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Abstract

In recent years, a sharp increase in coal-based power generation has been observed in a
number of countries. Coal-fired thermal power plants remain the main source of harmful
emissions in the energy sector of many countries, including Kazakhstan. This creates a
strong need for the development of effective methods to reduce pollutant emissions at
thermal power plants. The aim of the present study is to perform a numerical investiga-
tion of the effectiveness of staged combustion technology with secondary air injection
(Over-Fire Air, OFA) applied to three boilers —PK-39, BKZ-160, and BKZ-75—which dif-
fer in design, capacity, and furnace configuration. CFD modeling was carried out using
the FLOREAN package, adapted to the conditions of the Kazakh energy sector, which
relies on high-ash coal (more than 40%) for coal-based power generation. Model valida-
tion was performed against experimental data obtained from operating thermal power
plants. It was found that air injection through OFA injectors intensifies turbulent mixing,
reduces peak temperatures in the main combustion zone, and ensures a more uniform
distribution of heat release along the furnace height, thereby suppressing thermal NOx
formation. It is shown that the spatial structure of NO concentration fields at the furnace
outlet strongly depends on the design features of each boiler. The results demonstrate the
high efficiency of staged combustion technology in reducing nitrogen oxide emissions and
improving the environmental performance of pulverized-coal boiler units. The obtained
results can be used in the design of new and the modernization of existing thermal power
plants utilizing coal-based power generation.

Keywords: coal-fired generation; harmful emissions; staged combustion

1. Introduction

Despite the world’s leading countries announcing their plans for carbon neutrality
by 2020-2060, coal production shows no signs of slowing down. This is primarily due to
high natural gas prices, huge demand for electricity, and the accelerated development of
energy and industry in China, India, and Southeast Asia [1].

The International Energy Agency’s report for the first half of 2025 predicts that global
coal consumption will remain at historically high levels in 2025 and 2026 (Figure 1). Global

Energies 2026, 19, 3083

https://doi.org/10.3390/en19133083



Energies 2026, 19, 3083 2 of 24

coal demand reached a new all-time high in 2024, reaching approximately 8.77 billion
tonnes, 1.5% higher than in 2023. Coal-fired electricity generation reached a record high
of 10,766 TWh that same year [2].

Global Coal Consumption 2022-2026, mt

Region/Country | 2021-22 2022-23 2(:12‘:(2;:26
Asia Pacific 6,639 6,971 6,967 5.3% 5.0% 0.0%
‘ China 4,520 4,740 4,535 4.6% 4.9% -1.5%
India 1,162 1,260 1,397 9.1% 8.4% 3.5%
Japan 185 171 157 1.2% -7.7% -2.8%
ASEAN 413 444 528 13.2% 7.5% 6.0%
North America 489 392 304 -6.9% -19.7% -8.1%
United States 455 360 276 -7.6% -20.9% -8.4%
Central and South America 48 38 35 -11.5% -20.6% -2.4%
Europe 671 561 456 4.3% -16.5% -6.7%
European Union 461 354 278 3.9% -23.3% -1.7%
Eurasia 368 378 379 1.0% 2.9% 0.1%
Russia 249 258 250 4.5% 3.3% -1.0%
Africa 187 183 193 -2.3% -2.2% 1.8%
Middle East 13 13 8 2.2% -2.2% -13.8%
World 8,415 8,536 | 8,344 4.0% ! 1.4% -0.8%

Notes:
CAAGR = Compound Average Annual Growth Rate.
Data for 2022 are preliminary; 2023 are estimated; 2024-2026 are forecasts.

Figure 1. World coal consumption in 2022-2026.

Global coal consumption in 2030 and 2050 will be higher than projected. The Inter-
national Energy Agency has repeatedly revised its coal forecasts, as overall electricity con-
sumption is growing faster than wind and solar generation. The growth in coal demand
will primarily come from the rapidly growing economies of India and other developing
countries in Asia and Africa. The world faces an inexhaustible need for electricity. The
IEA warns that the growth of energy-intensive data centers, fueling the emergence of ar-
tificial intelligence, will likely further increase electricity demand in the coming years (Fig-
ure 2).

Global electricity consumption

in billion kWh 35.17

+34%

2015 2020 2025 2030 2035 by 2050

Figure 2. World electricity consumption in billions of kWh.

Many countries are suspending or cancelling their programs aimed at phasing out
coal-fired power plants. At present, a rapid expansion of coal-based power generation is
being observed in some countries. This growth indicates that energy security is
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temporarily taking priority over climate-related discourse. The Middle East crisis has
brought coal back to the forefront of the global energy mix. The top 10 countries by coal
reserves are the United States, Russia, China, Australia, India, Germany, Ukraine, Ka-
zakhstan, South Africa, and Indonesia.

As for Kazakhstan, it is also continuing to rely on coal-based power generation. In
the coming years, Kazakhstan will not be able to abandon coal, as approximately 70% of
its electricity generation is coal-based. The country’s coal reserves are sufficient for about
300 years, and coal energy remains the backbone of the entire power system.

The Republic of Kazakhstan has approved a National Project Development of Coal-
Based Power Generation, which includes the construction of 8 new coal-fired power
plants with a total capacity of 5.3 GW, as well as the modernization and reconstruction of
11 existing power facilities with a total capacity of 2.5 GW [3,4].

