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Abstract

The purpose of this article is to receive environmental assessments of combustion of different types of coal fuel depending
on the preparation (unscreened, size-graded, briquetted and heat-treated) in automated boilers and boilers with manual load-
ing. The assessments were made on the basis of data obtained from experimental methods of coal preparation and calculated
methods of determining the amount of pollutant and greenhouse gas emissions, as well as the mass of ash and slag waste.
The main pollutants from coal combustion are calculated: particulate matter, benz(a)pyrene, nitrogen oxides, sulfur dioxide,
carbon monoxide. Of the greenhouse gases carbon dioxide is calculated. As a result of conducted research it is shown that
the simplest preliminary preparation (size-graded) of coal significantly improves combustion efficiency and environmental
performance: emissions are reduced by 13% for hard coal and up to 20% for brown coal. The introduction of automated boil-
ers with heat-treated coal in small boiler facilities allows to reduce emissions and ash and slag waste by 2—3 times. The best
environmental indicators correspond to heat-treated lignite, which is characterized by the absence of sulfur dioxide emissions.

Keywords Coal preparation - Automated and hand-fed coal boilers - Environmental performance metrics

1 Introduction

The relevance of this study is determined by the need to form
energy-efficient directions of development of the energy sec-
tor of Russia in order to improve the quality, reliability, and
environmental friendliness of supplying heat to consumers
of social and industrial sectors.

An important feature of the Asian part of Russia is the
high share of coal in the fuel balance, while in the European
part, natural gas accounts for the great bulk of it (Fortes-
cue 2016). This fact is due to the large reserves of coal that
ensure its low cost (compared to other fossil fuels) and ease
of use (Gorbacheva and Sovacool 2015). Another feature is
that there is a significant share of heating by small sources,
which include boiler houses with boilers up to 1 MW and
individual heating boilers. This trend is particularly acute
in Eastern Siberia and the Russian Far East, where small
heat sources account for as much as 80%-90%. A similar
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situation is observed in places of special nature use, includ-
ing protected natural areas, in the ecological zones of the
Baikal natural area (Borisov 2020; Maysyuk 2020).
Moreover, there are extensive areas of decentralized
heating. Their existence is due to the economic inexpedi-
ency of creating district heating systems in areas with low
density of heat loads. First of all, this applies to rural areas
and urban areas with low-rise buildings (Kozhageldi et al.
2022). The reorientation of housing programs towards the
construction of low-rise individual housing at an acceler-
ated pace and the increase in the welfare of the popula-
tion suggest that the scale of decentralized heating will be
maintained, and perhaps even increased. These are exactly
the trends that take place in developed countries abroad
(Bellos et al. 2022). According to a number of studies, the
combustion of coal in small heat sources is recognized as
a significant source of air pollution, especially in severely
continental climate zones. This fact is due to unfavorable
conditions of atmospheric diffusion (low temperatures and
height of the planetary boundary layer) (Zhou et al. 2020).
Air pollution is also associated with low combustion effi-
ciency, the use of some types of coal and types of boilers,
as well as the low emission height (up to 10-30 m) in the
absence of means of cleaning flue gases from pollutants
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(Cheng et al. 2017). It is worth noting that in the case of
large heat sources there are various technologies for treat-
ment of flue gases, methods of CO, capture and storage,
as well as methods of removal of nitrogen and sulfur com-
pounds from gas (Hong 2022; Tian et al. 2022). The emis-
sion reduction methods used are cost-effective only in the
case of large power plants. Research experience in the field
of small-capacity heating systems shows that, despite the
emergence of new, more up-to-date technologies that allow
one to increase the efficiency of heat generation and obtain
better environmental performance (Pavlovi¢ et al. 2022),
implementation of these technologies in real-world heating
systems fails to take place due to significant capital expen-
ditures, which turns out to be economically unprofitable
for small boilers houses (Jaworek et al. 2021).

There are studies (Jingchao et al. 2019) that show that
it is also possible to solve environmental problems by
switching from low-quality to high-quality coals, or by
introducing a new type of furnace.

However, in our opinion, for small boiler plants an
alternative way to reduce air pollutants is the develop-
ment of rational directions of use of existing methods for
preparation of coal for combustion (size-grading, briquet-
ting, heat-treatment) (Das et al. 2022; Cinar 2009). It is
worth noting that similar issues of using coal in small boil-
ers exist not only in Russia but also in such countries as
Canada, China, and some European countries (Zhao et al.
2021; Wyrzykowska et al. 2009).

For example, China has started to actively implement
CCT (Clean Coal Technology) since the 2020s. This tech-
nology takes into account the properties of local coals
(Wang et al. 2019). In addition, "clean coal" technologies
imply a wider sense of efficient use of low-emission coal:
from extraction to final consumption. The "clean coal"
technologies also may include aspects of coal cleaning
assessment, geophysics, hydrogeology, mining geology,
mine reclamation, coal preparation, coal conversion, and
clean coal use (Wang et al. 2020).

Coal preparation, which can be called cleaning or
reprocessing, is essentially the modernization of coal raw
material in order to improve its properties and minimize
the impact on the environment. This issue has been dis-
cussed for quite a long time and mainly on the scale of
large coal preparation plants, factories and mines, when
the modernization of coal raw materials occurs after min-
ing and before transporting it to the consumer (Luttrell
and Honaker 2020). Typically, all technologies have high
costs, but interest in them has not decreased.

It is necessary to note that in Russia, calculation
methods are used to determine the amount of pollutant
emissions into the atmosphere. This is explained by the
difficulty of obtaining reliable information about the
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performance of boilers, especially difficult for hot-water
boilers of small capacity.

