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Introduction

The relevance of the problem of cleaning flue gases from pollu-
tants increases every year due to the strengthening of requirements for envi-
ronmental protection and human health. The increase in air pollution
caused by the activities of industrial enterprises, power plants and vehicles,
requires effective technologies to reduce emissions of harmful components, 20%
such as sulfur dioxide, nitrogen oxides and particulate matter. One of the
main sources of pollution is the activities of energy sector facilities that
operate on fossil fuels, in particular coal. A diagram of global electricity
production as of 2018 is shown on Fig. 1 [1]. It can be seen that 61% of the
world's electricity was produced from fossil fuels, including coal [1].

DOI: https://doi.org/10.15407/pmach2025.01.055

The ways to achieve the requirements of modern environmental legislation
of Ukraine and the European Union regarding the limiting emissions of
pollutants from large and medium-sized combustion plants concerning the
solid fuel steam boilers of municipal and industrial combine heat and
power plants (CHPP) in Ukraine is analyzed in the paper. The environ-
mental requirements and technologies for cleaning flue gases of solid fuel
boilers from the main pollutants, namely particulate matter, sulfur dioxide
and nitrogen oxides, were considered, and the effectiveness, advantages
and limitations for the implementation of these technologies on existing
boilers of thermal power plants were analyzed. The existing state of gas
cleaning equipment, put into operation more than fifty years ago, does not
meet current environmental requirements, and the urgent issue is the re-
construction and modernization of existing and the construction of new
gas cleaning plants. The use of fabric filters, electrostatic filters and wet
scrubbers with a Venturi tube will allow to fulfill the requirements of Eu-
ropean directives on dust emission limit values, and the most rational so-
lution will be to use the existing wet scrubbers with a Venturi tube, which
are equipped on the vast majority of CHPPs, by significantly increasing
the specific flow rate of liquid for irrigation. For the capture of gaseous
pollutants, a promising direction is the use of ammonium reagents for
highly efficient desulfurization and obtaining ammonium sulfate as a
desulfurization product, which is a mineral fertilizer, and the reduction of
nitrogen oxides to molecular nitrogen. The use of an aqueous solution of
ammonia in a wet scrubber with a Venturi tube will allow to simultaneous-
ly capture fly ash and sulfur dioxide in one device. To reduce nitrogen
oxide emissions in CHPP boilers, it is advisable from the point of view of
investment costs and spatial conditions to use the method of selective non-
catalytic reduction.

Keywords: steam boiler, flue gas, emission, Venturi tube, particulate mat-
ter, sulfur dioxide, ammonia, nitrogen oxides.
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Fig. 1. Main sources of global
electricity production [1]

Coal combustion produces a large number of emissions, with particular attention being paid to par-
ticulate matter, sulfur dioxide, and nitrogen oxides, which are the main pollutants.

The dynamics of the reduction of global emissions of sulfur dioxide and nitrogen oxides in electrici-
ty production between 1990 and 2019 is shown in Fig. 2 and Fig. 3 [1]. Emissions of these pollutants are de-
creasing every year. This is due to the development of new and improved flue gas cleaning technologies. The
driving force for this is the strengthening of requirements for reducing pollutant emissions.

This work is licensed under a Creative Commons Attribution 4.0 International License.
© Serhii V. Horianoi, Thor A. Volchyn, 2025

ISSN 2709-2984. IIpobremu mawunobyodyeanna. 2025. T. 28. Ne 1

55



POWER ENGINEERING

16 ¢

—_
(=]

Sulfur dioxide emissions (mln short tons)

1990 1995

2005
Year

2000

2010

2015 2020

Fig. 2. Annual sulfur dioxide emissions (1990-2019) [1]
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Fig. 3. Annual emissions of nitrogen oxides (1990-2019) [1]

In Ukraine, emissions of pollutants in the thermal power industry are regulated by the order of the Min-
istry of Environmental Protection and Natural Resources No. 309 of 27/06/2006 [2] on the standards of maxi-
mum permissible emissions of pollutants from stationary sources (general case) and the order of the Ministry of
Ecology No. 62 of 16/02/2018 [3] on the establishment of technological standards of permissible emissions for
thermal power (combustion) plants with a nominal thermal capacity of more than 50 MW. Tables 1 and 2 show
emission standards for various emissions of pollutants.

The technological standards for permissible emissions for existing combustion plants, which for further
long-term operation must undergo modernization of the main and gas cleaning equipment, are shown on Table 2.

Table 1. Maximum permissible emission standards

Table 2. Technological standards for pollutant emissions

(order No.309) [2] for modernized thermal power plants (order No. 62) [3]
Type Mass flow| Maximum permissible T Nominal thermal .
- 3 ype Technological
of pollutants rate, g/h | emission standards, mg/m power of the plant 3
: of pollutants standard, mg/m
Particulate matter > 500 50 (P), MW
differentiated 50<P<100 400
by composition =500 150 Sulfur dioxide 100 < P <300 250
Sulfur dioxide and 300<P 200
trioxide in terms >5000 500 Nit i 50<P<100 300
of sulfur dioxide {Hroger oxides 100< P 200
Nitrogen oxides Particulate matter, 50<P<100 30
in terms of nitrogen | > 5000 500 undifferentiated 100 <P <300 25
dioxide by composition 300<P 20

Table 3. Emission limit values for existing combustion
plants under Directive 2010/75/EU [4]

Table 4. Emission limit values for existing medium
combustion plants under Directive 2015/2193/EU [5]

Nominal thermal Emission limit ) Technological
Type power values, mg/nm? Type ggvil;zafltt}l::%ﬁt standard, mg/m’>
of pollutants of the plant (P), ;
P MW | Solid fuel| Biomass of pollutants (P), MW Sﬁihld Biomass
e
<pP<
S0=P=100 400 200 o 1<P<5 1100 200
Sulfur dioxide 100 <P <300 250 200 Sulfur dioxide
5<P 400 200
300<P 200 200
1<P<5 650 650
50<P <100 300 300 Nitrogen oxides
Nitrogen oxides 100 <P <300 200 250 ><P 630 630
300 < P 200 200 Pargculate.matter 1<P<5 50 50
50<P<100 30 30 differentiated 5<P 30 30
<P< .. <
Particulate matter — by composition
differentiated 100 <P <300 25 20
b iti
y composition 300 <P 20 20
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After signing the Association Agreement in 2014, Ukraine, in particular, undertook to comply with
the requirements of Directive 2010/75 "On Industrial Emissions" [4] regarding the limitation of emissions
from large combustion plants with a rated thermal input of at least 50 MW (Table 3) and Directive
2015/2193/EU "On the limitation of emissions of certain pollutants into the air from medium combustion
plants" [5] with a rated thermal input of 1 to 50 MW by 2030 (Table 4).

