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PLASMA GASIFICATION OF SOLID FUELS

This article presents the results of thermodynamic analysis and experiments on plasma gasification of
solid fuels from the example of Kuuchekinsky coal (KC). Thermodynamic calculations of plasma gasifica-
tion showed that synthesis gas used in heat and power engineering, metallurgy and the chemical industry
can be produced from solid fuels. Gasification (KC) allows to obtain synthesis gas with a maximum yield
of 98.3% (CO — 43.5%, H2 — 54.8%).

To perform thermodynamic analysis, the TERRA software package is used, which is designed for
numerical calculations of high-temperature processes and has an extensive database of its own thermo-
dynamic properties of 3000 individual substances. The program allows you to determine the equilibrium
composition of the thermodynamic system (coal + oxidizer), consisting of 20 chemical elements. The
calculation is carried out automatically within the data bank created during the program. The thermody-
namic data bank contains properties of more than 3000 individual substances formed by 65 elements in
the temperature range 300-6000 K.

Experimental researches of plasma gasification of coal in various gasification agents were carried
out at the facility, which is a cylindrical plasma reactor with systems of electricity, water, steam, gas and
fuel supply.
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KaTTbl OTbIHHbIH, MAA3MaAbIK Fa3nUKaLMACDI

ByA Makanaaa TepMOAMHAMMKAABIK, TaAAQy >keHe KyyeKKMH KeMipiHiH MbICaAbIHAQ KATTbl OTbIHADI
MAA3MaAbIK, FaspAaHAbIPY 6GOMbIHLWIA 3KCMEPUMEHTTEPAIH HOTUXKEAEpi KeATipiAreH. [l1aasmasarbi
raspAaHAbIPYAbIH TEPMOAMHAMUKAABIK, €CenTepi >KbIAy >X8He 3HepreTmkasa, MeTaAAypruspa >koHe
XMMMNS OHEPKOCIBIHAE KOAAAHBIAATbIH CMHTE3 rasbl KaTTbl OTbIHAAPAAH aAbiHYbl MYMKiH eKeHiH
KepceTTi. KyuyeuknH kemipiH razpaHablpy crHTes radbiH 98,3 % (CO — 43,5%, H2 — 54,8%) eH >kofapbl
OHIMAIAIKIEH aAyFa MyYMKIHAIK 6epeai.

TepMoAMHAMMKAABIK, TAAAQYAbl OPbIHAQY YLUIH >XOFapbl TemnepaTypaAblK, MPOLEecTepAi CaHAbIK,
ecentepre >xaHe 3000 >eke 3aTTapAblH TEPMOAMHAMMKAAbIK KACUETTEPiHiH KeH AepeKKOpbIHa
ne TERRA 6arpapAamanbik, nakeTi KOAAaHbIAAAbl. baraapaama 20 XMMMSIAbIK, SAEMEHTTEH TypaTbiH
TEPMOAMHAMUMKAADIK, )XYMEHIH (KeMip + TOTbIKTbIPFbILL) TeNe-TeHAIK KypaMblH aHbIKTayFa MYMKIHAIK
6epeai. Ecentey 6araapAaama GapbICbiHAQ >KacaAFaH AepekTep GaHKi iliHAe aBTOMATTbl TYPAE XKy3ere
acbIpbiAaAbl. TepMoAMHammKabiK, aepektep 6aHki 300-6000 K TemnepartypaAbik, AMarnasoHbiHAA 65
3AeMeHTTeH kypaafaH 3000-HaH acTam >Keke 3aTTapAblH KaCMeTTepiH KaMTUADI.