In other countries, data from periodic measurements of
concentrations in exhaust gases using special emission fac-
tors are used for this purpose.

Thus, the purpose of the study is an environmental per-
formance assessment of the combustion of different types
of coal, depending on the preparation (unscreened coal,
size-graded coal, coal briquettes, and heat-treated coal) in
automated boilers and hand-fed boilers.

Calculations of emissions were made for the main pol-
lutants from coal combustion: particulate matter, benz(a)
pyrene, nitrogen oxides, sulfur dioxide, carbon monoxide.
Calculation of greenhouse gas emissions is given for carbon
dioxide.

Application of the findings of this research contribution
will allow one to address the main issues of heat sources of
small capacity and produce a system-wide effect:

(1) reduce emissions of pollutants into the atmosphere,
primarily sulfur oxides;

(2) increase the efficiency of heat generation by reducing
fuel consumption;

(3) reduce slag and ash generation by reducing fuel con-
sumption (up to 1.5 times);

(4 enable the use of modern technologies with a high
degree of automation of fuel combustion processes;

(5) make it economically feasible to replace inefficient heat
sources with more modern ones that are more economi-
cal and environmentally friendly.

2 Prerequisites for the use of size-graded
coal, coal briquettes, and heat-treated
coal

In the course of numerous thermal energy surveys by the
staff of the Melentiev Energy Systems Institute, SB RAS, it
was found that the actual gross efficiency of a small-capacity
boiler is 32%—62%. At the same time, the standard values
should be 76%—80%. For example, the boiler plant KVr-
100 K was examined, which is a boiler of standard design
with hand-fed fuel. A distinct feature of this boiler is the
formation of a high fuel bed, the lack of convective heating
surfaces, i.e., heat transfer is carried out only by radiation.
Table 1 shows the values of heat loss and efficiency of this
boiler (Filippov et al. 2005).

The main reason for the low efficiency of the opera-
tion of surveyed boilers is that in the stoker they burn
ROM coal of a wide size range from 0 to 300 mm with a
clear predominance of fines. Significant amounts of fines
contribute to increased airflow, and with the presence of
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Table 1 Boiler KVr specifications

No. Specification Value
1 With exhaust gases 20

2 Due to incomplete combustion 9.6

3 Due to unburned carbon 30.9
4 Into the environment 2

5 Efficiency 37.5
6 Power measured (kW) 44

7 Power (rated value) (kW) 84

various leaks and the uncontrolled nature of the air supply,
the optimum airflow factor is exceeded by many times.
As a consequence, there is a significant increase in heat
loss due to exhaust gases. In addition, combustion of coal
with a high content of fines forms a dense, poorly blown
bed. As a result, the heating and pyrolysis stages are pro-
longed for a long time, which contributes to the formation
of extensive zones with a reducing atmosphere. This fact,
in turn, causes the low temperature values in the bed and
its slow growth. All this leads to an increase in incomplete
combustion and unburned carbon as well as the forma-
tion of pollutants (Comparative combustion of coals from
Eastern Siberia in heating boilers of low power and house
stoves: scientific report 1998).

The existing coal-fired boilers are characterized by low
efficiency of heat generation. This is mainly due to three
factors:

(1) the use of low-quality run-of-mine fuel;
(2) the use of boilers with low efficiency;
(3) significant impact of the human factor.

Solving any one or even two of these issues usually
does not lead to the desired increase in the efficiency of
heat generation. The effect of using prepared fuel is off-
set by poor boiler designs and poorly qualified personnel
who maintain operating conditions that do not correspond
to high efficiency. High-efficiency automated boilers can-
not be used for run-of-mine fuel whose lump sizes vary
greatly. Therefore, for decades there has been no change

Size-graded coal

Fig. 1 Appearance of coal depending on its preparation

for the better in heat generation with fuel-bed coal com-
bustion (Maysyuk and Kozlov 2019).

Improving the efficiency of coal combustion in small
boiler houses and individual boilers can be achieved by tak-
ing measures to prepare the coal for combustion: size-grad-
ing, briquetting, and heat treatment (Maysyuk and Kozlov
2020). Figure 1 shows the appearance of coal depending on
the type of preparation.

Simple size-grading of coal up to a size of 15-50 mm
contributes to the fact that the fuel bed is well permeable
to air. If the fuel enters the hot furnace, the devolatilization
occurs within a short period of time, which helps accelerate
the combustion of coal.

However, it should be borne in mind that a number of
lignites is ill-fitted for storing outdoors and after 3—4 weeks
begins to decompose, so that such coal must be used up during
this period. To do this, one should establish a system of its
regular deliveries and quality storage at the customers (closed
ventilated warehouse). Arranging of size-grading in the case
of regular deliveries to the consumer can be organized directly
at the mine, or at the sites of large consumers who have pul-
verized coal boilers, for which the fine size-graded fraction
will serve as the feedstock (Zakharov et al. 2019).

Another method of coal preparation is briquetting. As a
rule, the raw material for briquettes is the carbon-containing
waste obtained after beneficiation. At the same time, this
waste cannot be effectively used for combustion in power
plants. Coal briquettes are produced by grinding the carbon-
containing raw material to dust, then it is dried and then
pressed. The shape of briquettes can vary significantly: ellip-
soid, semi-ellipsoid, sphere, cylinder, etc. (Zhuo et al. 2019)
A binder may be added during this process. It is worth noting
that depending on the type of binder, combustion may produce
pollutants in addition to those produced by burning the coal
itself. Inorganic additives such as CaO, red mud, aluminum
production waste, etc. are also often used in briquetting. These
additives react with sulfur-containing components of the gas
mixture (SO,, H,S) to form sulfates (Zhang et al. 2020, 2018).

