments in the two generators were tah
analysed in the accredited laboratory (Laciak gt20111). In Table 2, the chemical analysis of ittaividual
components of the tar (31.8 litres) is given, ofichabout 650 kg of brown coal was used in the ratooy.
They are compared with the limit values with thatggtically produced polluting matters (Zelenaky&iekova,
2012). Figure 2 shows the scheme of one of thergeors used for the gasification of coal in laborat
conditions.

The fuel, including charge, consisted of the coafl powder and goudron (residual substance dfeeoit
distillation), which together with the coal powdserved to bind the coal pieces into one monolithier
(Kacur, Durdan, 2014). According to Table 2, tar isvaiingly formed of polycyclic aromatic hydrocart®n
(PAH).

PAH are the organic compounds composed of two arenapomatic cycles containing only carbon and
hydrogen. They are created in the course of themtledecomposition and incomplete combustion ofegok
black and brown coal, asphalt and naphtha. Some Patticles easily evaporate into the atmospherm fro
the soil or surface water. The majority of PAH @&t Bolvable in water and are bound to the partiofesoil and
the sediment on the bottom of rivers and lakesfalholwing they contaminate underground water. Theintent
characterises the state of the environment. Dubeactivity of the microorganisms, PAH is decongzbinto
the soil or water component of the environmenhim ¢course of several weeks or months. They areradeted
in the bodies of the plants and animals, and mdrthem are toxic or have the mutagenic effects.s€hare
the matters which are subject to the monitoringhim frame of the Slovak Republic with the objectivemeet
the limit values of the pollution of the industrialaste waters released into the surface watersaicomg
the hazardous matters. The recommended value éosutface water is 1.0 g/l and for water determiford
the irrigation 0.05ug/l (Laciak et al., 2012).

In the environment, a degradation of PAH can ocduring which various reactions arise: electroghdlind
nucleophilic substitutions, 1,2 and 1,4 cyclic temts, oxidation, hydrogenation, condensation ifeag¢t
biodegradation.

In the atmosphere, environmental factors (intergfityadiation, concentration of gas reactants, jgaysnd
chemical characteristics of the elements) influehéél decomposition due to the solar radiation axidation,
or by substitution reactions.

In the water environment, photo-oxidation, chemioaidation and biodegradation by water organism
contribute to the PAH decomposition.

Also, microbial degradation is a single way of P&Bnsformation in soil due to the absence of raafiat
and limitation of oxygen presence. The followinddpgs among factors that influence the speed atehewf
PAH degradation in the ground: composition of thierobial population, soil composition, temperatupéd,
oxygen and nutritive content, physical and chemitalracteristics of PAH.

The initial reaction is running in bacteria, fungasd advance organism by which oxygen loading to
the PAH molecule is ensured. In the environmenteisd types of such initiation reactions are apipgarand
they provide oxygen intrinsic to the PAH molecule:

1. Initial reaction by the help of bacteria and theear alga (for example naphthalene oxidation, tauen
dibenzothiophene, anthracene, phenanthrene, fltierae, pyrene, chrysene, benzo anthracene and
benzopyrene during Pseudomonas).

2. Initial reaction with the help of methanotrophs teai@ (for example bioremediation of the soil
contaminated by trichloroethylene, it changes naglkenhe to 1- and 2-naftoly).

3. Initial reaction by the help of fungus and bactendereby enzyme that turns unsaturated compound to
the arene oxide and consequently to the trans-dihgibl is raising. Various organisms are changing
activated molecules to the different products,éwample, sulphate, xyloside, glucoside. Such comgsu
are substrates for other microorganisms, and ks whay, the removing of polycyclic compounds from
the biosphere exists.

4. |Initial reaction by the help of the so-called wawmdting fungus. Such fungus is also able to makdéiPA
degradation during rising of Chino that are aftedgamineralized backwardly by fungus and bacteria,
mentioned in work (Skvarekova et al., 2011).