According to experts, the bulk of decarbonization in Kazakhstan should occur be-
tween 2040 and 2060. In this regard, the National Project places particular emphasis on
the use of “clean coal” technologies. It envisages the construction of highly efficient coal-
fired power plants and the modernization of existing thermal power plants using ad-
vanced technological solutions and the introduction of modern coal combustion methods
that will reduce pollutant levels [5].

Reducing NOx emissions from high-ash coal combustion at Kazakhstan thermal
power plants is a pressing scientific and practical challenge. Significant experience has
been accumulated in CFD modeling of afterburning staged combustion (OFA) technology
for various types of industrial and power boilers. The influence of OFA parameters on the
flow structure and NOx emissions has been studied for boilers with counter- and tangen-
tial burner arrangements [6-8], the design of burner devices has been optimized in con-
junction with staged air supply [7], and the influence of deep staged combustion on the
distribution of heat flows and NOx in high-capacity boilers has been analyzed [8].

High ash content in coal significantly alters the kinetics of coke residue burnout and
requires special adaptation of standard CFD combustion models, which is especially im-
portant for Kazakhstan coals with an ash content of >40%. Such an adaptation was previ-
ously performed by the authors of this work for the basic combustion mode [9], but its
verification under staged combustion conditions with OFA has not been carried out. At
the same time, the overwhelming majority of published works were performed for boilers
of the same design type and for coals with a relatively low ash content (usually no more
than 8-15%).

A comparative CFD analysis of the efficiency of the OFA technology for several struc-
turally different industrial boilers operating on coal of the same high ash class (>40%),
typical for the Kazakh power industry, has not been carried out previously. It is this gap
that determines the purpose and scientific novelty of the present work: a quantitative com-
parison of the efficiency of staged combustion for the PK-39, BKZ-160 and BKZ-75 boilers
when adapting the FLOREAN CFD model to the conditions of high-ash coal.

To address the stated problem, the present study employs CFD modeling based on
the FLOREAN package (Braunschweig, Germany), a specialized tool for simulating react-
ing multiphase flows in geometrically complex domains, which has been widely validated
for industrial pulverized-coal boilers [10-12]. The software solves a coupled system of
conservation equations for mass, momentum, energy, and species using the finite volume
method, with closure provided by the k—¢ turbulence model and the eddy dissipation
model (EDM) for combustion.

In contrast to expensive experimental studies on physical models, this approach
makes it possible to reproduce the aerodynamics, heat transfer, and NOx formation di-
rectly in the actual furnace geometry under varying OFA operating conditions. A neces-
sary condition for the reliability of the results is the adaptation of the model to the specific
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features of high-ash Kazakh coal, validation against full-scale measurements at operating
thermal power plants, and a grid independence study —all three stages are implemented
in the present work.

In this study, CFD modeling is applied to investigate the effectiveness of OFA tech-
nology for boilers PK-39, BKZ-160, and BKZ-75 operating on high-ash Kazakh coal (>40%).
The selected boilers differ in design, capacity, and burner arrangement, which allows the
influence of geometric and aerodynamic factors on the efficiency of staged combustion to
be assessed.

The OFA operating principle is based on dividing the total air flow into two streams:
the primary air is supplied at the level of the burner devices and forms a fuel-rich zone
with a stoichiometric excess air coefficient (a < 1), while additional above-flame air is in-
troduced through specialized OFA injectors in the upper part of the furnace, ensuring the
afterburning of incomplete combustion products. This process organization forms two
functionally distinct zones: a reduction zone with a reduced O2 concentration and reduced
peak temperatures, in which NOx formation is suppressed, and an afterburning zone with
excess air, where complete oxidation of the fuel is completed [7].

The reduction in NOx emissions using OFA technology (Figure 3) is achieved through
three interrelated mechanisms. First, a decrease in the maximum flame temperature limits
the thermal formation of NO via the Zeldovich mechanism, the rate of which is exponen-
tially dependent on temperature. Second, the reducing atmosphere of the primary zone
initiates reactions of reduction of the formed NO to molecular nitrogen N2 upon interac-
tion with hydrocarbon radicals CHs. Third, the delay in contact of fuel nitrogen with mo-
lecular oxygen reduces the conversion of nitrogen-containing compounds of the organic
matter of coal to NOx [13-20].

Flue gas

Overfire Air

| Bumoutzone
(oxidizing)

Overfire air

Fuel and air

| Reburning zone :
_ (reducing) >econdapai

Reburn fuel

—_—
Overfire Air
Main burners —.

Primary zone
(reducing) Secondary air

Figure 3. OFA injector arrangement configurations.

At an optimal fraction of secondary air supply in the range of 15-30% of the total air
flow, and with a rational arrangement of the injectors, the combined effect of these mech-
anisms results in a 30-50% reduction in NOx emissions compared to conventional com-
bustion, without a significant increase in unburned carbon in the fly ash.

At the same time, the quantitative performance of the technology strongly depends
on the design features of the specific boiler unit, including furnace geometry, burner ar-
rangement, the elevation of OFA injectors, and their aerodynamic characteristics. This ne-
cessitates case-specific numerical investigations for each considered installation.
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Unlike most published studies on OFA technology in single-type boilers, the present
work is the first to perform a comparative CFD analysis for three structurally different
boiler units —PK-39, BKZ-160, and BKZ-75-operating on high-ash Kazakh coal (ash con-
tent >40%), for which standard CFD settings require specific adaptation. This makes it
possible to identify the influence of boiler design features on OFA performance and to
propose generalized recommendations for Kazakh coal-based power generation.