Table 2 shows the results of the proximate analysis of
coal briquettes and raw coal. A binder was used in the
manufacture of the coal briquette. Proximate and ulti-
mate analysis of coal briquettes and coal was made by

Heat-treated coal

Briquetted coal
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Table 2 Technical specifications of the briquette and coal

&

Ultimate analysis
(Wt%, dry basis,

ash free)

Proximate analysis
(Wt%, dry basis)

Material

Springer

LHV (MJ/kg)

Q**

FC Ash

VM*

20.23

22.2

0.9

0.5

5.1

714

229

54.0

19.6

Coal

54.7 20.9 62.8 4.9 0.6 0.8 30.9 17.72

19.0

Briquette

VM volatile matter, FC fixed carbon, LHV lower heating value

**By difference

the authors of the article using ASTM standards and the
methodology described in Kozlov et al. (2015).

Analyzing the values presented in Table 2, we can con-
clude that the technical specifications of the raw coal and
coal briquettes are approximately the same. A slight dif-
ference in the briquette is the presence of a binder, which
slightly changes its composition. The moisture content of
coal is much lower than that usually found in coal com-
bustion in stoker-fired boilers. This is due to the fact that
the analytical sample of coal was heavily dried before the
study. The moisture content of coal briquettes is within the
operating range for this type of fuel.

Despite the fact that the technical specifications of the
raw coal and briquettes do not differ drastically, the use
of briquettes has several advantages. Firstly, carbon-con-
taining waste is recycled, and secondly, it is transported in
bags of small volume or in big bags, which contributes to
the preservation of briquettes without loss of quality. The
use of this type of fuel is especially relevant for individual
fuel-fired boilers, because the same size briquettes form an
air-permeable layer with good combustion performance.
It is important to note that the widespread introduction of
coal briquettes for individual heating of gers in Mongolia
has been underway since 2019. There has been a notice-
able decrease in the air content of pollutants from coal
combustion.

Heat treatment is also a good way to prepare coal for use.
The technology of heat treatment is as follows: the raw coal
is heated to a certain temperature without exposure to air.
As a result of heat treatment, most of the volatile substances,
including sulfur- and nitrogen-containing compounds, are
removed from the coal, and the semi-coke gets improved
technical and reactivity properties compared to the raw coal.
The semi-coke is subsequently sent for briquetting.

Briquetting is carried out under pressure and high tem-
perature. The same briquette size ensures efficient combus-
tion, which reduces fuel consumption and, consequently, the
formation of ash compounds (Knigawka et al. 2022).

Currently, the Siberian Coal Energy Company (SUEK)
has established the production of coal briquettes at the Ber-
ezovsky open pit in the Sharypovsky district of Krasnoyarsk
Krai. These briquettes are successfully used in Krasnoyarsk
Krai in individual household stoves. Briquettes are packed
in 20 kg bags and big bags of 550 kg.

Coal briquettes are characterized by the following char-
acteristics (Stepanov et al. 2020):

size =10-40 mm;

ash content=16%-22%;

heat of combustion=18.4-19.4 kJ/kg;
moisture content=no more than 7%.
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Thus, heat treatment of coal provides almost complete
removal of fuel compounds of nitrogen and sulfur, which
significantly reduces or completely eliminates emissions
of oxides of these substances into the atmosphere, and by
reducing fuel consumption by 1.5 times partially reduces
emissions of particulate matter, and, accordingly, reduces
the amount of slag and ash due to a more complete combus-
tion of fuel (Maysyuk and Kozlov 2020).

Fuel preparation enables improving the environmental
performance of coal-fired boilers.

The cost of such fuel increases 2-2.2 times compared to
conventional coal. But due to higher combustion heat and
increased efficiency of heat production, fuel consumption is
reduced and the cost of its delivery is reduced. As a result,
fuel costs at the boiler house as a whole are reduced.

Centralized fuel preparation provides a comprehensive
solution to the problem of low efficiency of boiler plants with
fuel-bed combustion of coal. With prepared fuel, it is possible
to use automated boilers, which have high efficiency ratings
and do not require human intervention to control and maintain
operating conditions. That is, all three causes of low efficiency
of boiler plants are eliminated at once (Saneev et al. 2019).

When switching to the use of prepared fuel with its com-
bustion in automated boilers, the structure of the cost of
heat produced changes. This ensures the economic feasibil-
ity of such a transition. The efficiency of heat generation
increases significantly up to 85%—90%. Fuel consumption
is reduced by about 30%—35% and, accordingly, the volume
of fuel transportation and transportation costs. The payroll
gets significantly reduced.

One successful case is the introduction of Thermorobot auto-
mated coal boilers with boilers of capacities ranging from 60 to
800 kW. These boilers run on prepared fuel. The efficiency of
Thermorobot boilers is about 87%. At the same time, as shown
by the study, incomplete combustion and unburned carbon are
as small as possible. However, high quality size-graded coal
with the grain size of about 50 mm was used (moisture con-
tent—21.7%, ash content—9.1%, volatile matter yield—42%,
sulfur content—0.5%, calorific value per as-received basis—
19.5 kl/kg). These automated boilers are actively being intro-
duced in the Asian part of Russia, in particular in protected
natural areas, such as the Baikal Natural Area (Maysyuk 2019).

3 Methodological guidelines
and approaches to the assessment
of environmental performance metrics

Calculation of pollutant emissions into the atmosphere was
performed in accordance with the "Methodology for deter-
mining the emissions of pollutants when burning fuel in

boilers with a capacity of less than 30 tons of steam per hour
or less than 20 Gcal per hour" (1999; Guidance letter of the
Research Institute of Atmosphere 2000).

