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Abstract. The possibility of using waste from coal processing enterprises as an alternative fuel with the
simultaneous binding of sulfur oxides in the boiler furnace is considered. A mathematical model of the boiler
unit has been developed, with the use of which verification calculations of the boiler were carried out with
the determination of the rates of abrasive wear of convective heat exchange surfaces and corrosive wear of
the air heater.The dependences of the characteristic parameters of the boiler unit operation on the fuel
composition are revealed.Technological and economic assessments of the use of fuels of various

compositions, including wastes from coal processing plants and binding components (marble chips), to reduce

sulfur oxide emissions are given.

1 Introduction

Comprehensive accounting of the consequences of
changes in the composition of the combusted fuel is a
rather difficult task that requires an assessment of the fuel
and economic efficiency of TPPs, reliability and the rate
of depletion of the resources of various elements of the
main and auxiliary equipment.

In the presented work, a technical and economic
assessment of the use of waste from coal processing
enterprises (CEW) as an alternative fuel with the
simultaneous binding of sulfur oxides in the boiler furnace
is given. For this purpose, a mathematical model of a
steam boiler was developed, which makes it possible to
describe the processes occurring in it with sufficient
accuracy.

2 Mathematical modeling of a steam
boiler on solid fuels of various
compositions, including WS

A boiler unit of standard size BKZ-75-39FB was chosen
as the object of modeling, designed for flare combustion
of coal dust (bituminous and brown coal) with solid ash
removal. The nominal capacity of the boiler unit is 75 t /
h, the operating pressure and temperature of the
superheated steam are 3.8 MPa and 440 ° C, respectively.

On the basis of a boiler unit of this standard size, installed
at one of the thermal power plants of Irkutskenergo,
experimental combustion of the CEW was carried out.
Based on the results obtained in the course of
experimental combustion, it was concluded that it is
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possible to use CEW as a fuel additive to the main coal,
for which their preliminary granulation is required (CEW
have a high moisture content, which can lead to clogging
of the path at the stage of fuel supply to the mills for
grinding). At the same time, it was decided to investigate
the possibility of reducing emissions of sulfur oxides with
boiler flue gases, using the principle of chemisorption -
the addition of an active component to the granules, which
will allow to bind some of the sulfur oxides in the boiler
furnace.

The boiler unit model was developed using the computer-
based program construction system (SMPP-PC) created at
the ESI SB RAS, which automatically generates a
mathematical model of the installation based on
information about the mathematical models of individual
elements, technological connections between them and
calculation purposes.

Figure 1 shows a design diagram of a boiler unit, which
includes the following elements: a combustion chamber
(1), a combustion chamber (2), furnace screens (3), a
drum (4), two stages of a convective superheater (5, 6), a
desuperheater (7), serving to regulate the temperature of
superheated steam during operation, two stages of a water
economizer (8, 10), two stages of an air heater (9, 11), a
draft fan (12) and a smoke exhauster (15), a scrubber for
wet cleaning of flue gases (13) , pump of water supplied
to the scrubber for cleaning flue gases (14). In addition to
these elements, the circuit uses a splitter (16) and a mixer
(17) installed on the feed water line and providing cooling
water supply to the desuperheater.
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Material (gas-air and steam-water) and energy (heat)
flows are taken into account by the connections between
the corresponding elements of the scheme.
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Fig. 1. Design diagram of the BKZ-75-39FB boiler

The developed mathematical model is identified in
accordance with the experimental data obtained as a result
of the experimental combustion of CEW and makes it
possible to determine the characteristics and parameters
of the boiler when operating on solid fuel of various
compositions and various loads. This is required to assess
the technological and environmental consequences of
using fuels of various compositions, including CEW, and
to organize measures to reduce sulfur oxide emissions.

3 Binding of sulfur oxides and
assessment of low-temperature
corrosion of boiler heating surfaces

As a component actively interacting with sulfur oxides,
the waste of marble production (marble chips), containing
significant amounts of CaO and MgO oxides, is
considered.

The main binding chemical reactions are:
Ca0 + SO, + 1/2 O, = CaSOs, (1)
MgO + SO, + 1/2 O, = MgSOa. 2)

The use of this method of binding sulfur oxides in the
combustion chamber has an important feature - the
introduction of marble production waste into the flue
gases can change the chemical composition of the ash and,
as a result, reduce the temperature of the onset of ash
deformation, which can lead to increased slagging of
heating surfaces.

