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Abstract 
 
The usage of the coal-water fuel allows making coal combustion more environmental friendly. 
However, raw coal usually contains chemical impurities like sulfur, nitrogen, etc. Direct combustion of 
such type of fuel leads to hazardous pollutants emission into the atmosphere. The usage of pre-
combustion thermal treatment allows decreasing the sulfur- and nitrogen-containing emissions. The 
thermodynamic calculations of the equilibrium state were used to determine the process 
thermodynamic characteristics and the reaction products composition during coal-water fuel thermal 
treatment processes in the temperature range 900...1500°C. 
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1. Introduction 

 
Despite the significant usage of gas and petroleum, coal is essential to the global fuel 

and energy balance. However, about 45% of the world's coal is low-grade coal (with a high 
content of ash, moisture or sulfur) (Dudley, 2018). The burning of such coal is associated 
with environmental problems (significant emissions of CO2, NOx, SOx, the formation of ash 
and slag waste and fly ash with a high content of heavy metals). Therefore, there is a need to 
develop and implement technologies for the efficient usage of low-grade coal, which can use 
the energy resource of coal more fully and minimize negative impact on the environment. 

The experience of many countries shows that the usage of low-grade coal and waste 
coal in the form of water-coal fuel (CWF) can be attributed to the clean coal technology. For 
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the CWF production, it is possible to use lignite and bituminous coal, anthracite, coal 
processing products and coal waste. Natural, industrial process water or liquid waste can be 
used as a liquid medium. Industrial waste (sometimes hazardous industrial waste: coke-
chemical, petroleum refining, etc.) that need to be disposed (Chen et al., 2011; Iegorov et al., 
2016; Kijo-Kleczkowska, 2011) can be used as plasticizing additives. 

At the same time, the CWF usage will make it possible to recycle waste from coal 
processing plants and free vast areas from following burials, reduce coal production and 
development of new deposits, and reduce the amount of emissions into the environment. For 
a detailed assessment of the prospects for the widespread usage of various technologies for 
the coal-water fuel thermal recycling, it is important to know the environmental indicators of 
these processes. 

The main aim of this research was to determine the effect of the type and temperature 
type of CWF thermal recycling on the mechanism of sulfur- and nitrogen-containing 
substances formation. To achieve this goal, the following tasks were set: 

• to study the effect of process temperature on the mechanism of sulfur- and 
nitrogen-containing substances formation during CWF air gasification; 

• to study the effect of process temperature on the mechanism of sulfur- and 
nitrogen-containing substances formation during CWF oxygen gasification; 

• to study the effect of process temperature on the mechanism of sulfur- and 
nitrogen-containing substances formation during the CWF combustion; 

• to conduct an environmental assessment and comparison of various CWF thermal 
recycling processes. 

 
2. Materials and methods 

 
Nowadays, to simulate processes in the energy and metallurgy, methods for 

thermodynamic calculations of the equilibrium state are used, which make it possible to 
determine the process thermodynamic characteristics and the reaction products composition. 
These methods are often used in the research of various coal-chemical processes and 
technologies (gasification, combustion, hydrogenation, ecology etc.). 

The environmental assessment of the CWF thermal recycling processes was carried 
out by modeling using a software package for thermodynamic calculation of the equilibrium 
composition and properties of “Terra” multicomponent heterogeneous systems (Trusov, 
2002). The software package algorithm is based on the principle of maximum entropy in an 
extremely equilibrium state. Distinctive features and advantages of this method are:  

 
• the reduction of information necessary for calculating;  
• the ability to simulate a large number of the most diverse states and processes;  
• the high degree of universality and uniformity of the resulting equations system, 

which is suitable without any changes to calculations of any kind. 
 
The presented method of mathematical modeling of the equilibrium composition and 

the multicomponent heterogeneous systems properties allows thermodynamic calculations of 
various chemical and thermal processes, involving coal and its recycling products, and shows 
high accuracy of the results. This article presents the research results on the example of coal-
water fuel from long-flame coal, the characteristics of which are given in Tables 1-3. During 
the CWF producing process the maximum of solid fraction, the minimal viscosity of the 
composition and needed sedimental stability of the fuel were provided. 