The study investigates the effect of secondary air injection through OFA injectors on
the aerodynamic flow structure, temperature fields, and the distribution of nitrogen oxide
(NO) concentrations along the furnace height and at the outlet section of the combustion
chamber. The objectives of the study include: (1) adaptation of the FLOREAN CFD model
to high-ash combustion conditions; (2) validation of the model against experimental data
from operating thermal power plants; and (3) quantitative assessment of NOx reduction
under different OFA injector configurations for each boiler.

The obtained results make it possible to optimize the combustion processes of high-
ash energy coal, reduce dust and gas emissions into the atmosphere, and facilitate the
implementation of clean energy technologies at any energy facilities both in Kazakhstan
and in other countries with coal-fired energy generation.

2. Materials and Methods
2.1. Mathematical Model

Numerical modeling of combustion processes in the furnaces of pulverized-coal boil-
ers is based on a system of conservation equations for mass, momentum, energy, and gas-
eous species concentrations. A detailed description of the underlying mathematical model,
including the formulation of boundary conditions and validation of the computational
approach, is presented in the authors” previous work [9].

In the present section, only the key aspects of the model required for understanding
the results are provided, together with a detailed description of the components that were
extended or modified for the simulation of staged combustion with secondary air injection.

In a generalized conservative form, the system of equations for describing combus-
tion processes in combustion chambers is written as follows [21-27]:

opo __dpuo, @ (1 30),
ot dx, dx, ox,

M

where ¢ —transport variable (u, v, w, T, C, k, €); ['y—transfer coefficient; Sy—a source term
that takes into account chemical reactions, radiant heat transfer, and interphase interac-
tions. The numerical solution is implemented using the finite volume method [21-31]. To
close the system, the standard k-¢ turbulence model with standard constants is used: Ci
=1.44; C2=1.92; Cu=0.09; ox = 1.0; e = 1.3 [21,22,32]. The turbulence intensity at the inlet
boundaries is taken to be Tu = 5%, which corresponds to typical conditions at the inlet of
industrial boiler burners [21,22,33]. To simulate radiative heat transfer, which plays a
dominant role in the combustion chambers of industrial boilers, a six-flow model of the
flow method proposed by Lockwood [34] is used. This model approximates the distribu-
tion of radiant energy flux using power series and spherical functions, providing accepta-
ble accuracy at moderate computational costs.

The pressure-velocity coupling is handled using the SIMPLE algorithm. The calcula-
tions are performed under steady-state conditions; convergence is defined by the reduc-
tion of normalized residuals for all governing equations below 10 [21,22].

The solved equations include conservation of mass (continuity), momentum in three
spatial directions, energy (enthalpy), transport of gaseous species (O2, COz, H20, CO,
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volatiles), as well as the transport equations for turbulent kinetic energy (k) and its dissi-
pation rate (¢).

2.2. Combustion Model of Pulverized Coal Fuel

In this work, the combustion process is described as a sequence of stages: pyrolysis
with the release of volatile matter and the formation of a char residue; combustion of vol-
atile products and carbon monoxide; and burnout of the char residue.

Pyrolysis is described using a single-step model [35], in which the volatile matter is
represented as fictitious hydrocarbons with an empirical molecular formula. The combus-
tion rate of the volatiles is determined within the framework of the Eddy Dissipation
Model (EDM), proposed by Magnussen [36], which provides a robust description of tur-
bulent combustion at moderate computational cost [37].

The adaptation of the FLOREAN package to the conditions of high-ash Kazakh coal
(ash content >40%) included the following modifications: (1) adjustment of volatile matter
yield based on proximate and ultimate analysis of the coals used; (2) refinement of the
char burnout rate to account for the increased content of mineral inclusions; and (3) ad-
justment of boundary conditions for the mass flow rate and temperature of the primary
air in accordance with the operating maps of real thermal power plants. A detailed justi-
fication of the selected models and their validation for high-ash Kazakh coals is provided
in [9].

In this study, particular attention is paid to the accurate representation of the inter-
action between secondary air jets and combustion products in the over-fire region. Under
staged combustion conditions, the source term Sy in Equation (1) is modified to account
for the local variation in the excess air ratio along the furnace height, which is crucial for
correctly predicting zones of reducing atmosphere formed below the level of the OFA
injectors.

2.3. Model NOx

During the combustion of pulverized coal, nitrogen oxides are formed in various
ways. The main contributors are the oxidation reactions of molecular nitrogen in the air
(thermal NOx formation) and fuel nitrogen (fuel NOx). Figure 4 shows the accepted
scheme for the conversion of nitrogen-containing compounds [10-12,21,37].

Light volatile
species

Heterocyclic
nitrogen compounds

in tar
SN Char
Pyridine || ) [P{HCN ¥ |
Coal K 0 H /ﬂ» e
with > —_ —> NHi
Hiksdann P— “\ J HON |2 HCN NCO N:II S 5
NH 1
NH3 ---=---=--- NO
Amines O NH3

NH,

j : Oxidizing agent
Nitrogen in char »

Figure 4. Scheme of transformation of nitrogen-containing compounds during coal combustion.
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The mechanism of thermal NOx formation is described according to the Zeldovich
mechanism. The rate of thermal NOx formation is calculated using a stable approximation
for the concentration of N radicals, assuming that the concentration of O radicals is equal
to the equilibrium concentration corresponding to the molecular dissociation of oxygen.