The calculation of the binding of sulfur oxides is carried
out on the basis of methodological instructions and
experimental data [1, 3, 5].

The fraction of sulfur oxides (nsox) bound by the fuel fly
ash is taken in accordance with Table 1, depending on the
molar ratio:

Ca®/S =5,71+107 » A/ST+ (CaO + 1,39 Mg0O), (3)

where CaO, MgO is the content of calcium and
magnesium oxides in the ash of the fuel containing CEW
and marble chips, wt %.

Table 1. Efficiency of binding of Sulfur oxides depending on
the molar ratio of components.

Ca®/S 0,8 1,0 1,5 2,0 2,5 3,0

MNsox 0,10 | 0,18 | 0,36 | 0,55 | 0,69 | 0,80

To calculate the rate of corrosive wear of the metal of the
pipes of the air heater of the first stage of the boiler unit,
the tabular data set forth in [4] are used. On the basis of
these data, approximation dependences of the rate of low-
temperature corrosion of metal on the average
temperature of the pipe wall and the reduced 2ulphur
content of the combusted fuel were constructed (Fig. 2).

4 Abrasive wear of convective heat
transfer surfaces of the boiler unit

Of all the negative factors caused by a change in the
composition of the fuel, in particular by an increase in the
ash content of coal, the most significant is the ash wear of
the convective heating surfaces of boilers, which causes
them to be taken into emergency repair with a
corresponding underproduction of energy.
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Fig. 2. Dependence of the low-temperature corrosion rate of the
1% stage of air heater on the reduced 2ulphur content in the initial
fuel and the average tube wall temperature

Ash wear of convective heating surfaces of steam
generators, the pipe wall temperature of which does not
exceed 350 © C, can be considered as a purely mechanical
process. In this case, the properties of the wear material
do not change, and the wear coefficient characterizes the
properties of the abrasive. Therefore, in relation to ash
wear of convective heating surfaces, the wear coefficient
can be taken equal to the ash abrasiveness coefficient,
determined with respect to the material of boiler pipes.

Approximate values of the ash abrasiveness coefficient
are calculated depending on the content in the ash
(Si0,+Al1,03), % by the formula:
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a0 = 0,045 * (Si0s + ALO; — 44) » 1072, m¥N  (4)

The abrasiveness of ash particles primarily depends on the
SiO, content in the ash and increases markedly when
Si02> 60%.

Knowing the abrasiveness coefficient and operating
conditions of boiler pipes (gas velocity and temperature,
ash concentration, uneven velocity and concentration
fields), it is possible to calculate the value of ash wear of
steam generator pipes and estimate the service life of
convective heating surfaces when operating on fuel of
various compositions.

The calculation of the rates of abrasive wear of the
poisonous economizer and the air heater is carried out in
accordance with [6].

The values of velocities, volumes and temperatures of
gases, ash concentration, etc., required for studies of
abrasive wear of convective heating surfaces were
determined as a result of the verification calculation of the
boiler.

5 Determination of costs associated with
the replacement of project fuel with
alternative fuel, including CEW

Changes in the qualitative characteristics of solid fuel
have an impact not only on the operation of the main and
auxiliary boiler equipment, but also on the performance
indicators of the fuel supply and ash removal systems. The
consequences of a change in the composition of the
burned fuel on the operation of equipment must be taken
into account throughout the entire technological chain of
fuel use: from unloading and storing coal to emissions of
harmful substances into the atmosphere, transportation
and storage of ash and slag waste, etc.

To take into account these consequences, the work uses
the methodology for determining costs when using solid
fuels of various compositions at TPPs, developed in the
ESI SB RAS [7]. This methodology allows one to
determine the costs associated with replacing the design
fuel with an alternative one, and to assess the economic
feasibility of using an alternative fuel.

Part of the total annual costs associated with changes in
the properties of fuel and its price can be presented as a
sum

TC=C!+.. +C" (%)

and includes: costs for the purchase and transportation of
fuel; costs of operation and repair of the unloading,
storage and fuel supply system; costs of repairing the
main and auxiliary boiler equipment; costs of operation
and repair of ash collection systems; costs for operation
and repair of CEW ash removal systems; costs of storing
ash and slag; payment for ash and sulfur oxides emissions.
The technique has been improved and allows one to take
into account the costs associated with a change in the rate
of low-temperature corrosion of the st stage air heater

through a change in its service life, which is reflected in
the costs of repairing the main boiler equipment.