 
 

 

 494 



 
Investigations on environmental indicators of thermal coal-water fuel processing   

 
Table 1. Basic content of coal for CWF samples 

 
Source 

coal 
grade 

Dynamic 
(shear) 

viscosity, Pas 

Solid 
fraction, % 

Source coal characteristics 
Mineral 

impurities fraction 
Ad, % 

Fraction of 
moisture 
Ww, % 

Volatile 
Vdaf, % 

D 1.06 65 36.8 12.23 43.8 
 

Table 2. Chemical content of mineral impurities, % 
 

SiO2 Al2O3 Fe2O3 CaO MgO K2O Na2O TiO2 
52 24 14 2.8 1.6 4 0.8 0.8 

 
Table 3. Distribution of particle sizes in the solid fraction of CWF 

 
Cut-point d, µm Fraction content, % mass.  

250 - 100 45.5 
100 – 80 13.3 
80 – 20 25.1 
20 – 10 6.3 
10 – 5 7.3 
5 - 0 2.5 

 
 

3. Results and discussion 
 
The research results of the effect of air gasification temperature and combustion 

processes on the sulfur-containing components formation are presented in Fig. 1. The studies 
have established that during CWF gasification (Fig. 1a) in the temperature range 
800...1300°C, hydrogen sulfide H2S is formed in the greatest amount. Its content, on average, 
is 0.65...0.71%. 

The formation of carbonyl sulfide COS has an insignificant maximum at a 
temperature of 1250°C, and its maximum content is 0.027%. The formation of the SH fuel 
radical is increasing. This radical output ranges from 0.0002 to 0.011%. The content of sulfur 
S and S2 of the gaseous state in the gasification products increases with a relatively constant 
rate in the specified temperature range. The S output in the studied temperature range 
increases to 0.00012%. The S2 content in the gas is 0.0001...0.019%. 

As the process temperature is changing, the SO and SO2 output is increasing with a 
relatively stable rate and is 0.00005...0.0013% and 0.00008...0.0065%, respectively. The 
content of nitrogen-containing components in the gasification products is insignificant in the 
specified temperature range and increases with the process temperature rising. The output of 
nitric oxide NO increases to 0.00001%. At temperatures below 750°C, the formation of 
organic sulfur- and nitrogen-containing components occurs. 

The nature of the multicomponent gas formation during oxygen gasification of coal-
water fuel is similar. The comparison of the amount of sulfur- and nitrogen-containing 
substances, formed during CWF air and oxygen gasification, is given in Table 4. When coal-
water fuel is burned, SO2 and SO3 are formed from sulfur-containing components. The SO2 
content with the temperature rising in the studied range increases to 0.39%, and the SO3 
content decreases from 0.018% to 0.0014% (Fig. 1b). Nitrogen-containing components in 
large quantities produce NO, the content of which increases to 0.045% in the studied 
temperature range, and the NO2 content is insignificant. 
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Fig. 1. The influence of temperature on the sulfur-containing components formation during air 

gasification (a) and during the CWF combustion (b)  
 

Table 4. The amount of sulfur- and nitrogen-containing substances in the gas during coal-water  
fuel air and oxygen gasification at 900-1500оС 

 

Substance The amount of substances in the gasification products, g/m3 
air gasification  oxygen gasification  

S 0.13·10-8 – 0.01 0.13·10-8 – 0.01 
S2 0.48·10-4 – 0.57 0.49·10-4 – 0.51 
SO 0.11·10-7 – 0.06 0.1·10-7 – 0.04 
SO2 0.13·10-6 – 0.08 0.99·10-7 – 0.03 
S2О 0.54·10-9 – 0.72·10-3 0.48·10-9 – 0.43·10-3 
SH 0.63·10-4 – 0.32 0.88·10-4 – 0.45 
H2S 4.45 – 5.50 9.06 – 10.61 
COS 0.51 – 0.52 0.96 – 0.99 
NH3 0.13·10-2 – 0.03 0.37·10-3 – 0.66·10-2 
HCN 0.48·10-3 – 0.13·10-2 0.21·10-3 – 0.35·10-3 
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Thus, the studies have established that obtained producer gas contains the greatest 

amount of H2S hydrogen sulfide, the purification from which with its conversion to 
commercial sulfur does not cause technological difficulties (Kazaryan, 2005; Mukhutdinov 
and Solyashinova, 2007; Rodionov et al., 2000) and allows to increase the technical and 
economic indicators of the coal-water fuel recycling process. In addition, ash particles of 30-
50 microns or more in size can be contained in the producer gas obtained from CWF. These 
particles can be easily captured by usual purifiers. The degree of such fly ash capture is 98-
99%, which dramatically reduces the number of solid particles emissions with exhaust gases.  