In Ukraine, solid fuel boiler units are present in munic- Table 5. Emissions from the largest
ipal and industrial CHPPs, for example, CHPPs of sugar facto- |  municipal CHP plants in Ukraine (2019) [6]
ries, of which there are currently 29 in Ukraine. The volume of NO. PM
emissions from municipal CHPPs in Ukraine as of 2019 is CHPP SOz tons | 0 tons
shown in Table 5[6]. Kalush 10599 | 612 | 2354

It is known that in the countries of the European Union Chernihiv 5782 1305 1869
the construction of new boilers and gas purification plants was Darnytsia 4572 2131 2665

financed by an additional tax and tariff on electricity for the Cherkasy 4488 7804 3626
population and industry. In our country, Article 243 of the Tax Kharkiv-2 3241 1258 2817

Code of Ukraine [7] provides for a tax rate for pollutant emis- Myronivskyi 2753 454 219
sions. Thus, for 1 ton of pollutant emissions, in particular, for Kramatorsk 1966 685 1891
nitrogen oxides, 2574.43 UAH should be paid, for sulfur diox- Sumy 598 345 829
ide — 2574.43 UAH, for particulate matter — 96.99 UAH. Total quantity | 33999 | 14594 | 16270

The amount of environmental tax paid by all municipal Ukrainian CHPPs operating on solid fuel, according to
Table 5, was about 123 million UAH, or 5.2 million dollars (at the dollar exchange rate as of 12/30/2019). This
does not cover the costs of constructing new gas purification plants at all. However, increasing the tariffs of the
environmental tax will directly affect the cost of electricity and heat. However, the authors of the paper do not
consider the issue of increasing the tariffs of the environmental tax, but instead focus on solving technological
issues of reducing emissions of pollutants from thermal power plants.

Taking this into account, the question arises for heat power engineers: how to achieve the level of Euro-
pean limit values for pollutant emissions when modernizing existing boiler units. This is especially relevant for
thermal power plants that must generate electricity and supply thermal energy for municipal and industrial needs.
Steam boilers of municipal CHPPs have a steam capacity of 110 to 230 t/h, which meets the conditions for the
application of Order No. 62, and in industrial CHPPs — a steam capacity of up to 40 t/h, which meets the condi-
tions of Directive 2015/2193/EU. These boilers were manufactured in the 1950s and 1960s, when the main envi-
ronmental aspect of the energy sector was the removal of particulate matter, so they are mainly equipped with
wet scrubbers with a Venturi tube and had a design dust removal efficiency of about 97%, which at an input dust
content of 30 g/nm? corresponds to an output dust concentration of 900 mg/nm’. Battery cyclones were generally
installed on the boilers with a cyclone fuel of the 2nd stage of the Cherkasy CHPP, which almost do not capture
dust particles smaller than 10 microns. In recent years, 2 new electrostatic precipitators with an efficiency of
more than 99.5% have been installed on two boilers at the Darnytsia CHPP. All other dust removal equipment
requires modernization or replacement. At the CHPPs of sugar factories, battery cyclones or bag filters (new) are
used to remove ash particles. Sulfur and nitrogen purification systems are not installed on the CHPP boilers.

The purpose of this paper is to review modern methods of cleaning flue gases from particulate matter,
sulfur dioxide and nitrogen oxides, analyze their efficiency, advantages and limitations, as well as identify the
main trends and the possibility of their implementation in the modernization of Ukrainian thermal power plants.

Particulate matter: impact and emission reduction methods

Particulate matter is formed by the thermal decomposition of the mineral component of the fuel and
is the result of incomplete combustion of its organic part. Such particles are classified by size, which deter-
mines their ability to penetrate the body. In high concentrations, particulate matter can cause respiratory dis-
eases, allergies, cardiovascular diseases [8], and sometimes can lead to lung cancer [9-11].

Industrial technologies for dust removal of flue gases are shown in the diagram shown in Fig. 4 [12].

The main dust removal devices in the thermal power industry are fabric (bag) filters, cyclones, elec-
trostatic precipitators and wet scrubbers. Different technologies have different capture efficiency depending
on the size of particulate matter, as shown in Fig. 5 [13].

ISSN 2709-2984. Ilpobnemu mawunobyoyeanns. 2025. T. 28. Ne | 57



POWER ENGINEERING

Hot-side ESP ol
() Favrc er | ]
99,9 g — ——
Electrostatic z = =T
precipitators Cold-side ESPs | —{ Nomex £ 99 — = __/_
(ESPs) WetESPs | S g s T | e
- ' k= i L
Reverse air ‘ —| Fibreglass | 2 8ot p y /’/ /]
S
Particulates Inside-out type E 5 | || ,.f 1{ /
control Fabric filters Shake/Deflate }——' Teflon | g Venturi scrubber /
techniques Outside-in type | 9 20— L R 1 +
K Swirl scrubber [y / Cyclone
Pulse - Jet —1 Ryton | g 5 Wt 1
A
'
: g o 41/
sunubbar 0010020050102 05 1 2 5 1020 um 100

Wet lime/
| Fly ash scrubbers
Wet limestone/
Fly ash scrubbers

Combined |
S0, /Particulate

Fig. 4. Flue gas dust removal technologies [12]

Particle size

Fig. 5. Efficiency of flue gas cleaning
by different cleaning plants depending
on the size of particulate matter [13]

Fabric filters are considered the most effective in terms of capturing particles smaller than 1 um. They
are highly effective for both coarse and fine particles. Cleaning occurs by passing the dusty gas flow through
the filter bag. The main mechanisms in this case are direct interception, inertial collision and diffusion [14].