6 Calculation results based on the
mathematical model of the boiler

The initial fuel in the calculations is coal from the
Cheremkhovskoye deposit (W' —15.0 %, A" —29.8 %, S*
—2.0%,C"—42.5 %, H" - 3.1 %, N"— 0.6 %, O" — 8.1 %,
LHV - 16410.0 kJ/kg). An alternative fuel is a mixture of
Cheremkhovsky coal with granular CEW (W' — 26.6 %,
A"—28.1 %, S"—0.55 %, C"—36.76 %, H" — 2.68 %, N" —
0.52 %, O" — 7.0 %, LHV — 12537.1 kJ/kg) with the
content of the last 30%, 50% and 70%. A 50% bitumen
emulsion is used as a binding component in granulation,
at a cost of 6,000 rub/ton. The calculation is made for two
compositions of granules - without and with the addition
of a component that binds sulfur oxides - marble chips
(CaO - 59.22%, SiO; - 22.49%, MgO - 17.4%, Al,O3 -
0.487%, Fe;03 - 0.115% and others), costing 2,100
rub/ton, including delivery. The cost of CEW is 196 rub/t.
The calculation also takes into account the cost of the
granulator in the amount of 3 million rubles, the cost of
granulating CEW, changes in the rates of abrasive wear
and low-temperature corrosion. The initial data for the
calculation were taken according to the actual values
provided by the CHP.

Based on the calculation results, the dependences are
plotted, shown in Figures 3—6.
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7 Conclusion

Tables 2, 3 show the total annual costs associated with
replacing the original fuel (Cheremkhovsky coal) with an
alternative one.

Based on the analysis of the calculation results, the
following conclusions were made.

1. The cost of 1 ton of natural fuel is reduced when
granular CEW is added. Nevertheless, the cost of 1 ton of
standard fuel increases, since when CEW is added to the
fuel composition, its calorific value decreases. When
marble chips are added to the fuel, the cost of both natural
and coal equivalent fuel increases. Together with an
increase in the cost of producing granules, this leads to an
increase in the total costs of purchasing, transporting,
unloading, storing and supplying fuel.

2. A decrease in the quality of the fuel (the heat of
combustion of the combusted mixture) leads to an
increase in its consumption, which is necessary to
maintain the steam capacity of the boiler, and, as a
consequence, to an increase in the volume of emissions of
solid particles with flue gases. Changing the parameters
of the flue gas flow leads to an increase in the rate of
abrasive wear of convective heat exchange surfaces. The
corresponding components of the total costs are also
increasing - the cost of repairing the water economizer,
the cost of operating and repairing ash collection and ash

removal systems, the cost of storing ash and slag, and
payment for the emission of ash particles. The addition of
marble chips to the fuel also leads to an increase in the
costs of repairing the dust preparation system, which is
due to an increase in the ash content of the combusted
mixture.

3. A decrease in the sulfur content in the fuel when CEW
is added to its composition and the binding of sulfur
oxides by the active constituents of marble chips leads to
a significant decrease in their concentration in the exhaust
gases and, as a consequence, to a decrease in the dew point
temperature and a decrease in the rate of low-temperature
corrosion. The corresponding components of the total
costs are also reduced - the cost of repairing the air heater
(the rate of low-temperature corrosion significantly more
affects the service life of the lower cubes of the air heater
than the rate of abrasive wear) and the payment for sulfur
oxide emissions.

Table 2. The value of the total costs and their components for
various options for the composition of the fuel without marble
chips.

Coal mix with granular waste
from coal preparation

Fuel composition Coal (coal/CEW)

70 %/ 50 %/ 30 %/

30 % 50 % 70 %
Cost of 1 ton of
fuel, including
delivery, rub.
natural 830 813,9 803,2 792,48

fuel equivalent 1482,1 1538,7 1580,3 16254
Costs for the

purchase,
transportation,
2100,7 2261,3 2307,1 2356,3
storage and
supply of fuel,
rub/tfe.

Expenses for the

repair of main
and auxiliary 23,34 23,7 23,76 23,55
equipment,
rub/tfe.
Costs for the

operation and
repair of ash
collection
systems, ash and 79,91 86,68 92,02 98,35
slag removal
systems and for
storage of ash and
slag, rub/tfe.