The ecological assessment and comparison of the combustion process of long-flame 
coal, coal-water fuel, obtained from this coal, and producer gas, obtained by gasification of 
CWF (after preliminary purification from hydrogen sulfide) were carried out. The research 
results are presented in Tables 5 and 6. The presented data show that the least amount of 
harmful substances is contained in the products of producer gas combustion. When 
generating gas is burned, the SOx output is 9 times less than when burning coal-water fuel 
and 10 times less than when burning coal. And the NOx output, on average, is 1.5 times less 
than when burning coal. 

 
Table 5. The amount of sulfur- and nitrogen-containing substances, formed during the combustion  

of various types of fuel  
 

 
Substance 

The amount of substances in the combustion products, g/m3 
coal coal-water fuel producer gas 

S 0.03 – 0.09 0.99·10-2 – 0.04 0.25·10-2 – 0.85·10-2 
S2 0.11⋅10-4 – 0.48·10-4 0.56·10-5 – 0.27·10-4 0.19·10-6 – 0.72·10-6 
SH 0.69·10-2 – 0.02 0.44·10-2 – 0.02 0.11·10-2 – 0.33·10-2 
H2S 0.71·10-3 – 0.21·10-2 0.78·10-3 – 0.24·10-2 0.19·10-3 – 0.48·10-3 

HSO 0.13·10-3 – 0.36·10-3 0.79·10-4 – 0.24·10-3 0.17·10-4 – 0.45·10-4 
SOH 0.14·10-2 – 0.34·10-2 0.98·10-3 – 0.26·10-2 0.19·10-3 – 0.46·10-3 
COS 0.61·10-3 – 0.18·10-2 0.34·10-3 – 0.11·10-2 0.86·10-4 – 0.23·10-3 

 
Table 6. The amount of SOx and NOx in the products of various types of fuel combustion  

 

Substance The amount of substances in the combustion products, g/m3 
coal coal-water fuel producer gas 

SO 0.02 – 0.05 0.01 – 0.03 0.24·10-2 – 0.46·10-2 
SO2 5.63 – 5.69 5.69 – 5.72 0.61 – 0.62 
SO3 0.25·10-2 – 0.29·10-2 0.24·10-2 – 0.28·10-2 0.23·10-3 – 0.25·10-3 
NO 0.85 – 0.98 0.35 – 0.45 0.55 – 0.70 
NO2 0.45·10-3 – 0.47·10-3 0.15·10-3 – 0.19·10-3 0.22·10-3 – 0.27·10-3 
 
However, the amount of sulfur-containing components in the products of coal-water 

fuel and producer gas combustion is high. This is due to the increased sulfur content in 
Ukrainian coal used for the CWF production. This should be taken into account during the 
purification. Furthermore, during the power equipment operating, it is necessary to monitor 
the temperature of the exhaust gases. The limitation on the maximum temperature is caused 
by the possibility of the smoke exhauster failure. On the minimum temperature, the 
limitation is the formation of condensate in the convective part of the units. 

Sulfur, which is contained in the fuel, can cause low-temperature sulfur corrosion of 
convective surfaces during the formation of condensate. Also, condensate causes soot and 
ash deposits sticking to the convective heating surfaces of the units, which leads to frequent 
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stops for their cleaning. The minimum exhaust gases temperature is selected by dew point 
temperature. Calculation studies have established that the dew point temperature varies 
between 145-150°C during producer gas burning and between 155-160°C during coal-water 
fuel burning. Thus, during power units operating, it is necessary to observe such operating 
modes that ensure the exhaust gases temperature above the dew point temperature for a given 
type of fuel. 

For combustion products purification from sulfur compounds, the most potential in 
the industrial sense are lime, ammonia-cyclic and magnesite methods [6-8], in which the 
degree of sulfur capture is up to 90-95%. The most widespread abroad are non-cyclic 
methods for the absorption of sulfur oxides by adsorbents based on limestone or lime (wet 
and dry limestone and wet lime methods) and the method of spray adsorption (wet-dry), 
which allow cleaning exhaust gases by 70...90% (Kazaryan, 2005; Mukhutdinov and 
Solyashinova, 2007; Rodionov et al., 2000). 

For gaseous emissions purification from nitrogen oxides, such purification methods 
can be used: 

• adsorption processes with chemisorption of NOx and their conversion to other 
products (for example, nitric acid, nitrates, nitrites, etc.);  

• adsorption methods for the capture of nitrogen oxides with simultaneous partial or 
complete conversion to other products (for example, HNO3); 

•  thermal and thermo-catalytic methods for the restoring of nitrogen oxides to 
molecular nitrogen (Kazaryan, 2005; Mukhutdinov and Solyashinova, 2007; 
Rodionov et al., 2000). 