The advantages of fabric filters are recognized as high capture efficiency
in a wide range; flexibility, which is ensured by the availability of various filter
materials; wide range of productivity (160-8000000 nm?/h); acceptable operating
pressure drops and power requirements; ability to work with various solid mate-
rials. The disadvantages of fabric filters include high hydraulic resistance (up to
1800 Pa), large area occupied by them, the ability to work only with dry flue gas-
es, which involves their preliminary drying, fragility and operation in a certain
temperature range [14]. The service life of fabric filters depends on the type of
material from which they are made, the conditions and intensity of operation, and
the cleaning method.

The use of high-efficiency air filters from a textile-organic metal base
[15, 16] will ensure microporosity of such a material and strong adhesion. As a
metal-organic framework, materials with metal centers of AI(II) [15] and
Zr(IV) [15, 16] with functional groups [16] can be used. Such air filters can be
reused, which is positive from the point of view of operating costs. The use of
nanofibers with some additives for the manufacture of filter materials can be
functional for the simultaneous removal of gaseous pollutants with simultane-
ous filtration of particulate matter [17].
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Fig. 6. Operation diagram
of a vertical cyclone with
tangential inlet [14]

The cyclone, the scheme of which is shown in Fig. 6, is one of the common methods of cleaning air
from particulate matter (aspiration). In the heat power industry of Ukraine, battery cyclones are used in the sec-
ond stage boilers of the Cherkasy CHPP. Due to the action of centrifugal forces in cyclones, particulate matter
is cleaned from the air. The advantages also include high productivity and the possibility of using them to clean

high-temperature gas mixtures [18]. However, they are
characterized by high hydraulic resistance (up to
1200 Pa), complete inefficiency in cleaning particles
with a size of <2.5 um and a significant decrease in ef-
ficiency due to increased flue gas humidity [18]. Based
on the above, we can conclude that cyclones can be
used as devices for primary dust cleaning of flue gases.

Electrostatic precipitators are devices for dust
removal from flue gases, the main principle of which is
to charge particulate matter in the gas stream and attract
it to the precipitation surface of the opposite polarity
[14, 19].
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Fig. 7. The principle of operation of an electrostatic
precipitator for the precipitation of particulate matter [14]
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Electrostatic deposition consists of three stages (Fig. 7):

— charging of the collected particles using a high-voltage corona electric discharge;

— collection of particles on the surface of an oppositely charged collection surface;

— cleaning of the deposition surface.

The advantages of using electrostatic precipitators are high efficiency of particulate matter removal with
the ability to clean large volumes of flue gases in a short period of time, low pressure drop and low operating and
maintenance costs [19]. The disadvantages of using electrostatic precipitators are high capital costs, the signifi-
cant size of this type of equipment and the need to comply with strict operating conditions.

Dry electrostatic precipitators [20] are cleaned by shaking, which provides secondary removal, while
wet electrostatic precipitators are cleaned by water. Particles larger than 1 um are negatively charged by cap-
turing negatively charged gas ions generated by corona charging. This is called direct (impact) charging [19].
Most particles smaller than 0.3 um are charged with these ions as they pass by. This phenomenon is called
"diffusion charging" and is associated with Brownian motion, which in turn is associated with thermal effects
[19]. Particles with a size of 0.3—1 um combine these two charging mechanisms. However, particles with a
diameter of 0.3—0.6 um are difficult to charge due to the transition between these two mechanisms [19], so in
this diameter range there is a decrease in cleaning efficiency, as can be seen in Fig. 5.

The rate of deposition of particulate matter in an electrostatic precipitator is called the "drift rate",
which depends on the electric force acting on the particulate matter and on the resistance force that increases
as the charged particle moves towards the precipitating electrode, perpendicular to the main gas flow. The
drift rate by the impact mechanism is determined by the following equation [14]:

-12
e 295107 -p-E.-E,-d, X
He

where p is the relative permittivity; E. is the charging field voltage, V/m; E, is the precipitating field voltage,
V/m; d, is the particle diameter, um; K. is the Cunningham correction factor for particles <5 um; p, is the dy-
namic viscosity of gas, Pa-s.

An estimate of the capture efficiency of dust of a certain size in an electrostatic precipitator can be
obtained using the Matts-Ohnfeldt equation, which is a modification of the Deutsch-Anderson equation [19]

(4

nzl_e 5

c?

where 1 is the efficiency of the fractional collection; wy is the drift speed, m/s; & is a constant having a value
of 0.4-0.6; A4 is the total collection area, m?; Q is the volumetric air flow rate, m?/s.

Compared to dry ones, wet electrostatic precipitators have the following advantages: due to the use of
water to clean the precipitation electrodes, they do not have problems with discharge, in addition, they elimi-
nate re-emission; there is the possibility of using a higher charge power, and the temperature of the flue gases is
reduced due to high humidity, which leads to greater removal efficiency; they are easily integrated with other

desulfurization technologies to eliminate other ciean gas Slan g
pollutants [19]. However, there are disad- | ! |
vantages, namely, wet electrostatic precipitators
complicate the particulate matter control system, oimnaior : S J
increase water consumption; due to the possibil- i v, aus
ity of H,SO4 formation, wet electrostatic precip- P i e
itators must be made of more expensive corro- " e T"'”'—’T':qz*:"«
sion-resistant materials, and they require N N N
wastewater desulfurization or disposal systems,
which increases capital and operating costs, in- | "= —] e,
creases energy consumption, and may require |
flue gas heating [19]. PZLEJH.QL, ;
Wet dust collection plants are the most e ot

common dust removal methods at CHPPs in | Fig. 9. Irrigation scrubber  Fig. 10. Scheme of a wet scrubber
Ukraine. Their advantages are low cost, ease scheme [14] with a Venturi tube [14]

Mist eliminator.