TyiiH ce3aep: NAa3Manblk, aray, MAA3MaAbIK, PeaKTop, KOMIp, rasAaHAbIPY.
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lMAa3meHHas rasud)m(au,uﬂ TBEPAbIX TONMAUB

B 3TOM cTaTbe NMpeACTaBAEHbl PE3YyAbTATbl TEPMOAMHAMMYECKOrO aHaAM3a W 3KCMEPUMEHTOB Mo
NMAQ3MEHHOM ra3sudukaLmm TBEPAbIX TOMAMB Ha npumepe KyyuyeknHckoro kameHHoro yras (KKY).
TepMoaMHaMnyUecKme pacyeTbl MAA3MEHHOM ra3ndmkaL MM NokasaAm, YTo CUHTE3-Ta3, MCMOAb3yeMbIN B
TEMNAO3HEPreTUKe, METAAAYPIUU 1N XUMUYECKOW MPOMBILLUAEHHOCTM, MOXKET NMPOU3BOANTLCS N3 TBEPABIX
Tonams. l[a3udmkaumsa (KKY) no3BoAseT noAyyaTb CUHTE3-Ta3 C MAaKCMMaAbHbIM BbixopoM 98.3% (CO
—43.5%, H2 — 54.8%).

AAS BbINOAHEHUS TEPMOAMHAMMYECKOTO aHaAM3a UCMOAb3YeTCS NMporpammHblin komnaekc TERRA,
NpeAHasHauYeHHbI AAS UMCAEHHbIX PACUYETOB BbICOKOTEMMEPATYPHbIX MPOLECCOB M 0OAaAaIOLMIA
OOLIMPHOM COOCTBEHHOM 6a30M AaHHbIX TepMOAMHamMueckmx cBorcTB 3000 MHAMBMAYAAbHbIX
BellecTB. [TporpamMma Mo3BOASET OMNPEAEAUTb PABHOBECHBINM COCTaB TEPMOAMHAMMYECKOW CUCTEMbI
(yroAb + OKWMCAMTEAb), cocToswein u3 20 XMMMYeckMx 3AeMeHTOB. Pacuet ocyulecTBageTcs
aBTOMaTMYECKM B MPeAeAax CO3AAHHOrO NMpu nporpamme GaHka AaHHbIX. B 6aHKe TepMOAMHAMUYECKMX
AaHHBIX 3anucaHbl cocTBa 6oaee 3000 MHAMBMAYAAbHBIX BELWECTB, 06pa3oBaHHbIX 65 sIAeMeHTamM,

B MHTepBaAe Temnepatyp 300-6000 K.

KAtoueBble cAOBa: MAA3MOTPOH, MAA3MEHHBIN PeakTop, YroAb, radudukaums.

Introduction

Since coal is one of the main sources of energy
of the 21st century, much attention is paid to the
problem of its efficient and environmentally friendly
combustion throughout the world. Compared to
other fossil fuels, coal reserves are approximately
four times the oil reserves (estimated at 41 years) or
gas reserves (at 67 years) [1].

The global energy industry at present and for
the foreseeable future is focused on the use of fossil
fuels, mainly low-grade coals. It should be noted
that the deterioration of the quality of power coals
is observed everywhere, and not only in the UIS
countries, but also in developed European countries.
Today in the world thermal power plants produce
more than 40% of electrical and thermal energy.
Despite the fact that in the whole history there have
been ups and downs in the activity of using coal,
it still remains one of the most important fuels for
energy generation, especially electric. According to
the statistics of 2011 [2], coal provides about 24%
of thermal energy and produces about 40.6% of
electricity in the world. At the same time, its use is
expected to increase in the near future.

Direct combustion of low-grade coals with high
ash content (40-50%), humidity (30-40%), sulfur
content (1-3%) and low volatile yield (5-15%) in
existing furnaces is associated with considerable
difficulties from — due to deterioration of ignition
and burnout of fuel, increase of mechanical burn and
harmful dust and gas emissions (greenhouse gases,

ash, nitrogen oxides and sulfur). Suffice it to say
that the problem of greenhouse gas emissions (car-
bon dioxide, methane, etc.) and the resulting general
warming has now grown into a human problem re-
lated to global climate change on earth, flooding of
vast land areas, desertification, etc.