The main reaction responsible for fuel NOx formation is the oxidation of fuel-bound
nitrogen incorporated in complex organic compounds. It is assumed that these nitrogen-
containing species are released during the devolatilization process. They are rapidly con-
verted into hydrogen cyanide (HCN) or ammonia (NHs). Nitrogen in the form of HCN or
NHs may be released either through the reduction of NO to N2 or through oxidation to
NO.

Decomposition also occurs during the reburning of NO with hydrocarbons, leading
again to the formation of HCN. Some authors have developed simplified models for cal-
culating fuel NO concentrations in the combustible gas. De Soete proposed two reaction
schemes involving two competing reactions for NO formation and destruction [38].

Mitchell and Tarbell [39] proposed a global mechanism for nitrogen-mediated reac-
tions involving NH3, HCN, NO, and N as nitrogen-containing components. The first step
in the reaction is the conversion of HCN to NHs upon reaction with an oxidizer. The
Mitchell and Tarbell model takes into account the recirculation of NO back to HCN upon
interaction with hydrocarbons.

The NOx concentration is calculated postprocessorically based on frozen temperature
and gas mixture composition fields obtained from the main combustion calculation using
the EDM. This approach is justified by the low NO concentration (on the order of ppm),
which does not adversely affect the heat balance. Prompt NO via the Fennimore mecha-
nism is accounted for through the reaction CH + N2 — HCN + N in the flame front zone;
its contribution under high-temperature pulverized coal combustion conditions is rela-
tively small compared to the thermal and fuel mechanisms but is included for complete-
ness. The connection between the NOx model and combustion calculations is realized
through the fields of local temperature T, concentrations of Oz, N2, OH and CO calculated
by the EDM.

2.4. Boundary Conditions for Secondary Air Supply Zones

Unlike the standard combustion problem formulation, modeling modes with OFA
requires the specification of special boundary conditions at the inlet cross-sections of the
OFA injectors. The secondary air velocity at the injector inlet is determined by maintaining
the flow rate, considering the specified OFA fraction as a percentage of the total air flow
rate required for fuel combustion:

m
Yora = pair(j‘:)‘:A, @)
where mor, —secondary air mass flow rate; Apr, —the total cross-sectional area of the in-
jectors. The secondary air temperature was assumed to be equal to the air temperature
after the air heater. The kinetic energy of turbulence and its dissipation rate at the injector
inlet were specified similarly to the conditions on the main burner devices with a degree
of turbulence Tu = 5%.

At the outlet boundaries of the furnace chamber, free outflow conditions are applied:
the gradients of all variables in the direction normal to the boundary are set to zero. In
symmetry planes, the normal velocity components and the normal gradients of all varia-
bles are set to zero. No-slip boundary conditions are imposed on the solid furnace walls,
together with standard wall functions for turbulent variables. Thermal boundary condi-
tions are specified either as a fixed wall temperature (Tw), or as a prescribed heat flux (gw).

Thus, the presented mathematical model provides a comprehensive description of
the aerodynamic, thermal and chemical-kinetic processes in the combustion chamber,
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taking into account the specifics of staged combustion, which is a necessary condition for
reliable prediction of NOx emissions at different fractions of secondary blast.

2.5. Study of Combustion Processes in a Combustion Chamber Using Physical and CFD
Modeling Methods

For the numerical study, the combustion chambers of the following boilers were con-
sidered: PK-39, BKZ-160, and BKZ-75, operated at thermal power plants in Kazakhstan.
The selected boiler units are characterized by different combustion process organization
schemes, including thermal power, burner device layout, fuel, oxidizer, and OFA injector
delivery methods, as well as combustion chamber geometric dimensions (Figure 5).

Figure 5. Scheme of combustion chambers of boilers: PK-39 (a), BKZ-160 (b) and BKZ-75 (c).

The study investigates the effectiveness of staged combustion technology with sec-
ondary air injection (Over-Fire Air, OFA) for reducing nitrogen oxide (NOx) emissions. A
comparative analysis is performed to assess the influence of OFA supply on the aerody-
namic flow structure, temperature fields, and NOx concentration distribution within the
furnace volume. For each boiler, different secondary air injection regimes were consid-
ered, allowing the evaluation of how oxidizer redistribution affects combustion character-
istics and the environmental performance of the boiler units.

Boundary conditions and input parameters for all simulation cases were defined
based on operational data from existing thermal power plants. The initial data used in the
numerical modeling of fuel combustion processes, as well as the main characteristics of
the furnace chambers and coal particles, are presented in Table 1.

Table 1. Technical characteristics of boilers and coal composition.

Nomination PK 39 BKZ 160 BKZ 75
Height, m 29.985 21.000 16.75
Width, m 10.76 6.565 6
Depth, m 7.762 7.168 6.6
Number of boiler burners, pcs. 12 8
Number of tiers, pcs. 2 2 1
Air mixture temperature, °C 150 250 140
Fuel consumption for the boiler, t/h 87.5 30 12.49
Fuel consumption per burner, t/h 7.292 3.75 3.122
Boiler Coal composition (mass fraction)

Water Ash C H @) N S Coal
PK 39 0.070 0.409 0432  0.030 0.048 0.006 0.005 ekibastuz1
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BKZ 160

BKZ 75

0.058 0.397 0441  0.031 0.061 0.007 0.005 ekibastuz2
0.106 0.314 0478  0.034 0.058 0.006 0.004 karaganda

Figure 6 presents the finite-difference grids of the furnace chambers of the investi-
gated boilers PK-39, BKZ-75, and BKZ-160, obtained by discretizing the computational
domain into control volumes. The number of control volumes is determined by the fur-
nace geometry, its dimensions, the arrangement of the burner systems, and the configu-
ration of the secondary air (OFA) injection system.