This methodology is designed to determine the amount of
pollutant emissions into the atmosphere based on measure-
ments of concentrations in flue gases. In European countries,
as well as in Australia, the amount of emissions from energy
facilities is estimated using data on periodic measurements
of concentrations of pollutants in flue gases and taking into
account special emission factors (National Pollutant Inven-
tory 2011; EEA Report No 2019).

However, due to the difficulty of obtaining reliable infor-
mation on direct measurements, especially in small capacity
hot water boilers, computational methods are used (Meth-
odology for determining the emissions of pollutants when
burning fuel in boilers with a capacity of fewer than 30 tons
of steam per hour or less than 20 Gceal per hour 1999; Guid-
ance letter of the Research Institute of Atmosphere 2000).

Computational methods allow one to determine the emis-
sions of major pollutants: particulate matter, sulfur dioxide
(SO,), nitrogen oxides (NO), carbon monoxide (CO) and
benz(a)pyrene (B[a]P), taking into account the burning of
different types of fuel, including solid fuel.

For example, to calculate the amount of particulate emis-
sions (Mpy,) in t/year, formula (1) is used:

Mo = 0.01 x B x (g, X A™+ (g5 X (%))) x(1- %),

ey
where, B is the fuel consumption, t/year; A" is the ash content
of fuel in as-received basis, %; ay, is the fraction of ash in
the fly ash; g, is the heat loss due to mechanical incomplete
combustion of fuel, %; LHV is the lower calorific value of
fuel, klJ/kg; # is the degree of ash purification, %.

As can be seen from Eq. (1), the amount of particulate
emissions depends on the qualitative composition of fuel, its
quantity (fuel consumption), the conditions of combustion
in boiler plants, and the operation of purification equipment.
A similar conclusion holds for the calculations of sulfur and
carbon oxides (Methodology for determining the emissions
of pollutants when burning fuel in boilers with a capacity
of fewer than 30 tons of steam per hour or less than 20 Gceal
per hour 1999; Guidance letter of the Research Institute of
Atmosphere 2000).

However, the mathematical description for calculating
emissions of nitrogen oxides and B[a]P is much more com-
plicated, for which one needs to consider the recommen-
dations and specific data of the equipment installed in the
boiler house.

It is recommended to calculate the amount of nitrogen
oxides emissions during fuel-bed combustion of solid fuel
by (2):

@ Springer
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Myo, =B, X LHV X f,

0.35 100 — R,
X| —XaX|1+546 X ———
(1000 * ( * 100

x4y/LHV qR) x ki,

@

where, Bp is th estimated fuel consumption, determined
depending on the mechanical incomplete combustion of
fuel in the boiler, t/year; f, is the dimensionless factor that
accounts for the influence on the formation of nitrogen oxides
of recirculation of flue gases fed in mixture with blowing
air under the grate; ¢, is the equivalence ratio in the furnace
for small-capacity boilers with fixed grate and hand-fed fuel,
which is recommended to choose according to the standard
method of boiler plant analysis (Thermal analysis of boil-
ers, standard method 1998); Ry is the characteristic of the
particle size distribution of coal, the residue on the screen
with a mesh size of 6 mm; gy, is the thermal stress of the fuel-
burning area, which is determined depending on the fuel-
burning area of the boiler and the actual heat output with
respect to the heat introduced into the furnace, MW/m?; ke is
the conversion factor in determining the emissions, t/year.
(3) is recommended for calculating B[a]P emissions:

Mggp = Cyap X Vg X B, X kg, 3)

where, Cg,p is the mass concentration of B[a]P in dry flue
gases at a standard equivalence ratio of 1.4 and normal con-
ditions (temperature =273 K and pressure=101.3 kPa) is
determined by the formula (4); Vg is the volume of dry flue
gases produced during the complete combustion of 1 kg of
fuel under normal conditions.

Concentration of benzo(a)pyrene in dry flue gases of
small-capacity boilers at fuel-bed combustion of solid fuels
in mg/nm?, reduced to the excess air of 1.4 is recommended
to calculate as follows:

A-LHV R
+ t_> XK X K,., 4)
H

Cpapp = 0.001 X < s

where, A is the coefficient characterizing the type of grate
and type of fuel; R is the factor, characterizing the tempera-
ture level of screens depending on ¢, is the water temperature
at the boiler outlet for hot-water boilers (Thermal analysis of
boilers, standard method 1998); K is the boiler load factor is
determined through the ratio of the rated load of the boiler
to the actual load; K, is the factor that takes into account the
degree of benzo(a)pyrene capture by the ash collector and
depends on the type of ash collectors and the temperature of
the gases upstream of the ash collector.

When calculating B[a]P emissions, it should be taken into
account that when the boiler is operated at loads less than
the rated load, the concentration of B[a]P in the flue gases
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increases. Therefore, the maximum emissions of benzo(a)
pyrene are determined both during operation of the boiler
at the maximum actual load and during operation at the
minimum actual load in order to comprehensively assess
atmospheric air pollution.

An important environmental performance metric is
the assessment of the mass of ash and slag waste (ASW)
produced as a result of solid fuel combustion. As a rule,
the quantitative assessment of ASW is associated with the
standard method, which is based on accounting the content
of pollutants in ash and slag and maximum permissible
concentrations (MPC) of these substances (Methodologi-
cal recommendations on the development of draft standards
for the maximum waste disposal for thermal power plants,
heat and power plants, industrial and heating boiler houses.
1998). However, calculation of the amount of ASW from
small-capacity boiler plants is possible using the method
based on the material balance of the boiler, when the ASW
mass (M,,) is the sum of slag (M) and the mass of fly ash
captured in the ash collector.