Fee for emissions
of ash particles, 62,3 63,95 65,03 66,02

rub/tfe.
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Fee for emissions
of sulfur oxides, 19,56 6,44 5,18 3,59 4. A decrease in the concentration of sulfur oxides in the
rubl/tfe. exhaust gases leads to a decrease in the dew point
Total costs temperature. This makes it possible to reduce the
excluding the cost | 8073 9034 912.81 | 922.93 temperature of the flue gases and thereby .shghtly
of fuel. rub/tfe compensate for the decrease in the thermal efficiency of
Total > . ‘ the boiler unit (np), caused by the deterioration of the fuel
o7 O, quality. However, the presence of anhydrous gypsum in
taking into . [
2285,8 24421 2493,1 25483 the combustion products, which is formed as a result of
account the cost the binding of sulfur oxides by calcium oxide, can lead to
of fuel, rubltfe. the formation of hard-to-remove gypsum deposits in

Table 3. The value of the total costs and their components for

various options for the composition of the fuel with marble

water scrubbers, which leads to the need not only to select
the optimal composition of the combusted mixture, but

chips. also to observe the exact chemical balance of the ash
collector.
Coal mix with granular waste 5. The obtained results show the possibility of binding of
from coal preparation sulfur oxides by fly ash of a combusted mixture of
Fuel composition |  Coal (coal/CEW) Cheremkhovsky coal and CEW without adding marble
chips (binding of sulfur oxides with a ratio of coal to CEW
70 % / 50%/ 30 %/ . ° o .
300, 509 709, of 50/50 and 30/70 is 7.35% and 20.23%, respectively).
. : . The highest binding of sulfur oxides is shown by variants
Cost f’fl m.n of using a mixture of Cheremkhovsky coal and granules,
fuel, including including marble chips, in proportions 50/50 and 30/70 -
delivery, rub. 26.89% and 66.63%, respectively.
natural 830 871,04 8984 925,76
fuel equivalent | 14821 | 16983 | 18659 | 20569 Despite th.e fa.ct that the introduction of granqlar CEW and
marble chips into the fuel leads to a decrease in the content
Costs for the of sulfur oxides in the flue gases, the calculation results
purchase, . show an increase in the total costs of operating and
transportation, 21007 | 24241 | 25987 | 2797.7 repair.ing technologif:al qnits for using fuel. The reasons
storage and for this are the deterioration of the quality of the fuel and
supply of fuel, the increase in its consumption, as well as the high cost of
rub/tfe. the components introduced into the composition of the
Expenses for the initial fuel.
repair of main
and auxiliary 2334 252 2578 25,67 Table 4 shows the bpundary Valuf:s of the costs of the
equipment added components (bitumen emulsion and marble chips),
rab/tfe ' upon reaching which, without reducing the cost of coal,
- the use of the given mixture compositions becomes
Costs for the .
i expedient.
operation and
repair of ash The last row of the table also shows the cost of coal, at
collection which, without changing the cost of the components
systems, ash and 79.91 112,29 | 142,46 | 181,84 introduced into the mixture, the use of the given
slag removal compositions becomes equal to the use of the original
systems and for coal.
storage of ash and . . .
Table 4. Conditions of equal efficiency of alternative fuel to the
slag, rub/tfe. . .
design one (in terms of total costs).
Fee for emissions
of ash particles, 62,3 64,95 70,63 | 129,23 Coal mix with granular waste
rubles/tfe. from coal preparation
Fee for emissions Fuel it (coal/CEW)
of sulfuroxides, | 19,56 | 6,23 4,19 1,54 uel composition Without marble chips
rub/tfe. 70 %/ 50 %/ 30%/
Total costs 30 % 50 % 70 %
luding th t 807,3 934,51 975,9 1079,1 Th t of bitu
excluding the coSs CC(.)S (6] 1tumen 3240 3890 4170
of fuel, rub/tfe. emulsion, rub/t
Total costs, Cost of marble chips,
king i i j )
faking into 0858 | 26328 | 28418 | 3136 rublt
account the cost Coal cost, rub/t 1168 1088 1054,5
of fuel, rub / tfe. With marble chips
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The cost of bitumen 70 % / 50 % / 30 %/
emulsion, rub/t 30 % 50 % 70 %
Cost of marble chips, 1660 210 2130
rub/t
Coal cost, rub/t 500 500 500
1653 1574 1589

The research was carried out under State Assignment 17.1.4 (No
AAAA-A17-117030310433-6) of the Fundamental Research of
Siberian Branch of the Russian Academy of Sciences.
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