Z[m]
A
Z[m]

==
L

ESSSS

(a) (b) (c)

Figure 6. Breakdown of combustion chambers: PK-39 (a), BKZ-160 (b) and BKZ-75 (c) into control

volumes for numerical modeling.

After conducting preliminary numerical experiments to assess the influence of mesh
resolution on the simulation results, optimal computational domain parameters were se-
lected. The criterion for grid independence was defined as a change in NO concentration
at the furnace outlet of less than 2% when refining the mesh to a finer resolution. For the
PK-39 boiler at the Aksu TPP, the computational grid consisted of 98,820 control volumes
with dimensions of 27 x 61 x 60.

For the BKZ-160 boiler, a computational grid with parameters of 41 x 36 x 45 was
used, providing 66,420 control volumes. For the BKZ-75 boiler, a finite-difference grid of
dimensions 90 x 32 x 158 was used, corresponding to 455,040 control volumes. Mesh re-
finement was applied in the regions of fuel and air injection, as well as near the furnace
walls. The structured meshes used are characteristic of the FLOREAN 5.0 package, where
similar resolutions have been successfully applied in validated simulations of industrial
pulverized-coal boilers [10-12]. The relatively lower number of control volumes for the
BKZ-160 boiler is compensated by the smaller furnace size (21 m) and by validation
against full-scale experimental data. This confirms the adequacy of the adopted resolution
for predicting the mean flow characteristics and NOx concentration distribution.

For the numerical simulation of heat and mass transfer processes in the furnace
chambers of thermal power plant boilers, the FLOREAN software package (Germany)
[10-12,21] was used. It is a specialized tool for simulating reacting multiphase flows in
geometrically complex domains and is widely applied in the study of combustion pro-
cesses in various types of thermal power engineering systems.

A methodology for adapting the FLOREAN package to the conditions of the Kazakh
energy sector was developed. This adaptation was necessary due to significant differences
between Kazakh and German coals: in particular, the ash content of domestic fuel can
reach up to 50%, whereas for German coals this parameter typically does not exceed 8%.

https://doi.org/10.3390/en19133083
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Additional differences are related to the design features of furnace chambers, burner
configurations, and fuel and air supply schemes typical of Kazakh power plants. Taking
these factors into account, the original FLOREAN code was modified, functionally ex-
tended, and validated for high-ash coal combustion, ensuring the reliability of the ob-
tained numerical results.

Using CFD modeling of the furnace chambers, an assessment of the effectiveness of
staged combustion technology was carried out by varying the fraction of air supplied
through over-fire air (OFA) injectors. The simulations were performed for three boilers
under the following OFA values expressed as a percentage of the total air flow required
for fuel combustion:

PK-39 (0% —baseline case, 10% and 20%);

BKZ-160 (0% —baseline case, 10% and 20%);

BKZ-75 (0% —baseline case, 5% and 18%).

The OFA variation ranges for each boiler were determined individually. For the BKZ-
75 boiler, the upper limit was set at 18% instead of 20% for two reasons: the smaller fur-
nace height (16.75 m) limits the length of the reducing zone and, at OFA fractions above
18%, leads to incomplete fuel burnout; additionally, the lower temperature level of the
process (885 °C compared to 1114-1239 °C for the other boilers) means that even a small
redistribution of air significantly affects the completeness of combustion.

Table 2 presents the calculated mass flow rates of secondary air through the OFA
nozzles for each of the studied modes.

Table 2. Design characteristics of boilers with staged fuel combustion.

Characteristic PK 39 BKZ 160 BKZ 75
Number of OFA burners, pcs. 6 4 4
Height of the lower burner tier, m 7.315 4.537 4
Height of the upper burner tier, m 10.115 5.523
Height of OFA burner tier, m 15.735 10 94
OFA burner diameter, m 0.7 0.361 0.325
, OFA—10% OFA—20% OFA—10% OFA—20% OFA—5% OFA—18%
Mass air flow through the OFA nozzle, kg/s 45 8.97 4007 8.015 0.186 0.830

As a result of computational experiments, distributions of the total velocity vectors,
temperature fields, and nitrogen oxide (NO) concentrations throughout the combustion
chamber and at its outlet were obtained. Based on the obtained data, a comparative anal-
ysis of the modes under consideration was performed.

3. Results

Within the framework of the present study, a comprehensive analysis was performed
of the influence of the air fraction supplied through OFA injectors on the thermal regime
of the furnace chambers of the boiler units PK-39, BKZ-160, and BKZ-75, the completeness
of fuel combustion, and the intensity of nitrogen oxide (NO) formation.

The simulations were carried out for each boiler at different values of secondary air
supply: for PK-39 and BKZ-160—0%, 10%, and 20%; for BKZ-75—0%, 5%, and 18% of the
total combustion air flow.

Based on the obtained results, it was established that variation in OFA injection pa-
rameters in all considered cases significantly affects the formation of temperature zones,
the mixing characteristics, the development of reducing conditions, and the efficiency of
burnout processes.