Coal is a universal fuel because it can be burned,
hydrolyzed and liquefied, gasified, or even used as
a raw material for the chemical industry [3]. Coal
is a fuel suitable for mining, transportation, stor-
age and use, including in the form of dust [4]. Its
compactness and high energy density (about 30 MJ/
kg) intensifies the burning process [5]. There are no
leakage and spatter problems associated with other
fossil fuels, while explosions and self-ignition are
not as dangerous as fuel oil or gas [6]. The wide-
spread availability and significant reserves of coal
make its price stable and attractive [7].

The use of coal in the modern world is diverse.
It is used to produce electrical energy (thermal coal),
as a raw material for metallurgical (coking coal) and
chemical industry, to obtain rare-earth elements, for
the production of graphite.

The projected resources of coal on Earth are
currently more than 14.8 trillion tons, and world
industrial reserves of coal — more than 1 trillion.
t, which significantly exceeds the reserves and
resources of all other energy [8]. The global coal
market is more competitive than oil and gas, since
coal deposits exist on all continents, almost in all
countries, and mining is carried out almost in all
regions of the world.
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The overwhelming number of long-term fore-
casts of the global fuel energy balance confirm that
coal will remain the most significant of the avail-
able non-renewable energy sources until 2050. At
the current level of consumption of these stocks will
be enough for 250 years. For comparison, natural
gas will be enough for 65 years and oil for 45 years.
World coal consumption increases by about 2% per
year and at the same time coal prices, unlike oil and
gas, are highly stable.

Existing technologies of combustion and ther-
mal processing of solid fuels and their mixtures do
not fully meet modern requirements for improving
the efficiency of fuel use and ensuring the environ-
mental and economic indicators of energy facili-
ties. Combustion of non-project low-grade coal in
pulverized coal boilers presents significant difficul-
ties, because poor fuel quality negatively affects the
characteristics of the ignition process, stabilization
of the flare combustion and the process of fuel com-
bustion, and, in addition, significantly reduces the
environmental and economic indicators of TPS due
to the emission of harmful gases (NOx, SOx , CO)
and fly ash [9].

The situation is exacerbated due to the fact that
the reduction in the quality of power coals requires
an increase in the consumption of fuel oil or natural
gas in coal-fired TPS for kindling boilers, lighting
the torch and stabilizing the output of liquid slag in
furnaces with liquid slag removal [10,11]. For ex-
ample, in countries such as Russia, Kazakhstan, and
Ukraine, more than 15 million tons of fuel oil are
spent annually on coal-fired power plants, which is
economically inefficient.

Among the methods of coal processing, the
processes of its full or partial gasification received
considerable development. During coal gasification,
thermochemical transformations can cover not only
the organic, but also their mineral part, with the re-

sult that the target products are obtained from both
organic and ash mass of coal [12]. The methods of
partial gasification of low-grade fuels are based on
the use of combustible gas obtained during gasifica-
tion as a higher-reactive fuel than the original coal.
In the case of complete gasification of coal in the air,
a combustible gas (CO + H2 + CH4 + CO2 + N2)
and an inert ash residue with a low carbon content
are obtained. After separation of the solid residue,
combustible gas can be burned in furnaces or used
to illuminate a pulverized coal torch. When steam or
steam-oxygen gasification of the coal receive syn-
thesis gas (CO + H2) and inert ash residue. After
separation of ash, synthesis gas is used as an envi-
ronmentally friendly fuel and reducing gas in metal-
lurgy and for chemical syntheses [13].

Thermodynamic calculations

The industry of Kazakhstan ranks eighth in the
world and third after Russia and Ukraine among
the UIS countries in terms of the amount of coal
extracted. The balance of the energy resources of
Kazakhstan is mainly represented by black coal
and to a lesser extent brown. On the territory of
Kazakhstan there are large basins (Ekibastuz,
Karaganda, Turgai) and deposits (Borlinskoe,
Shubarkolskoe, Kuuchekinskoe).