Iy
A DY

Diverging
section

ISSN 2709-2984. IIpobremu mawunobyodyeanna. 2025. T. 28. Ne 1 59




POWER ENGINEERING

of operation and the possibility of combined flue gas cleaning using aqueous solutions with alkaline properties.
However, the formation of a large amount of wastewater and corrosive effects are negative aspects when using
wet dust cleaning methods [21]. The simplest wet cleaning method is a countercurrent irrigation scrubber, the
scheme of which is shown in Fig. 9. Its principle of operation is to wet and capture particulate matter of flue
gases with water droplets. The Venturi tube (Fig. 10) in wet dust cleaning methods is used to capture small par-
ticles (<2 um) and works according to the inertial particle collection mechanism. Due to a significant increase
in the flow rate, the Venturi tube is a fairly productive device for flue gas cleaning.

The efficiency of trapping particulate matter by droplets in a Venturi tube is described by the follow-

v, (X)=v, (x)

ing formula [22]:
dx |,
vy (x) J

where Pt is the fraction of untrapped particulate matter (penetration); ¢, is the water spray density in a dusty
gas stream, kg/m’; ns is the deposition coefficient of particulate matter with diameter d, on spherical drops with
diameter Dg; p; is the density of water, kg/m*; v, is the velocity of ash particles with diameter d,,, m/s; v, is the
droplet speed diameter D4, m/s; L is the length of the Venturi tube from the nozzle to the tube outlet, m; x is the
coordinate along the axis of the Venturi tube [22].

The effect of parameters on the capture of particulate matter using a wet scrubber has been studied in
some papers [23, 24]. It was shown that increase in the flue gas velocity reduces the cleaning efficiency due
to a decrease in contact time, while increase in the humidity improves the efficiency due to the effect on dif-
fusion. It was also shown that salt solutions are more effective due to the diffusion-phoretic force created by
salt solutions [23].

The capital costs and the costs of operation and maintenance of different types of dust cleaning
plants [14] are shown in Table 6.

The capital costs for a boiler with a flue gas flow of 200 thousand nm?/h when installing a dry plate
electrostatic precipitator are about 2.7 million dollars on average; a bag filter with pulse cleaning — 2 million
dollars; a wet scrubber with a Venturi tube — 1.46 million dollars.

From the point of view of capital and operating costs, the use of a wet scrubber with a Venturi tube
is an inexpensive solution that can provide high efficiency in cleaning flue gases from particulate matter.
However, if an aqueous solution of ammonia is used instead of water, this will simultaneously allow for the
effective cleaning of flue gases from sulfur dioxide in one device.

L

_ _ 34,
n—l—Pt—l—exp[—ED -J-nz(x)-

aPr

Table 6. Capital and operating costs of dust cleaning plants [14]

Cleaning equipment Capital costs, $/(nm*/h) Operating costs, $/(nm*/h)

Cyclone 1.37-2.18 0.43-53

Dry tubular electrostatic precipitators 12.46 — 77.88 2.5-5.6
Dry plate electrostatic precipitators 6.23 —20.56 1.87-21.8
Wet tubular electrostatic precipitators 24.92 — 124.61 3.74-6.23
Wet plate electrostatic precipitators 12.46 —24.92 3.11-24.92
Fabric filter with pulse cleaning 3.74-16.2 3.11-14.95
Fabric filter with air reverse 5.6 —52.96 3.74 - 16.82
Fabric filter with a successful mechanism 4.98 —44.86 2.5-14.95
Venturi scrubber 1.56 — 13.08 2.74-74.77

Sulfur dioxide: impact and methods for reducing emissions

Sulfur dioxide is a highly toxic gas formed during the oxidation of sulfur. When released into the
atmosphere, SO, can lead to the formation of acid rain, which negatively affects vegetation [25], soil [26]
and water bodies. From the point of view of human health, SO can cause respiratory tract irritation, cough-
ing, bronchitis and exacerbation of asthma symptoms [11, 27]. A diagram of industrial flue gas desulfuriza-
tion methods [14] is shown in Fig. 11. They can be conditionally divided into dry, semi-dry and wet ones.

Dry desulfurization methods

The dry desulfurization method consists in the adsorption of sulfur dioxide on the surface of a pow-
dered sorbent. Natural reagents, such as limestone or dolomite, are some of the cheapest and most easily
available reagents for this purpose [28]. Slaked lime Ca(OH), can also be used for dry desulfurization.
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The powdered reagent is injected directly [ Wetman Lora processes
into the boiler fuel at high temperature (800— Wetproneeses

1000°C) with its calcination for reaction with Fofocesaes
SO, as a result of which the sorbents decompose orypocesses || “sces |
Flue-gas
Sorbent injection
4‘ Dryprocesses «‘ ok

and become porous with a large surface area, st on
with the formation of anhydrous calcium sulfate
or anhydrite CaSO4 [29]. The corresponding re- Troceeres [ ooy L spray-deyer absorption |

[No:

action equations are given below [14, 29, 30]:
CaCOs(5) 2 CaOs) + COxgy; | oo roereias s

Ca(OH)z(s) Heat Cao(s) + HzO(v), 4| Ammonia scrubbing
Wet p Hydrogen p ide scrubbing
CaOy) + SOy + 2 Oog) = CaSOuys). - J .

. . . — Sea water
However, this method is not sufficiently  ——
efficient — at a Ca/S molar ratio of about 4-5, a pu- |
rification efficiency of 50% can be achieved [30].

By recycling the process, the removal efficiency Fig. 11. Industrial flue gas desulfurization methods [14]

can be increased to 70-80% [30], which also does not meet current emission standards [14, 30]. Another signifi-
cant disadvantage is the formation of anhydrous calcium sulfate, which has no commercial potential without
the possibility of reusing it.

The use of sodium bicarbonate as a sorbent [31] is considered as an alternative to lime compounds,
which has a fairly high purification efficiency from sulfur dioxide with the ability to simultaneously reduce
nitrogen oxide emissions [31]. The reactions are given below [31]

2NaHCO;3; — Na,COs + H,O + COq;
Na,COs + SO, — NaSO3 + COy;
Na,COs5 + SO; + %2 O; — NaSO4 + COs.
However, its use is limited by high operating costs due to the significant cost of this type of sorbent.