A comparative analysis of the three boiler units showed that, despite differences in
their design characteristics and in the ranges of variation in the secondary air flow, each
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of them has OFA injection regimes that provide a maximum reduction in NO concentra-
tion within the studied OFA fraction range (Table 3), while maintaining a stable furnace
temperature regime. The effect of these operating conditions on the completeness of fuel
burnout requires separate investigation and is considered a limitation of the present
study.

Table 3. Average values of temperatures T and NO concentrations at the outlet of the furnaces.

Boiler PK-39 BKZ-160 BKZ-75
OFA, % OFA—0 OFA—10 OFA—20 OFA—0 OFA—-10 OFA—20 OFA—0 OFA—-5 OFA—18
T, °C 1238.92 1220 1200 1113.7 1108.7 1106.7 885.80 868.10 856.27
NO, mg/Nm?  527.78 477.01 423.29 498.38 427.68 351.69 368.08 364.30 277.12

The obtained data indicate that the two-stage combustion technology with controlled
supply of additional air is an effective tool for reducing nitrogen oxide emissions and in-
creasing the energy efficiency of boilers operating on high-ash Kazakh coal.

3.1. Computational Experiment to Study the Aerodynamics of the Flow in the Combustion Space
of Three Boilers

Figure 7 shows the velocity vector distributions in the central longitudinal section of
the furnace chamber of the PK-39 boiler for two operating regimes: without air supply
through OFA injectors (Figure 7a, OFA = 0%, baseline case) and with air supply through
OFA injectors (Figure 7b, OFA = 20%).

Figure 7. The velocity vector field in the longitudinal section of the combustion chamber of the PK-
39 boiler for different volumes of air supplied through the injectors: OFA = 0% (a) and OFA =20%

(b).

Analysis of Figure 7a,b shows that activation of the OFA injectors leads to a change
in flame shape and a redistribution of velocity fields compared to the baseline regime. At
OFA = 20% (Figure 7b), the main combustion zone shifts toward the central part of the
furnace chamber, accompanied by a local increase in gas flow velocities. The high velocity
of secondary air injection through the OFA injectors intensifies flow turbulence and leads
to the formation of vortex structures in both near-wall and central regions, where inter-
acting opposing jets are present.

A comparison of Figure 7a,b indicates that the use of OFA injectors significantly al-
ters the aerodynamic structure of the flow: turbulent mixing is enhanced, the entrainment
of peripheral flows into the central region increases, and the intensity of momentum
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exchange between furnace zones rises. This promotes a more uniform distribution of oxi-
dizer, improves combustion conditions, and reduces the likelihood of incomplete com-
bustion product formation.

Figure 8 shows the velocity vector distribution in the longitudinal section of the fur-
nace chamber of the BKZ-160 boiler for the operating regimes OFA = 0% (Figure 8a) and
OFA =20% (Figure 8b).
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Figure 8. The velocity vector field in the longitudinal section of the combustion chamber of the BKZ-
160 boiler at different volumes of air supplied through the injectors: OFA = 0% (a) and OFA =20%

(b).

In the baseline regime (Figure 8a), a predominantly uniform upward axial flow of the
gas-air mixture is observed, without pronounced regions of local turbulence. When the
OFA injectors are activated (Figure 8b), intense horizontal jets are formed in the injection
regions, penetrating into the central part of the furnace chamber and causing a redistribu-
tion of the velocity field.

The interaction of opposing jets leads to the formation of vortex structures that en-
hance turbulent mixing of the gas—air mixture. A comparison of Figure 8a,b shows that
the use of OFA injectors intensifies aerodynamic processes within the furnace chamber.
The increased turbulent mixing promotes more effective fuel-oxidizer interaction, im-
proves combustion conditions, and reduces the likelihood of forming local oxygen-defi-
cient zones.

Figure 9 illustrates the velocity vector distribution in the central section of the furnace
chamber of the BKZ-75 boiler for the operating regimes OFA = 0% (Figure 9a) and OFA =
18% (Figure 9b).

In the baseline regime (Figure 9a), the flow develops predominantly along the verti-
cal axis of the furnace, with the formation of symmetric recirculation zones in the lower
part of the chamber. The intensity of transverse mixing remains limited.

When the OFA injectors are activated (Figure 9b), the flow structure becomes signif-
icantly more complex: additional jet streams are formed, and their interaction with the
main upward flow leads to regions of increased turbulence and intensive vortex formation.
The velocity field becomes less symmetric, and the penetration depth of the jets into the
central region of the furnace increases.

A comparison of Figure 9a,b shows that the use of OFA injectors enhances turbulent
mixing, improves oxygen distribution throughout the furnace volume, and reduces the
likelihood of local oxidizer-deficient zones. This contributes to improved fuel burnout and
reduced NOx emissions.
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Figure 9. The velocity vector field in the longitudinal section of the combustion chamber of the BKZ-
75 boiler at different volumes of air supplied through the injectors: OFA = 0% (a) and OFA = 18%

(b).

A comparative analysis of the aerodynamic fields of the three boiler units reveals a
fundamental dependence of flow restructuring on the furnace geometry.

In the PK-39 boiler with a large furnace height (30 m), the OFA jets mainly provide
axial flow redistribution; their transverse penetration depth is limited, which reduces the
effectiveness of forming a reducing zone across the entire cross-section.