For evaluation of PAH toxicity, it is necessary kaow not only the mechanism of such elements,

the relationship of toxicity and structure, butcalgesults of synergic or antagonistic acting ofividual
polyaromatic and results of their interaction wather compounds.
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Sulphur dioxide can create in the water togethén WAH dissoluble sulphur acids that show carcimage
effects. The presence of sulphur dioxide and n&noigicrease even more potential carcinogenic afigicPAH.
Through water colorization, PAH can be changedortlated derivates of chlorine, where many ofitthave
the biggest mutagenic and carcinogenic effects.

Scanning of interactions among not carcinogenic Pkidw the following: slightly carcinogenic or not
carcinogenic PAH, for example, benzo(e)pyrene, bgie)perylene, fluoranthene or pyrene - they iasee
the significant occurrence of tumours together Jgimzo(a)pyrene. However, others are not carciriogeaH,
for example, benzo(a)fluoranthene, benzo(k)fludrang, chrysene or mixture of anthracene, phenarehend
pyrene. Some experiments show that PAH mixturess efficient as individual PAH.

Due to the carcinogenic effects, PAH demands métahctivation of monooxygenation.

Sequel of polluters in the environment that carucgmonooxygenation can act with PAH synergic. For
example 2,3,7,8 - tetrachloro dibenzo-p-dioxin camease the activity of microsomal enzymes, anthisyway
increase toxicity, mentioned in work (Skvarekovazikova, 2012).
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Fig. 2. The scheme of the generator (1- coveeogkgator, 2- container of generator, 3- the sanmplimobe of syngas, 4- , 5- gas analyser,
6- the valve, 7- the ignition opening, 8- nut fosgioning of the sample probe) (Laciak et al., 201

Conclusion

In the strategy of energy security of the Slovalpir#ic, the end of the use of the Slovak coal depis
expected by 2030. The obtaining of all energy seaithat coal offers is, therefore, obvious. In tddito
traditional coal, natural methane, or gas generhyednderground gasification, can also be usedhfi@ogies
for obtaining gas have already been ranked amoaglégan coal technologies (Clean Coal TechnologyT)C
and are considered to have advantages, but aladwdistages (Skvarekova, Kozakova, 2011; Lin e84,
TauSova, 2007).

In assessing the activity of technology UCG andeitfects on the elements of the environment, an
individual approach is important. It is necessarg¥aluate impacts in a given rock environment vtgtspecific
properties.

Coal production has been increasing over the gagears, despite calls for lower emissions andicoatl
research into the development of alternative ensogyces.

The International Energy Association predicts acrease in coal usage of 55 % to 2030 as emerging
nations develop industrial infrastructure, and wWald moves from over-reliance on depleting supplé Oil
and gas.

UCG technology has a less detrimental environmeéntphct, as all coal stays underground, therees® |
emissions, fewer surface footprint as no surfacgfigais required and the gas is processed to venharmful
particulates, including CQrapture.
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The process is safe and economical, being of grgadrtance to all - but especially the emerging kats
that are currently building large scale coal fifgalver stations at an unprecedented rate. The ssgeirt for
secure supplies of gas for both domestic and indlisise has never been greater (Laciak et. aL1R0

Analysis of coal gasification in laboratory conditihas been made from two points of view - fromwiesv
of produced gas — syngas as the main product d@iqg®n and from the view of secondary produanixture
of tar and water. Both products are the result adl gasification. The review of amounts of the piitig
substances occurring in the samples of tar provibdgdthe accredited laboratory (extractable non4pola
substances - ENP, total organic carbon - TOC, BTEXH) is given in Table 2. The values of the pafigt
substances are compared with the limit valueshfersiynthetically produced polluting substances.

The most significant impact has the underground gasification on the underground water. The openat
of the underground generator may violate the chainbalance and overall mineralisation and therelsg a
the hardness of the underground water. Due to #reergtor operation, the water may be polluted by, f
example, hydrogen sulphide, carbon dioxide, and Ao, the effect of the temperature in the undsugd
generator on the surrounding area is significamnd@rning high temperatures, it is evident thataurding
rocks and the underground water will be heated timeed in work (Laciak et al., 2012).
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