Semi-dry desulfurization methods

The semi-dry desulfurization method, the scheme of 4
which is shown in Fig. 12 [29], is a combination of dry and o P = Flucg %"
wet desulfurization methods. The principle of operation of the v R
semi-dry method is to spray finely dispersed drops of solutions l s p—
or suspensions of alkaline compounds to absorb acid gases. Loe ([t | sboerer S
Water moistens the flue gases, which improves the removal of =4 t
both sulfur dioxide and particulate matter [31]. The water in \éng'ﬂ - .
which the reagent was dissolved evaporates, and as a result the Q I i
product is removed from the technological process in a dry | [l rowccoa )
form in particulate matter capture devices. . .

This technology is characterized by low capital costs o
anfi the absence of wastewater generation, yvhich ma1.<es. it Fig. 12. Scheme of semi-dry flue gas
quite attractive for the modernization of boilers at existing desulfurization [29]
thermal power plants [29].

The simplest method for semi-dry flue gas desulfurization is to add solutions or suspensions to the
gas duct channel after the air heater or after the standard dust collector with a temperature in the range of
140-160 °C. However, there is also a drawback - the need to install an additional reactor-absorber due to
insufficient reaction time in the gas duct.

The most common in the thermal power industry are semi-dry desulfurization plants using lime sus-
pension in a molar ratio of Ca/S=1.5, which provide about 95% sulfur dioxide binding efficiency. The disad-
vantages of semi-dry lime technologies are the production of a non-commercial product (a mixture of calci-
um sulfite, calcium sulfate and unused lime), the need to recycle the reaction products to increase the effi-
ciency of the sorbent for removing sulfur dioxide. An alternative is the use of ammonia NH3 in semi-dry
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desulfurization systems, which will help to get rid of some of the disadvantages of calcium technologies,
while reducing capital costs by 23% and operating costs by 25% [32]. As a product of the interaction of am-
monia solution droplets with flue gases containing SO, in the semi-dry desulfurization method, dry ammo-
nium sulfate (NH4)>SO4, which is recognized as a mineral fertilizer, can be obtained [33]. The high solubility
of ammonia and its reactivity with the ability to react with humidified flue gases in the gas phase [34] will
ensure high efficiency of sulfur removal (up to 98%) in smaller units, which can reduce capital costs.

The disadvantage of the method is the toxicity of ammonia [35], so the use of such a reagent in-
volves strict emission control to prevent ammonia from "leaking" into the air, because the stoichiometric ra-
tio of NH3/SO, must always be less than 2.

Wet desulfurization methods

Wet methods are based on the phenomenon of absorption - the transfer of a substance from the gas
phase to the liquid one — with subsequent neutralization of pollutants by alkaline sorbents. Various compounds
with alkaline properties are used as sorbents, namely: calcium compounds — limestone or lime [36-38]; sea wa-
ter [31, 39]; ammonium compounds [31, 40, 41]. The reactions occur mainly in the liquid phase, but, as in the
case of ammonia, the reactions can also take place in a humidified gas stream. Due to its reliability and high
cleaning efficiency, the wet flue gas desulfurization system is the most common at coal-fired power plants [29].

The industrial method of desulfurization using calcium compounds, the scheme of which is shown in
Fig. 13 [42], follows the reactions described below [14]

SO + H,0 = H2S0s3; ]i”é"fiu
H,SO;=H" + HSOs; e
Caco; + H" = Ca*" + HCOs; o tese
HCOs + H' = H,0 + COy; I —
HSO; +/ 0, = SO + H; o ome—
Ca>* + SO + 2 H>0 = Casosx2H;0. -
The disadvantages of this technology are vy | — | «!
the high water consumption (15-25 kg/m? of flue 3 I s O 1 1
gases) [43], which is necessary for the recircula- \,'o | —
tion of the limestone suspension, which has a e © —Q el ik
very low solubility, high energy consumption, the R

desulfurization of a significant amount of
wastewater, and the formation of large volumes
of dihydrate gypsum.

The use of seawater for flue gas purifi-
cation is due to the alkalinity of seawater, the pH

Fig. 13. Typical scheme of limestone wet desulfurization
method with forced oxidation [42]

Process Water
of which varies between 7.6 and 8.4 due to the o
presence of carbonate and hydrocarbonate ions 1 [
[31]. After the reaction, sulfate ions are formed, 7 s ey
which are natural components of seawater, the e[ —
discharge of which back into the sea does not PR Bl conroe
significantly affect the environment. The main | _ o—
reactions are given below [39] | — [ — D
SO + H2O <> SOsaq) H20; PR P L
SOxq) “H20 + H,0 <> HSO;3™ + H307; Ammonia O Pk MscHioe
HSOs + Hy0 <> SO:2 + H;0'; ~ O -0~ [%"—;,}_O
HCO; + H3;0" <> COxq) + 2H20; Rar—uli veon Amorium Sutae

COz(g) +H,O0 < COZ(aq)'HZO;
HCO; + H,0 <« CO32_ +H;0".

Fig. 14. Scheme of an effective ammonia
desulfurization process [42]

The main advantages of the wet desulfurization process using seawater include the absence of the
need for chemical reagents due to their presence in seawater; the absence of by-products that need to be

62 ISSN 2709-2984. Journal of Mechanical Engineering — Problemy Mashynobuduvannia, 2025, vol. 28, no. 1



EHEPTETUYHE MAININHOBY AYBAHHA

treated or disposed of; the simplicity of the design and operation of the plant and the possibility of achieving
high SO, removal efficiencies (up to 99%) [31]. The process is limited to coastal power plants and low sulfur
content in the fuel; otherwise, additives (sodium hydroxide or magnesium hydroxide) must be used to neu-
tralize the absorber wastewater before it is discharged into the sea [14].