The work used Kuuchekinsky coal (KC) with
the following thermal characteristics:

Kuuchekinsky coal — Karaganda
Kazakhstan:

region,

WY =7 %; A= 44 %;
Vil =21 %;
0 =3960 keal/kg

The composition of this solid fuel is given in the
table 1.

Table 1 — Composition of Kuuchekinsky coal (on dry weight), wt.%

C O H N S SiO

ALO, | Fe0, | CaO | MgO | KO0+NaO

45,75 6,05 2,8 0,73 0,67 25,3

15,2 2,4 0,4 0,35 0,35

To perform thermodynamic analysis, the
TERRA software package is used, which is designed
for numerical calculations of high-temperature
processes and has an extensive database of its
own thermodynamic properties of 3000 individual
substances. The program allows you to determine
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the equilibrium composition of the thermodynamic
system (coal + oxidizer), consisting of 20 chemical
elements. The calculation is carried out automatically
within the data bank created during the program.
The thermodynamic data bank contains properties
of more than 3000 individual substances formed by
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65 elements in the temperature range 300-6000 K
[14].

The calculations were performed for the
following model mixture: coal + water vapor. The
calculations were performed in the temperature
range of 5004000 K at atmospheric pressure.
The criteria for selecting a model mixture were:
the achievement of the degree of complete carbon
gasification, the maximum yield of synthesis gas.

From Figure 1 it can be seen that the gas phase of
the plasma gasification products of the KC is mainly
represented by synthesis gas, the concentration of
which reaches at 1500 K 98.3%. Moreover, the total
concentration of atomic and molecular hydrogen is
higher than the concentration of carbon monoxide
in the entire temperature range and varies in the
range of 48 — 58%. With increasing temperature, the
concentration of carbon monoxide decreases from
43.5% at 1500 K and to 30% at 4000 K. The mineral
components of coal are completely transferred to the
gas phase at temperatures above 3200K (Figure 2).

One of the criteria for selecting a model mixture
was to achieve the degree of complete carbon
gasification (Figure 2), which is an important
characteristic of the process. The degree of carbon
gasification of coal is calculated by the formula:

Y - Cstart -C finish

-100%,
c

start

where C and C, . are initial and final concentra-
tions of carbon in coal and solid residue, respec-
tively.

Figure 3 shows the temperature dependence of
the degree of gasification of carbon in the KC. It can
be seen that the degree of gasification reaches 100%
at a temperature of 1200 K.

The specific energy consumption (Fig. 4) was
defined as the difference between the total enthalpy
(the current process temperature) and the initial state
of the system, reduced to 1 kg of the working sub-
stance (a mixture of KC and plasma-forming vapor).
The specific energy consumption for the gasification
process Q_ increases with temperature throughout
its range. For a temperature of T = 1500 K, at which
the output of synthesis gas reaches its maximum
(Fig. 1), the specific energy consumption for plasma
gasification of the KC is 1.82 kWh/kg.

Experiment

Studies of plasma gasification of coal were
carried out at an experimental facility (Figure 5),

which is a cylindrical plasma reactor with systems
of electro-steam-gas-dust supply. The installation
includes the following main technological units:
plasma reactor 1, slag collector 4, gas and slag
separation chamber 3, synthesis gas oxidation and
cooling chambers 6, coal dust preparation and
supply systems 9 and 10, steam generation and
supply systems or gas (not shown in the figure). The
power of the plasma reactor is regulated from 30 to
100 kW [15].