In the BKZ-160 boiler with a compact geometry (21 m), the opposing jets reach the
central region of the furnace, creating intensive transverse mixing and an extended zone
with oxygen deficiency.

In the BKZ-75 boiler with a single-row burner arrangement, the flow restructuring is
asymmetric, which directly leads to a bimodal NO profile along the furnace height.

Thus, the aerodynamic analysis establishes a causal relationship between chamber
geometry, flow structure, and NOx suppression efficiency. For boilers with tall furnaces,
increasing the momentum and number of OFA jets is a priority, whereas for compact fur-
naces the key factor is the vertical positioning of the injectors.

3.2. Computational Experiment to Study Temperature Fields in the Combustion Space of
Three Boilers

Figure 10 shows the temperature distribution in the central longitudinal section of
the PK-39 boiler combustion chamber for the 0% OFA (Figure 10a) and 20% OFA (Figure
10b) modes. In the base mode (Figure 10a), a distinct high-temperature core with signifi-
cant spatial heterogeneity and local temperature maxima forms in the zone of the main
burners.

When the OFA injectors are activated (Figure 10b), a decrease in peak temperatures
is observed in the lower part of the combustion chamber, the flame extends vertically, and
the zone of maximum temperatures shifts upward along the chamber height. The stepped
air supply ensures a more uniform heat distribution throughout the combustion chamber
and promotes the formation of a stable flame structure.
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Figure 10. Temperature field in the longitudinal section of the combustion chamber of the PK-39

boiler at different volumes of air supplied through the injectors: OFA = 0% (a) and OFA =20% (b).

(*) indicate the monitoring points.

Figure 11 shows the temperature distribution in the longitudinal section of the BKZ-
160 boiler combustion chamber for the 0% OFA (Figure 11a) and 20% OFA (Figure 11b)
modes. In the base mode (Figure 10a), highly concentrated heat is generated in the burner
zone with pronounced local temperature maxima.

!

750 1000 1250 1500
(a) (b)

Figure 11. Temperature field in the longitudinal section of the combustion chamber of the BKZ-160
boiler at different volumes of air supplied through the injectors: OFA = 0% (a) and OFA =20% (b).

(*) indicate the monitoring points.

When the OFA injectors are activated (Figure 11b), a redistribution of the tempera-
ture profile is observed: the size of the high-temperature core decreases, and the zone of
maximum temperatures shifts upward along the furnace height. A more uniform distri-
bution of thermal stress throughout the chamber volume helps to reduce peak tempera-
tures in the active combustion zone and the intensity of thermal NOx formation.

Figure 12 shows the temperature field distribution in the longitudinal section of the
BKZ-75 boiler combustion chamber for the 0% OFA (Figure 12a) and 18% OFA (Figure
12b) modes. In the base mode (Figure 12a), the combustion core is concentrated in the
lower part of the combustion chamber, with high thermal heterogeneity observed, con-
tributing to localized overheating of the firebox screens and intensive formation of ther-
mal NOx.

https://doi.org/10.3390/en19133083



Energies 2026, 19, 3083

15 of 24

| I I I |
192 506 820 1134 1150

(a) (b)

Figure 12. Temperature field in the longitudinal section of the combustion chamber of the BKZ-75
boiler at different volumes of air supplied through the injectors: OFA = 0% (a) and OFA = 18% (b).

When the OFA injectors are activated (Figure 12b), the temperature field structure
changes significantly: the high-temperature zone expands and shifts upward along the
furnace height, and the temperature gradients become more uniform. Intensification of
afterburning processes in the supraburner zone contributes to increased fuel burnout and
a reduction in mechanical underburning.

Figure 13 shows the change in temperature T along the combustion chamber height
h for the following boiler units: PK-39 (Figure 13a), BKZ-160 (Figure 13b), and BKZ-75
(Figure 13c) at different values of the air fraction supplied through the OFA injectors, in
comparison with the experimental data from full-scale tests.

A common pattern is observed for all three boilers: an increase in the OFA fraction
leads to a decrease in peak temperatures at the bottom of the combustion chamber and a
more uniform temperature distribution along the height. For the PK-39 boiler, maximum
temperatures consistently decrease with an increase in the OFA fraction from 0% to 20%.
A similar trend is observed for the BKZ-160 boiler, where activation of the injectors is
accompanied by a smoothing of the temperature profile. For the BKZ-75 boiler, an increase
in the OFA fraction to 18% ensures a leveling of the temperature field in the overburner
zone.

The calculated curves are in satisfactory agreement with the experimental data
[40,41], and for the BKZ-75 boiler with the theoretical value obtained by the CBTI method
[42], which confirms the reliability of the applied CFD model. Thus, the use of OFA injec-
tors for the PK-39, BKZ-160 and BKZ-75 boilers ensures a reduction in peak temperatures,
equalization of the temperature profile along the height of the combustion chamber and a
shift in the maximum temperature zone to the above-burner region, which helps suppress
the thermal mechanism of NOx formation and increase the efficiency of fuel combustion.
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Figure 13. Temperature distribution T by the height of the combustion chamber of boilers: (a) PK-
39: curve 1—OFA = 0%; curve 2—OFA = 10%,; curve 3—OFA =20%; ®* —experiment at a thermal
power plant [40]; (b) BKZ-160: curve 1—OFA = 0%; curve 2—OFA = 10%; curve 3—OFA =20%; *
—experiment at a thermal power plant [41]; (c) BKZ-75: curve 1 —OFA = 0%; curve 2—OFA = 18%;
* _experiment at a thermal power plant [41]; # —theoretical value obtained by the CBTI method
[42].