The use of an aqueous ammonia solution in the wet desulfurization method, the scheme of which is
shown in Fig. 14, is characterized by a high solubility of the alkaline reagent, which helps to reduce the
amount of wastewater and the size of the apparatus. In addition, the reaction of ammonium with humidified
flue gases in the gas phase [34] increases the efficiency of sulfur removal.

According to the scheme in Fig. 14 ammonia, flue gases, air for oxidation and process water are fed
into the absorber. The aqueous ammonia solution is fed into the absorber in the form of finely dispersed
droplets using several levels of spray nozzles, which will increase the contact area with the flue gases [44].
The main chemical reactions using aqueous ammonia solution are given below [31]:

NH; + H,O = NH4OH;
SO, + H,O = H,SOs;
H,SO; + NH4OH = NH/HSO; + H,0;

NHsHSO; + NH4OH = (NH4)ZSO3 + H,O.

Oxygen blown into the lower part of the absorber oxidizes ammonium sulfite to sulfate according to

the following equation:
2(NH4)QSO3 +0,= 2(NH4)2SO4

A study of the influence of various factors on the efficiency of flue gas cleaning from sulfur dioxide
with ammonium reagents is described in [45]. It was determined that increasing the pH value in the absorber to
5.5 leads to a rapid increase in efficiency. With a further increase in pH, the desulfurization efficiency increas-
es, but more slowly [45]. An increase in the liquid/gas ratio has a positive effect on the cleaning efficiency and
reaches a constant level at a value of 3 I/m?, which is explained by an increase in the contact surface [45].

The use of ammonia is limited by its toxicity [35], which craves increased requirements for the stor-
age and transportation of the ammonia solution. The use of urea as an alternative source of ammonia solves
the problem of storage and transportation, since urea is non-toxic and stable. Hydrolysis of an aqueous urea
solution is an effective source of ammonia generation, which can provide high efficiency in cleaning flue
gases from sulfur dioxide, but the use of this method is limited to the formation of ammonia as a result of
thermal hydrolysis at a temperature of 140 °C and a pressure of 0.4 MPa for 4 hours [46].

Table 7. Characteristics of industrial flue gas desulfurization methods [14]

Desulfurization . Seawater . .
method Wet Ammonia Desulfurization Wet soda Wet limestone Semi-dry
High-value by- Low capital cost; Low capital | Highly efficient spray | Low capital costs;
Features product; low simple operation; cost; easy zone; inexpensive dry by-product;
operating costs | proximity to the sea | operation reagent no liquid waste
Reagent Ammonia Seawater Soda Limestone Lime
Ammonium . Sodium .
By-product sulfate, fertilizer Purified seawater sulfate Commercial gypsum Landfill
S0, c;)tnicnelr;[ratlon High Low / medium High High Low / medium
SO, removal, % >98 >95 >98 >98 90-95
Capital cost,
$/(nm/h) 222-38 9.5-15.85 6.3-12.7 15.85-28.5 9.5-15.85
Reagent cost,
$/(nm/h) 50.7 - 66.5 0 63.4-824 9.5-15.85 38-47.55
By-product cost, .
$onof SO |95.1—159.5 (sale) 0 - 7:6-12.7 (disposal) 7.6-12.7
9.5 (sale)
removed

The main characteristics of modern desulfurization methods [14] are shown in Table 7. For a boiler
with a flow rate of 200 thousand m?/h, the capital costs when using the wet ammonium desulfurization meth-
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od average $6 million; wet soda desulfurization - $1.9 million; wet limestone desulfurization — $4.4 million.
However, due to the sale of the by-product (ammonium sulfate) in the wet ammonium desulfurization tech-
nology, operating costs can be almost completely compensated, unlike other technologies. The technology of
wet soda desulfurization has not received practical distribution due to the high cost of soda reagent.

The use of ammonium reagents is a promising direction in flue gas purification technologies. The
use of a semi-dry method involves the installation of two dust cleaning systems: for removing solid ash par-
ticles and for collecting a useful dry product, which increases capital costs. Since all ammonium salts are
water-soluble, ammonium desulfurization can be used in wet dust cleaning devices with subsequent separa-
tion of particulate matter from the solution. Also, the advantage of the wet method is the availability of ap-
propriate cleaning equipment, which is mostly used in existing CHP plants with the possibility of its modern-
ization to meet the necessary requirements. Another advantage is the possibility of complex flue gas purifica-
tion using ammonium reagents in one device.

The impact of nitrogen oxides and methods of their control

Nitrogen oxides NOx (a mixture of nitrogen monoxide NO and nitrogen dioxide NO) are formed dur-
ing high-temperature fuel combustion [12]. Nitrogen oxides are components of acid rain, which negatively affect
ecosystems. Within the boiler, almost 95% of nitrogen oxides are nitric oxide. In atmospheric air, the content of
nitrogen dioxide is about four times higher than that of nitric oxide. Nitrogen dioxide is a toxic gas that can cause
various diseases, such as respiratory and cardiovascular ones [8, 47]. It is also a component for the formation of
ozone, which can reduce air quality, lead to climate change and the deterioration of natural ecosystems [11, 48].

NOx is formed by three main mecha- NO, Contral
nisms [49-51]: 1

— thermal NOx is formed as a result of the
reaction between nitrogen and oxygen in the air;

L)
‘ Combustion Control ‘ | Flue gas treatment |

— fuel NOx is formed as a result of the i ]
. . . . . ‘et Systems Dry Systems
oxidation of nitrogen contained in the fuel; tpen] i)
i ' L
— fast NOx is formed as a result of the e :

combustion of molecular nitrogen in a burner e B
flame in the presence of hydrocarbons.

MNSCR

. . . val
Methods for controlling nitrogen oxide [Foe 6o Recicdaton J+— .
emissions are divided into primary and second- reyrm—rrer— N L
ary ones. The methods are summarized in the [ e fo—
diagram shown in Fig. 15 [52]. Fig. 15. Industrial methods for reducing

nitrogen oxide emissions [52]

Primary (regime-technological) methods for reducing NOx emissions are focused on reducing the
formation of nitrogen oxides, namely by reducing the temperature in the combustion zone, controlling the
amount of excess air, reducing the oxygen concentration in the ignition zone, reducing the time the fuel stays
in the zone with the maximum temperature, using low-emission burners, multi-stage fuel and air supply, etc.
[49, 50]. Primary methods are an important tool in the fight against nitrogen oxides, but they have low effi-
ciency, their use is possible only in combination with secondary denitrification methods. In existing boilers,
the use of primary methods often leads to a deterioration in fuel combustion conditions, an increase in chem-
ical and mechanical unburnt fuel.