A detailed analysis of existing methods for quantitative
assessment of ash and slag waste from power facilities is
presented in Maysyuk et al. (2019).

Basic guidelines for calculating the number of ash-and-
slag mixtures are presented in Nazmeev (2002).

When there are no ash collection systems, the calculation
of the amount of slag can be carried out by the Eq. (5), t/
year:

. LHV
M, = 0.01 x Bx ((1 — ) X A" +q4 (32680)>' )

In light of active climate research, environmental assess-
ments of fossil fuel combustion should include estimates of
greenhouse gas emissions. In the case of energy generation
facilities, it is carbon dioxide (CO,) emissions. The method-
ological basis for calculating the amount of CO, emissions
is presented by both foreign and domestic developments. In
general, the mass of carbon dioxide emissions depends on
the fuel consumption and the CO, emission factor for each
particular fuel, which are developed in accordance with the
methodology of the Intergovernmental Panel on Climate
Change (IPCC) (IPCC Guidelines for National Greenhouse
Gas Inventories).

The inputs are the actual data characterizing the enter-
prise's activities during the reporting period (consumption of
fuel by type, consumption of carbon-containing materials),
greenhouse gas emission factors, and design ratios of carbon
content in the fuel.

The amount of CO, emissions from stationary fuel
combustion is calculated for individual sources, groups of
sources, or the enterprise as a whole as per Eq. (6):



Environmental performance assessments of different methods of coal preparation for use in...

Page7of 15 63

n

ECOZ.y = Z (F Cj,y X EF, CO,jy X OFJZ.V)’ (6)

i=1
where E¢, is CO, emissions from stationary combustion
Y

of fuel during the period y, tCO,; F Cj’y

of fuel j during the period y, thous. m?, or t, or tce, or TJ;
EF,j, 1s the factor of CO, emissions from combustion of
the fuel j during the period y, tCO,/unit; OF;  is the fuel
oxidation factor j, fraction; j is type of fuel used for combus-
tion; n is the number of fuels used during the period y.

When calculating the amount of CO, emissions, it is nec-
essary to consider the consumption of all types of used gase-
ous, liquid, and solid fuels, of both natural and man-made
origin, burned in stationary sources during the reporting
period.

Fuel consumption should be determined in units corre-
sponding to the emission factor adopted (tCO,/t, tCO,/tce).

In the methodology adopted in Russia, CO, emission fac-
tors are presented in sufficient detail and take values from
1.59 for natural gas to 2.96 tCO,/tce for lignites, whereas the
IPCC methodology indicates the upper and lower limits of
CO, emission factors.

Table 3 shows the values of conversion factors into energy
units and emission factors for some types of fuel, including
the coal varieties studied in this paper. These coal varie-
ties are mainly used in the Asian part of Russia, including
Eastern Siberia, and in particular in the Baikal Natural Area.

According to the guidelines for calculating CO, emis-
sions, the carbon oxidation factor OF iy which takes into
account the incomplete oxidation of carbon during its com-
bustion, is, on average, close to one. In the absence of the
necessary data on the deposits of coal consumed, it is pos-
sible to use emission factors for run-of-mine coal varieties
of the respective types (hard coal, lignite, anthracite).

A review of existing methods for assessing the impact of
energy facilities on elements of the natural environment is
conducted by the authors in Maysyuk and Ivanova (2018), and
detailed algorithms for calculating environmental indicators

is the consumption

for both large energy facilities and boiler houses are presented
in Maysyuk et al. (2021) and Vorozhtsova et al. (2020).

In this study, it can be limited to a simpler scheme that
corresponds to the objectives of the study. In general,
the calculation of environmental indicators based on the
above techniques and mathematical dependencies can be
presented in the form of a flowchart, Fig. 2. Initial data
for calculating all environmental indicators are data from
the "Fuel" and "Equipment" block: emissions of pollut-
ants (5 ingredients), carbon dioxide emissions and ash and
slag waste mass. Depending on the fuel consumption (in
this study per unit of heat energy production (Gcal)) and
qualitative characteristics of coal, taking into account the
method of its preparation before combustion, as well as the
characteristics of the furnace equipment using Eq. (1-6)
the calculation of environmental indicators in the "Waste
and emissions calculation" block is made.

4 Input data for the calculation
of environmental performance metrics

Environmental performance assessment in this study was
carried out for Mugunsky deposit lignite and Cheremk-
hovsky deposit hard coal assuming their different prepara-
tion before combustion in small-capacity boilers of KVr-
0.5 (0.5 MW) (Fig. 3) and Termorobot 0.6 (0.6 MW) types
(Fig. 4). These types of coal were chosen as raw coal for
several reasons: (1) Mugunsky deposit coal (grade 3BR)
is a typical representative of low-sulfur lignites and suit-
able for various methods of its preparation for use in boil-
ers of different types; (2) Cheremkhovsky deposit hard
coal is sulfurous and coking coal and cannot be used in
automated boilers without preliminary preparation. The
study presents the results of calculations for using coal
prepared at different temperatures (500, 600, 700 °C).
The semi-coking temperature was chosen so as to deter-
mine the optimal coke composition for further use. More