The combined type plasma reactor is a
cylindrical water-cooled body with a lid. A
graphite electrode and nozzles for feeding coal
dust and an oxidizer are installed in the lid. The
chamber of the plasma reactor is lined inside with
graphite (thickness 0.02 m). The inner diameter of
this chamber is 0.15 m, height — 0.3 m. Outside
the camera is covered by an electromagnetic coil 2,
and below — by a graphite diaphragm. The plasma
reactor 1 is supplied with current from a 200 kW
power supply through an inductive air choke. The
electric arc ignites between graphite rod (diameter
0.02 m) and ring (diameter 0.15 m) electrodes. The
distance between the rod and ring electrodes is
0.035m. The arc is localized in the electric arc zone
of the reactor (the distance from the reactor lid is
0.15 m), covered outside by the electromagnetic
coil 2, which ensures the rotation of the arc in a
magnetic field. Figure 6 shows a photograph of the
plasma reactor during testing.

The coal dust supply system includes a coal dust
bunker 10 connected to two dust feeders 9, of which
coal dust is fed through quartz tubes with rotating
springs to the plasma reactor 1.

Obtained in the process of plasma gasification
of the solid residue is removed in the slag collector
4. It is a water-cooled cylinder, inside of which is a
sampler. Its diameter is 0.22 m, height — 0.56 m. The
slag collector is lined with graphite. The synthesis
gas cooling chambers 6 are water-cooled stainless
steel cylinders, also lined with graphite.

The steam generator and the steam supply
system are equipped with a superheater and
insulated piping connected to the reactor. Heaters
are installed on the water supply pipeline, additional
sections of the superheater and control of the water
supply using a water rotameter make it possible to
obtain steam overheated to 140—160 ° C and control
its flow rate with high accuracy. This allows steam
gasification in a given energy-efficient mode. In
addition, in the case of supplying air to the reactor,
an additional valve is provided, which is connected
to an air compressor. Figure 7 shows a photograph
of the reactor steam supply system.
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Figure 1 — The change in the concentration of the gas phase
depending on the temperature of plasma gasification of the KC

Figure 2 — Changes in the concentration of the condensed phase
depending on the plasma gasification temperature of the KC
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Figure 3 — The dependence of the degree of carbon gasifica-
tion on the gasification temperature of the KC

Figure 4 — Specific energy consumption for the plasma gasifi-
cation process of the KC depending on temperature

1 — plasma reactor; 2 — electromagnetic coil, 3 — gas and slag
separation chamber; 4 — slag collector; 5 — elevator slag collector;
6 — gas extraction and cooling sections; 7 — safety valve;

8 — synthesis gas outlet chamber; 9 — dust killer; 6 — dust bin

Figure 5 — Diagram of a universal installation for plasma fuel
processing
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Figure 6 — Plasma reactor with a rated power
of 100 kW

To cool all the main components of the
experimental setup, exposed to high temperatures,
is a water cooling system. It consists of a storage
tank, pipelines, pumps, as well as a system of valves
and rotameters.

The system of removal of combustible gas
includes a lined with graphite oxidation chamber
synthesis gas and its cooling in the form of separate
sections 6 and the system output gas 7 and 8.

The slag removal system consists of a slag
collector 4, equipped with a lift carriage 5.

The plasma gasification experiments were
carried out according to the following procedure.
The arc is ignited by the method of wire explosion
in a plasma reactor. Then from the bunker through
two ejectors installed on the reactor lid, coal dust
is fed, after which water vapor is fed into the arc
burning zone. With the help of steam the pulverized
coal mixture is sprayed in the arc burning zone. The
pulverized mixture enters the zone of an electric arc
rotating in an electromagnetic field and heats up
to high temperatures, forming a two-phase plasma
flow, where the processes of thermochemical
preparation and gasification of coal take place. The
solid residue obtained in the process is removed to a
slag collector. Gaseous products are fed through the
gas and slag separation chamber into the synthesis
gas cooling chamber. Then the gaseous products are
discharged into the ventilation system.

Figure 7 — Reactor steam supply system

Experimental studies of plasma gasification
of the KC were performed using water vapor
as a gasification agent. The experimental data
are summarized in Table 2, from which it can be
seen that in all experiments a high degree of coal
conversion was achieved, varying from 93 to 95.6%.