The most effective methods for cleaning flue gases from nitrogen oxides are secondary methods, i.e.
methods for reducing the content of formed nitrogen oxides. Among them, attention is paid to two main
methods — selective non-catalytic reduction (SNCR) and selective catalytic reduction (SCR). The main rea-
gent for the reduction is ammonium compounds — ammonia NH3 and urea (NH»),CO.

Selective non-catalytic reduction involves the injection of nitrogen-containing chemicals into the up-
per part of the fuel within a certain temperature window without the use of a catalyst [14]. The temperature
range of this reaction is 800—1150 °C [53]. Although in some sources [54, 55] the value of the temperature
range is slightly different. SNCR does not require catalysts, which frees the plant from all technical problems
associated with the introduction of additional catalytic desulfurization of flue gases. The main reactions us-
ing ammonia and urea, respectively [14, 56]
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4NO + 4 NH; + O, = 4N, + 6H,0;

4NO + 2(NH2),CO + O, = 4N, + 2CO; + 6H,0.

Maintaining the temperature range is extremely important in the SNCR method. If the temperature is
lower, the reduction will not occur, which will lead to ammonia breakthrough. At the same time, too high
temperature will lead to oxidation of the reducing agent with the threat of increased NOx emissions. The de-
pendence of the formation of reagents in the SNCR process on temperature is shown in Fig. 16 [57]. Optimi-

zation of SNCR raises at least 4 main questions [55]:

— control of gas enthalpy — the need for optimized
ing agent;

— maintaining the optimal stoichiometric ratio to
mosphere;

cooling of flue gases before introducing the reduc-

prevent ammonia from being released into the at-

— control of the mixing process;

— ensuring sufficient stay time.

Selective catalytic reduction has an effi-
ciency of up to 90% and uses catalysts to acceler-
ate the reaction between ammonia and nitrogen
oxides at lower temperatures [14]. Ammonia is
chemisorbed on the active sites of the catalyst,
NOx reacts with the adsorbed ammonia to form
molecular nitrogen and water vapor according to
the following reactions: [14, 58, 59]:

4NO + 4NH;3 + Oz = 4N, + 6H0;

2NO; + 4NH; + O, = 3N; + 6H0.

The catalyst can be precious metals, such
as platinum [59], base metals — compounds of
vanadium, tungsten, titanium [59, 60], zeolites
[14, 61]. SCR systems are usually used in large
boilers. There are three main configurations of
selective catalytic reduction for coal-fired boilers,
the schemes of which are shown in Fig. 17 [14]:

—high dust, where the SCR reactor is
placed before the particulate matter removal de-
vice between the economizer and the air preheater.
In this configuration, the catalyst is exposed to fly
ash and chemical compounds present in the flue
gases, which can potentially abrasively destroy the
catalyst [14];
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Fig. 16. Reduction of NOx emissions
as a function of temperature [57]:
A — optimum temperature for the SNCR process
(low ammonia slippage);

optimum temperature for the SN+CR+SCR process
(high ammonia slippage)
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— low-dust, where the SCR reactor is lo-
cated after the particulate matter removal device.
This configuration reduces catalyst degradation due
to fly ash erosion. However, this configuration re-
quires an expensive high-temperature electrostatic
precipitator or a flue gas heating system to main-
tain the optimum operating temperature [14];

— tailings, when the SCR reactor is in-
stalled downstream of a flue gas desulfurization
(FGD) unit. It can be used primarily in liquid slag
removal boilers, as well as in retrofitted plants
with limited space and insufficient downtime for
retrofitting. However, this configuration is gener-
ally more expensive to operate than the high-dust
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17. Selective catalytic reduction configurations [14]:
(A) — high-dust; (B) — low-dust; (C) — tailing
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configuration due to the flue gas preheating requirements. The advantages of this configuration are a longer
catalyst life and the use of more active catalyst formulations to reduce the overall cost of the catalyst, especially
when burning fuels containing components that quickly deactivate the catalyst [14].

The capital and operating costs of the main denitrification methods are shown in Table 8 [14]. As
can be seen from the table, the capital costs of the SCR method are 6 times higher than the corresponding
costs of the SNCR, and the operating costs are 3 times higher. A significant disadvantage of SCR is the use
of expensive catalysts, which increases capital investment. Catalysts are also vulnerable to other pollutants,
which can reduce their efficiency. Therefore, in municipal CHPPs, it is more appropriate to use the SNCR
method, which is also effective.

Table 8. Capital and operating costs of denitrification methods

Variable Power, MW
Techno- | P& . 100 : : 300 : : 500 : : 700 . . 1000 :
logy ting | Capital | Operating | Capital | Operating| Capital | Operating | Capital | Operating| Capital | Operating
costs, costs, Costs, costs, costs, costs, costs, costs, costs, costs, costs,

$MWh | $KW |$/kW year| $/kW |$/kW-year| $/kW |$/kW-year| $/kW |$/kW-year| $/kW |$/kW year

1.23 321 1.76 263 0.76 243 0.64 232 0.58 222 0.53
SCR 1.32 349 1.86 287 0.81 266 0.69 255 0.63 244 0.57
1.41 377 1.96 311 0.87 289 0.73 277 0.67 265 0.62

1.04 55 0.48 30 0.26 22 0.20 18 0.16 15 0.13

SNCR 1.15 56 0.50 30 0.27 23 0.20 19 0.17 15 0.14

1.27 57 0.51 31 0.27 23 0.21 19 0.17 15 0.14
Conclusions

1. Existing technologies for cleaning flue gases from pollutants, in particular, particulate matter, sul-
fur dioxide and nitrogen oxides, for the modernization of existing boiler units of CHPPs operating on solid
fuel in Ukraine are considered in the paper. The target group of solid fuel boiler units of CHPPs must under-
go environmental modernization to comply with European environmental directives.