Table 3 Conversion factors

for f ) o Fuel types Conversion coefficients in tce and Emission factors
or. uel consur.np.tlon I energy energy units (tce/ton) (EFcq,;y) (tCO,/
units, CO, emission factors for tce) 2y
some coals (Methodological
instructions and guidelines for Run-of-mine coal by field, tons:
the quantitative deterrplqatlon Cheremkhovsky 0752 275
of greenhouse gas emissions
by organizations engaged in Azeysky (Mugunsky) 0.483 275
economic and other activities in Gusinoozersky 0.506 2.78
the Russian Federation. 2015) Kansko-Achinsky 0516 2.87
Tugnuysky 0.692 2.76
Hard coal, tons 0.768 2.77
Lignite, tons 0.467 2.96
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Fig.2 Aggregated block

diagram of the calculation of

Consumption and type of coal

environmental indicators

y

- T unscreened, size-graded
< I ; 2 )
llgmte briquetted and heat-treated Hard coal
qualitative characteristics of coal
Boiler type

H Thermorobot KVr

B automatic loading hand-fed loading
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Ash and slag waste I(— Captured particulate
matter

2
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23 particulate matter
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Fig.3 Components of the hand-fed boiler KVr-0.5: 1—external view
of the boiler, 2—furnace chamber, 3—ash collector, 4—convective
heating surfaces

details on semi-coking of Cheremkhovsky deposit coal are
presented in Maysyuk and Kozlov (2020). Input data on
the proximate and ultimate analysis of unscreened, size-
graded, briquetted, and heat-treated coals (Table 4) were
determined experimentally using certified methods and the
method for determining the ultimate analysis set out in
Kozlov et al. (2015), Maysyuk et al. 2018). In addition,

@ Springer

Fig.4 Components of the automated boiler Thermorobot 0.6: 1—flue
heat exchanger, 2—removable ash bin, 3—lined furnace, 4—steel
frame, 5—flue-gas fan, 6—coal hopper, 7—screw conveyor for coal
feeding with a discharge aid, 8—air draft fan, 9—side ash bin

Table 4 presents the calculated values of the volumes of
flue gases (theoretical and dry) based on the data on the
content of oxygen, hydrogen, and carbon in the fuel.
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Table 4 Qualitative characteristics of the studied coal varieties that differ in the method of preparation for combustion

Volume of dry flue gases at

Theoretical gas

LHV (MJ/kg)

Content in as-received basis

Coal

Boiler plant type

normal conditions (m*/kg)

volume (m*/kg)

S%) C%) H®) O%)

Ash (%)

N (%)

MC (%)

6.00

4.33

.6 0.4 44 0.4 45.2 4.1 23.8 16.52

21

Run-of-mine lignite

KVr*
KVr

Size-graded

Size-graded

7.46
8.51
7.31

5.34
6.17
5.27

22.0 20.60
20.78

17.6

29
4.6
35

0.3 59.5

9.4
17.0

0.3

6.0

Briquetted (600)**
Heat-treated coal

62.3

0.2

1.4
59

20.3

17.3

54.7

1.6

16.2

Run-of-mine hard coal 1.0

KVr
KVr

Size-graded

7.64
8.28
7.15
7.79

5.49
5.94
5.12

5.57

21.09
22.84

58.4 29 15.5
2.3

14
14

17.4
0.7

0.9

5.0

Briquetted

12.7

64.2

0.4 17.8

0.2

1.5

Heat-treated (500)
Heat-treated (600)
Heat-treated (700)

19.66
21.38

1.4 8.4
7.4

1.2

56.3

32.0

1.5

0.1 28.0 0.5 61.7

1.5

*Type of boiler plant: KVr—hand-fed hot water boiler, T—Thermorobot

**Semi-coke temperature is indicated in parentheses

Analysis of Table 4 shows that the composition of lignite
and hard coal compared to sorted coals does not change.
Briquetting of coals leads to a slight decrease in hydrogen,
oxygen, sulfur and nitrogen content, but the carbon content
increases, causing a significant increase in the heat of com-
bustion. As a result, there is little incomplete combustion
and the amount of pollutants is reduced. However, it is worth
noting that the amount of SOx produced will be the same
compared to burning coal. The reason is that the mechanism
of formation of sulfur oxides is different from that of NOx,
CO, and soot (Das et al. 2022; Lu et al. 2020).

Thermal treatment of lignite makes it possible to com-
pletely remove sulfur from the composition. Depending on
the temperature of the thermal treatment of hard coals it
is also possible to reduce the sulfur and nitrogen content
significantly.

Despite a significant increase in ash content in briquet-
ting and thermal preparation of coals, their use in boilers
provides more efficient combustion characteristics (Table 5),
which leads to a high efficiency (Table 6).

The selected types of boilers have a standard design and
are widely used in small heating systems. The boiler KVr-0.5
is a hot water boiler with hand-feeding of coal. The boiler
Thermorobot-0.6 is an automated boiler.

For the considered small-capacity hand-fed boilers and
fuel-bed combustion the basic technical specifications are
systematized on the basis of the data of the manufacturers
of such boilers, in which the recommended furnace speci-
fications of boiler plants (b/p) are given (Table 5). Table 5
does not show the degree of flue gas recirculation, because
the design of small-capacity boilers in most cases lack a
recirculation system.

The calculations of the values of environmental perfor-
mance metrics are made using the resources of the "High-
Temperature Circuit" shared research facilities center (Pro-
ject No. 13.CKP.21.0038).

All of the boilers covered by this study have no flue gas
treatment systems, and hence the degree of ash collection is
zero. In the case of the KVr boiler, environmental performance
assessments were conducted only for unscreened and size-
graded coal. The reason is that the use of briquetted and heat-
treated coal in hand-fed boilers is not economically feasible.