 
It is proposed to clean the dust of the coal-water fuel combustion products using an 

electrostatic precipitator. It is known that when burning coal-water fuel, the electrostatic dust 
collector works more efficiently than when burning coal dust (on average, the degree of 
purification increases by 0.4%). The best operation of the electrostatic dust collector is 
explained by the increased ash humidity, that improves its electrophysical properties, and the 
larger grain-size distribution of the ash particles. By increasing the degree of gas purification, 
the dust content of the purified gases is reduced by 3 times and reaches the level of 222 
mg/m3 under normal conditions. 

Thus, the usage of coal in the coal-water fuel form for energy purposes can 
significantly improve the environmental indices of coal recycling thermal methods. With a 
specially selected fuel composition and appropriate technology for its thermal recycling, a 
level of harmful emissions with combustion products can be ensured, not exceeding the 
maximum permissible levels for the related territory. Moreover, during the thermal CWF 
recycling, it is possible to rationally use its mineral part by isolating rare elements and for the 
production of roadbuilding materials (Pinchuk et al., 2004; Potapov et al., 2003). 

 
4. Conclusions 

 
By mathematical modeling of the CWF thermal recycling processes in the 

temperature range 900...1500°C, the characteristics of the sulfur- and nitrogen-containing 
components formation in the producer gas and combustion products are established. It has 
been shown that during the CWF gasification, H2S is formed in the largest amount of 
4.5...10.6 g/m3, as well as COS, SH, S2 compounds and others. 

The formation of NH3 and HCN in the studied temperature range is insignificant. 
When coal-water fuel is burned, SO2 and SO3 are formed from sulfur-containing components. 
Nitrogen-containing components in large quantities produce NO. 
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The environmental assessment has shown that during burning producer gas purified 

from H2S, the output of SOx is 10 times less than when burning coal. And the output of NOx 
is, on average, 1.5 times less than when burning coal. 

It is shown that the usage of coal in the coal-water fuel form for energy purposes can 
significantly improve environmental indices. With the complex technology of thermal CWF 
recycling, the level of harmful emissions with combustion products can be ensured, not 
exceeding the maximum permissible levels for the related territory. 
 
References 

 
Chen R., Wilson M., Leong Y.K., Bryant P., Yang H., Zhang D.K., (2011), Preparation and rheology of 

biochar, lignite char and coal slurry fuels, Fuel, 90, 1689-1695.  
Dudley B., (2018), BP Statistical Review of World Energy 2018, No. 67, 2018, British Petroleum, On 

line at: https://www.bp.com/content/dam/bp/business-sites/en/global/corporate/pdfs/energy-
economics/statistical-review/bp-stats-review-2018-full-report.pdf. 

Iegorov R.I., Strizhak P.A., Chernetskiy M.Yu., (2016), The Review of Ignition and Combustion 
Processes for Water-Coal Fuels, EPJ Web of Conferences 110, 01024, On line at: 
https://doi.org/10.1051/epjconf/201611001024. 

Kazaryan A.S., (2005), An integrated cleaning of flue gas of heat generating equipment, PhD Thesis, 
Rostov State Transport University, Rostov on Don, Russia. 

Kijo-Kleczkowska A., (2011), Combustion of coal-water suspensions, Fuel, 90, 865-877.  
Mukhutdinov A.A., Solyashinova O.A., (2007), Gas cleaning technology, Tutorial, Kazan National 

Research Technological University, Kazan, Russia. 
Pinchuk V.A., Potapov B.B., Kovalenko E.A., (2004), Technology of complex processing of low-grade 

coal and waste of coal enrichment plants, Integrated Technologies and Energy Conservation, 125–
129. 

Potapov B.B., Pinchuk V.A., Poryadin M., (2003), Rare earth elements extraction during high 
temperature coal gasification process, Metallurgical Heat Engineering, 9, 59–63. 

Rodionov A.I., Klushin V.N., Sister V.G., (2000), Technological Problems of Environmental Safety, N. 
Bochkareva, Kaluga, Russia. 

Trusov B.G., (2002), Method and Algorithm for Calculating the Equilibrium Composition and 
Properties of Multicomponent Heterogeneous Systems, Bauman Moscow State Technical 
University, Moscow, Russia. 

 

 499 