2. For the removal of particulate matter, the best equipment in terms of compliance with modern en-
vironmental requirements is a bag filter, an electrostatic precipitator and a wet scrubber with a Venturi tube
with significant irrigation. The choice of a wet scrubber with a Venturi tube using an aqueous ammonia solu-
tion is a rational solution due to the possibility of simultaneous removal of sulfur dioxide.

3. The use of ammonium reagents for wet removal of sulfur dioxide is a highly effective method
with the production of a useful product - ammonium sulfate. The semi-dry ammonium method of sulfur re-
moval is also effective, but a significant drawback is the need to install additional purification equipment to
particulate matter from the product. The best method for complying with modern environmental directives
with the possibility of upgrading the existing purification equipment of CHPP should be recognized as the
wet method of sulfur removal.

4. The selective non-catalytic reduction method can be easily integrated into existing CHPP boilers
without significant changes to the boiler design, therefore it is a more rational solution, especially for small
combustion plants.
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3aCT00yBaHHﬂ TEXHOJIOTiii OUMIEHHs TUMOBHX ra3iB sl TBEPAOMATUBHUX KOTJIiB
Termoe.ﬂeKTpoueﬂTpa.neﬁ

L.2C, B. T'opsinoii, "3 1. A. Boabuun
'TaetuTyT Temoenepretrunux Texuosorii HAH Vkpainu, 04070, Ykpaina, m. Kuis, Byn. Auapiisceka, 19

2 HaujonansHuii TexHiuHMH yHiBepcuTeT YKpainu « KuiBChbKuii MOMITEXHIYHMIA IHCTUTYT
imeHi Iropst Cikopcbkoroy, 03056, Ykpaina, m. Kuis, p. Bepecreiicbkiid, 37

3 HanioHanbHuUi YHIBEPCUTET XapUOBHUX TEXHOJOTIH, 01033, Vkpaina, M. Kuis, Bys1. Bonogumupcska, 68

Y cmammi npoananizosano winaxu 3a00801€HHA GUMO2 CYUACHO2O EKONO02IYHO20 3aKOHO0A6Ccmea Ykpainu il
Esponeticokozo Cor3y U000 0OMeNCEeHHs. BUKUOIE8 3AOPYOHIOIOYUX PEUOBUH IO GeNUKUX I CEPEOHIX CRATIOBAIbHUX VC-
MAHOBOK CMOCOBHO MEEPOONANUBHUX NAPOBUX KOMILIE KOMYHANbHUX | npomuciosux menioeiekmpoyeumpanei (TEL])
Vrpainu. Pozensinymo exonoziuni eumozu it mexHoI02il OUUyeHHss OUMOBUX 2a3i8 MEEpOONANIUSHUX KOMIE 8I0 OCHOG-
HUX 3a0PYOHIOIOUUX PEUOBUH, 4 caMe MBEPOUX YACMUHOK, OIOKCUOY CIpKU Ul OKCUOI8 a30my, NPo8edeHO aHali3 epexmu-
6HOCmI, nepesaz i 0bMedceHsb 051 BNPOBAONCEHHS YUX MEXHON02ill Ha menjoelekmpoyenmpani. AKyeHmosano Ha mo-
MY, WO ICHYIOUUL CMAH 2A3004UCHO20 0ONAOHAHHS, 68E0EH020 8 eKCNAYamayilo Oilbuie n’amoecsimu poKie momy, He
8I0N0BI0AE YUHHUM €KOJIO2TUHUM BUMO2AM, @ OMHCe, HASANbHUM € NUMAHHS PEKOHCMPYKYIT ma MooepHizayii HaAGHUX |
CNOPYOICEHHS HOBUX 2A300YUCHUX YCMAHOBOK. [l08edeH0, o 3acmoCcy8anHs MKAHUHHUX, e1eKMmPOCamudHux Qitom-
pi6 i MOKpux ckpybepis iz mpy6oio Benmypi 003601umbv 3a0080IbHUMU GUMO2U EBPONEUCLKUX OUPEKMUB WOOO0 ePAHUY-
HUX 3HAYeHb GUKUOY NULY, d HAUOIIbUL PAYIOHATLHUM DilleHHAM Oy0e BUKOPUCMAHHA HASAGHUX MOKDUX CKpYbepis i3
mpyboio Benmypi, skumu ocHawjena nepesadicna oinvwicme TEL], winsgxom icmomno2o 30inbuienns numomoi sumpamu
piounu Ha 3pouwienHs. J[na YioenenHa 2a3on00ioHux 3a0pyOHI0I0HUX PeHOGUH NEPCREKMUBHUM HANPSIMKOM € GUKOPUC-
MAHHSL AMOHIUHUX peazeHmie 0/l GUCOKOepeKmusHoi Oecyrb@ypusayii i ompumants K RPOOYKMY CIPKOOYUUEHHS
cynohamy amoniio, wo UCMynae MinepanrbHum 000pUBOM, ma GIOHOGIEHHSI OKCUOIE a30My 00 MOJEKYIAPHO20 A30MmY.
Buxopucmanusi 600H020 pozuuny amoniaky ¢ MOKpomy ckpybepi 3 mpyooio Benmypi oacms 3mo02y 00HOUACHO YI067I0-
eamu 8 0OHOMY NpUCMpoi 1emKy 301y i 0iokcuo cipxu. s 3uudicenns suxudie oxcudis asomy na komnax TEL] doyinb-
HUM [3 MOYKU 30pY THBECMUYIUHUX 3ampam i NPOCMOPOBUX YMO8 BUSHAEMbCA 3ACMOCYBAHHA MemOOy CeleKMUBH020
HeKamanimuyHo2o GiOHOBNIEeHHS.

Kniouosi cnosa: naposuil xomen, oumosi eazu, mpyba Benmypi, meepoi uacmunku, 0iokcud Cipku, aMOHIAK,
OKCUOU A30MY.
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