Fuel consumption in the calculations of pollutant emissions
for each coal variety is assumed in accordance with the techni-
cal recommendations for the boiler plants, taking into account
the efficiency of existing boilers in produce 1 Geal of thermal
energy, Table 6.

As shown by calculations of coal consumption, the largest
amount of fuel to produce 1 Geal of heat is required for a KVr-
type hand-fed boiler when burning lignite. The smallest value
is that for the automated boiler of the Thermorobot type when
burning hard coal heat-treated at a temperature of 500 °C.
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Table 5 Furnace characteristics of boiler plants for the coal varieties
considered in the study

Boiler  Coal Loss Heat loss  Fraction  Fuel-burn-
plant due to due to of ashin  ingareain
type unburned incom- fly ash the boiler
carbon plete (p-w) (m?)
(%) combus-
tion (%)
KVr Lignite 7.5 2.0 0.25 1.05
Hard 9.0 0.50
T Prepared 6.0 1.0 0.10 0.44

Table 6 Efficiency factors of operating boilers and estimated fuel
consumption to produce 1 Gcal of thermal energy depending on the
type of coal

Boiler Coal Efficiency* (%) Fuel con-

plant type sumption (t/
Gecal)
KVr Run-of-mine lignite 50 0.507
KVr Size-graded 60 0.423
T Size-graded 75 0.338
T Briquetted 75 0.271
T Heat-treated coal 80 0.252
KVr Run-of-mine hard coal 53 0.389
KVr Size-graded 60 0.344
T Briquetted 75 0.265
T Heat-treated (500) 80 0.229
T Heat-treated (600) 80 0.266
T Heat-treated (700) 80 0.245

*Expert estimates derived from operating experience

5 Results of calculations of environmental
performance metrics

Based on the above methodological recommendations and
approaches, we performed calculations of pollutant emis-
sions for five harmful ingredients (particulate matter, sulfur
oxides, nitrogen, carbon oxides, and B[a]P), ASW weight,
and CO, emissions from combustion of variously prepared
hard coal and lignites in hand-fed boiler plants and with
automated fuel-feeding (Table 7). Calculations of environ-
mental indicators were carried out on the basis of math-
ematical dependencies based on data on the proximate and
ultimate analysis of the fuel. The error in these calculations
is explained by the error in determining the proximate and
ultimate of the corresponding fuels (Table 4).

The results of calculations are given per unit of produced
thermal energy of 1 Gceal in kg of pollutant, which allows
for comparative estimates. First of all, the predominance of
particulate matter should be noted in all calculated values of

@ Springer

emissions: from 55% for hard coal briquette combustion in
Thermorobot-type boiler plants to 74%—for combustions of
heat-treated lignite in a Termorobot-type boiler. Such values
of particulate emissions are due to a fairly high ash content
in the feedstock fuel.

In general, among the coal varieties covered the highest
values of total pollutant emissions correspond to combustion
of unprepared coal, both hard coal and lignite in KVr-type
hand-fed boilers. Next, by the decrement of calculated total
emissions, we can distinguish the group of hard coal varie-
ties prepared for combustion. The lowest values of calcu-
lated emissions come from lignites, prepared for combustion
in automated Thermorobot boilers.

Preliminary size-grading of coal during combustion in
hand-fed boilers of the KVr type compromises environ-
mental performance insignificantly—by 11%—15%. This is
caused by the fact that the sorted coals, although they have
the same qualitative composition and combustion condi-
tions as ordinary coals, but the process of combustion is
more effective due to the properly aired bad. At that, the
same environmental performance advantage of lignites
over hard coal varieties is preserved, as well as when
used in the run-of-mine form (Fig. 5). This is explained
by the initial qualitative composition of the fuel (low ash
content).

The transition to automated lignite boilers will signifi-
cantly improve environmental performance. A positive
point in this case is the absence of sulfur dioxide emis-
sions (Fig. 6). Combustion of prepared lignites in auto-
mated boilers significantly improves the environmental
performance in terms of almost all pollutants as compared
to the KVr-type hand-fed boilers, even when coal size-
grading takes place.

According to the ingredient structure of the calculated
emissions, it is clear that the coal varieties that have under-
gone heat-treatment also have the lowest values for sulfur
dioxide and nitrogen emissions, as well as those of carbon
oxides. Heat-treated hard coal during combustion in the
Thermorobot is characterized by the lowest emission of B[a]
P, which is the most dangerous carcinogenic substance, lig-
nite prepared for Thermorobot has approximately the same
values. As a result, the lowest values of calculated emissions
come from the lignite treated for combustion in automated
Thermorobot boilers, which is explained by the improved
quality characteristics of the fuel.

Among hard coal types, the best environmental perfor-
mance is delivered by heat-treated coal (Fig. 7). The fig-
ure shows the results of calculations of emissions into the
atmosphere during combustion of hard coal varieties, both
in hand-fed boilers (KVr) and in an automated boiler (Ther-
morobot). The highest values of calculated emissions cor-
respond to combustion in hand-fed boilers of run-of-mine
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Table 7 Estimated values of

. Boiler plant ~ Coal Total emission CO, emissions Weight of ash-
env1r.0nmental performance type and-slag waste
metrics for the coal types
studied (kg/Geal) KVr Run-of-mine lignite 44.0 846.6 36.0