From table 2 it can be seen that the consumption
of coal was 4.0 kg/h, steam — from 1.92 to 2.4 kg/h.
In this case, the currents on the arc ranged from 240
to 250 A, the voltage ranged from 270 to 300 V, and
the electrical power of the plasma reactor was from
65 to 75 kW.

Sampling was carried out after the plasma reac-
tor in the cooling sections of the synthesis gas. The
proportion of carbon in the condensed products of
plasma gasification of coal was determined by the
absorption weight method. When determining total
carbon by the absorption weight method, carbon di-
oxide formed during sample combustion is absorbed
by ascarite (KOH or NaOH applied on asbestos)

Table 3 shows the measured values of the con-
centrations of gaseous plasma gasification products,
the degree of coal gasification Xc and the mass-
average temperatures T . As can be seen from
the table, during the gasification of coal, the main
component of the gas phase is hydrogen with a con-
centration of 57.8%, and the second is CO with a
concentration of 40%, which provides a significant
synthesis gas yield of 98.2%.
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Table 2 — Indicators of experiments on plasma gasification of the KC

experiment G, kgh G. . kgh LA U,B P, kBr X, %
number coal steam’ c

1 4,0 2,4 250 300 75,0 95,6

2 40 1,92 240 270 64,8 93,7

Table 3 — Results of physico-chemical studies of the formation of the final gaseous and condensed products of plasma processing

of the KC
experiment , Consumption, kg/h The composition of the synthesis gas, vol.% X, %
number (K) coal steam H, CcO N, 0,
1 3550 4,0 2,4 57,8 40,4 1,8 0,0 95,6
2 3500 4,0 1,92 55,8 41,5 2,7 0,0 93,7

In experiments with steam gasification of
coal, oxygen at the outlet of the installation is
absent, which indicates the correct choice of the
coal-oxidizer mass ratio. The concentration of the
ballast gas — nitrogen in both experiments does
not exceed 2.7% and is explained by the release of
nitrogen from the fuel into the gas phase together
with volatile coal. The total yield of synthesis gas
reaches a significant value and amounts to 97.3%
and 98.2% during steam gasification. The degree
of coal gasification, determined by the residual
carbon content in the collected condensed product
(solid residue), reached high values of 93.7% and
95.6%. The value of the mass-average tempera-
ture changed slightly and amounted to 3500K and
3550K. With steam gasification of coal, the maxi-
mum hydrogen concentration in the synthesis gas
(55.8-57.8%) is achieved with a very high degree
of gasification.

Conclusion
— Thermodynamic analysis was performed us-

ing the TERRA universal thermodynamic calcula-
tion program.

— Calculations were performed in a wide tem-
perature range (500 — 4000 K) at atmospheric pres-
sure in a plasma gasifier for Kuuchekinsky coal.

— For the calculations, a model mixture of coal
+ water vapor widely used in practice was chosen.

— Calculations showed that in all cases, as a result
of the full gasification process, synthesis gas is obtained,
which, depending on the composition, can be used as an
energy gas, a high-grade reducing gas in metallurgy, and
a raw material for the synthesis of motor fuels.

— Numerical experiments have shown that the
concentration of synthesis gas in the gasification
products of the investigated coals during steam gas-
ification is 98.3%. The yield of hydrogen is 54.8%.

— The experiments carried out confirmed the
results of thermodynamic calculations of plasma-
steam gasification of coal. The degree of coal gas-
ification, determined by the residual carbon content
in the collected condensed product (solid residue),
reached high values of 93.7% and 95.6%.

— The Ministry of Education and Science of the
Republic of Kazakhstan for targeted financing pro-
grams and grant financing projects (BR05236507,
BR05236498, AP05130731 and AP05130031) fi-
nancially supported this work.
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