KVr Size-graded 36.7 705.5 30.0
T Size-graded 19.4 564.1 23.6
T Briquetted 19.5 564.1 23.6
T Heat-treated coal 18.8 529.1 48.2
KVr Run-of-mine hard coal 79.2 742.0 533
KVr Size-graded 70.0 655,1 47.1
T Briquetted 26.8 524.3 51.7
T Heat-treated (500) 24.4 491.6 46.3
T Heat-treated (600) 26.4 491.6 86.3
T Heat-treated (700) 23.6 491.6 71.3
Fig.5 Estimated pollutant emis- kg/Geal
sions from combustion of hard [ 53 | mg/Gcal
coal and lignites in hand-fed A
boilers of the KVr-0.5 type O 47 benzoa)pyrene [INMNNNIL B8 ] 148 | 142 |
25 @ ‘
SRS WA RS | R Er e, S . | {— A run-of-mine hard coal
L- 11 15& 13 Osize-graded hard coal
A 10 13 @ run-of-mine lignite
4t 0~10ﬂ 0.09 Osize-graded lignite
PM S02 NOx CcoO

and size-graded coal varieties. And the preliminary size-
grading of coal during combustion in the hand-fed boiler fail
to produce a tangible environmental effect. When switching
to the combustion of hard coal briquettes and heat-treated
hard coal in automated boilers, the values of environmen-
tal performance metrics are reduced by 1.5-3 times. At the
same time, a decrease by a factor of 1.3—1.5 is observed in
calculated B[a]P emissions.

Considering coal combustion in automated boilers
(Thermorobot), in which only coal varieties prepared for
combustion are used (from size-graded to heat-treated coal
varieties), it is possible to identify the group of heat-treated
hard coal varieties having the highest emission of particu-
late matter and sulfur dioxide, compared with the lignites
prepared for combustion (Fig. 8). Calculated emissions of
carbon monoxide and nitrogen oxides for hard coal and lig-
nites are about the same. In this case, lignite is environmen-
tally friendly. For combustion of hard coal, it is advisable to
provide ash collection systems.

As can be seen from Fig. 8, B[a]P emissions are the larg-
est when burning heat-treated lignite, and the smallest for
heat-treated hard coal as well as for size-graded lignite.
B[a]P emissions from the other coal varieties studied in this
group range from 11.8 to 13.2 pg per Gceal of thermal energy.

As the analysis of research findings demonstrates, coal
prepared for combustion has emission values 2-3 times
lower than unprepared coal.

Analysis of the calculated values of carbon dioxide emis-
sions showed that the lowest CO, emission is observed at
combustion of heat-treated coal in automated boilers such
as Thermorobot. And specific emission per Gceal of ther-
mal energy is lower when burning hard coal rather than lig-
nite—492 kg CO,/Gcal against 529 kg CO,/Gcal (Table 7).

Ash-and-slag waste weight is characterized by the highest
yield when burning hard heat-treated coal in automated boil-
ers of the Thermorobot type. The smallest weight of ASW is
formed during combustion of size-graded lignites and lignite
briquettes in automated boilers (Table 7).
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Fig. 6 Pollutant emissions from lignite combustion in boiler plants of different types
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Fig.7 Pollutant emissions from lignite combustion in boiler plants of different types

6 Conclusions its preparation for combustion; (2) conditions of its com-

bustion: in hand-fed boilers or automated boiler plants,
Environmental performance metrics largely depend on the ~ which can greatly affect the change in fuel consumption.
following: (1) the qualities of the raw coal, even for the ~ Thus, coal pre-treatment significantly improves the effi-
same coal given the availability of different methods of  ciency and environmental friendliness of the combustion
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Fig. 8 Emissions of pollutants during combustion of various coals in automated boilers of the Thermorobot type

process. Even simple size-grading of coal before burning
in hand-fed boilers widespread enough in the Asian part
of Russia, including coastal areas of Lake Baikal (zone
of special nature management), will allow the following:

(1) for lignites: to reduce emissions of particulate mat-
ter, carbon oxides, and B[a]P by 13%—17%, and sulfur
dioxide by 25%;

(2) for hard coal, the reduction in the values of all metrics
is estimated at 10%—13%.

The environmental effect of the introduction of auto-
mated boilers and coal heat-treated for combustion is esti-
mated as the reduction of all environmental indicators by
2-3 times.

An important conclusion is that changes in fuel prepa-
ration technologies before combustion significantly affect
environmental performance and lead to various environ-
mental effects. For example, lignites are recommended to
be burned both in size-graded and heat-treated form in auto-
mated boilers of the Thermorobot type. At the same time,
it is recommended to burn hard coal with thermal pre-treat-
ment, but with the installation of ash collection equipment
in automated boilers, since these coal types are characterized
by significant emissions of particulate matter. In the absence
of ash collectors, heat-treated lignites should be preferred.
The smallest amount of CO, emissions occurs during com-
bustion of heat-treated hard coal. The formation of ASW is
the least during combustion of size-graded lignite briquettes
in automated boilers.

Furthermore, the environmental assessment of the use of
various coal types that have undergone preliminary prepara-
tion allows the development of certain recommendations to
improve the environmental situation.

When using prepared fuel, in addition to improving the
environmental performance of the boiler plant, one succeeds
in addressing the three fundamental issues of boiler plants
with fuel-bed combustion that hinder the improvement the
efficiency of heat generation: the use of low-quality run-
of-mine coal, the use of boilers with low efficiency, the
significant impact of the human factor. Addressing these
issues makes it possible to justify the economic feasibility
of introducing automated boilers and high-quality prepared
(briquetted and heat-treated) fuel.

Additional economic effect will take place due to the
reduction of fuel consumption and the corresponding
decrease in the volume of fuel transportation and transpor-
tation costs, which is especially important for isolated and
remote areas. Moreover, the economic effect of the transi-
tion to automated boilers will reduce the operating staff and
thus the payroll, which currently accounts for a significant
share in the structure of the cost price of heat produced by
small-capacity boilers.
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