3.3. A Computational Experiment to Study the Processes of Nitrogen Oxide NO Formation in
the Combustion Space of Three Boilers

Figures 14-16 show three-dimensional NO concentration fields in cross-section at the
combustion chamber outlet of the PK-39, BKZ-160, and BKZ-75 boilers under different
secondary air supply conditions. For all three boilers, a consistent decrease in maximum
NO concentrations and a leveling of the distribution field are observed with an increase
in the OFA share. However, the spatial structure of the zones of elevated concentrations
is determined by the individual design features of each boiler unit.

Analysis of Figure 14 for the PK-39 boiler shows that in the baseline regime without
air injection through the injectors (Figure 14a), the NO concentration field is characterized
by pronounced non-uniformity. The average NO concentration at the furnace outlet is
527.78 mg/Nm? (Table 3).

With 10% air injection through the injectors (Figure 14b), the NO distribution be-
comes more uniform: regions of high concentration decrease, and the dominant range
shifts to 375-450 mg/Nm?. The average outlet NO concentration decreases to 477.01
mg/Nm?, corresponding to a 9.6% reduction in emissions relative to the baseline regime.
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Figure 14. Distribution of nitrogen oxide concentration in the cross section at the outlet of the com-
bustion chamber of the PK-39 boiler at different volumes of air supplied through the injectors: OFA
=0% (a), OFA =10% (b) and OFA =20% (c).

(a) (b) (0)

Figure 15. Distribution of nitrogen oxide concentration in the cross section at the outlet of the com-
bustion chamber of the BKZ-160 boiler at different volumes of air supplied through the injectors:
OFA = 0% (a), OFA =10% (b) and OFA = 20% (c), x - indicate the monitoring points used for NO
concentration comparison.

NO, mn/nm’? NO, mn/nm’

(a) (b) (0)

Figure 16. Distribution of nitrogen oxide concentration in the cross section at the outlet of the com-

bustion chamber of the BKZ-75 boiler at different volumes of air supplied through the injectors:
OFA =0% (a), OFA = 5% (b) and OFA = 18% (c).
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An increase in the over-fire air fraction to 20% (Figure 14c) leads to a further reduc-
tion in NO concentration and a more uniform field distribution. The dominant values lie
in the range of 300-450 mg/Nm?, while regions of elevated concentrations are practically
absent. The average NO concentration at the furnace outlet decreases to 423.29 mg/Nm?,
which is 19.8% lower than the baseline case.

Thus, the application of OFA technology in the PK-39 boiler ensures a stable reduc-
tion in NOx emissions with increasing secondary air fraction. An increase in OFA from 0%
to 20% reduces the average outlet NO concentration from 527.78 to 423.29 mg/Nm? (19.8%),
while simultaneously lowering the furnace temperature from 1238.92 °C to 1200 °C. This
confirms the effectiveness of staged combustion in suppressing thermal NOx formation.

Figure 15 presents the NO concentration distributions in the cross-section at the out-
let of the furnace chamber of the BKZ-160 boiler under different over-fire air (OFA) injec-
tion regimes: Figure 15a—OFA = 0%; Figure 15b—OFA = 10%; and Figure 15c—OFA =
20%.

In the baseline regime (Figure 15a), the NO concentration field exhibits a symmetric
structure with zones of reduced concentrations in the central part of the cross-section.
Minimum values range from 350 to 387.5 mg/Nm?, while in the peripheral and corner
regions the concentration reaches 462-502 mg/Nm?. The average NO concentration at the
furnace outlet is 498.38 mg/Nm? (Table 3).

With 10% air injection through the injectors (Figure 15b), a redistribution of the con-
centration field is observed: regions of low concentration expand, while areas of high con-
centration decrease. The dominant range shifts to 387.5-462 mg/Nm3. The average NO
concentration at the outlet decreases to 427.69 mg/Nm?, corresponding to a 14.2% reduc-
tion in emissions relative to the baseline case.

With an increase in the OFA fraction to 20% (Figure 15c), zones of reduced concen-
trations occupy a significant portion of the cross-section, especially in the corner regions.
Despite a certain increase in the non-uniformity of the distribution compared to the OFA
=10% regime, the overall concentration level continues to decrease.

The average NO concentration at the outlet is 351.69 mg/Nm?, which is 29.4% lower
than the baseline case.

Thus, the OFA technology for the BKZ-160 boiler demonstrates high efficiency in re-
ducing NOx emissions. Increasing the over-fire air fraction from 0% to 20% reduces the
average NO concentration at the furnace outlet from 498.38 to 351.69 mg/Nm? (29.4%),
while the furnace temperature decreases only slightly —from 1113.7 °C to 1106.7 °C—in-
dicating that the dominant mechanism of NOx reduction under staged combustion is
chemical rather than thermal suppression.

Figure 16 shows the NO concentration distributions in the cross-section at the outlet
of the furnace chamber of the BKZ-75 boiler under different overfire air (OFA) injection
conditions: Figure 16a—OFA = 0%; Figure 16b—OFA = 5%; and Figure 16c—OFA = 18%.

In the baseline operating mode (Figure 16a), the NO concentration is distributed un-
evenly, with zones of elevated values located in the burner region. The concentration
range is 350-380 mg/Nm?, and the average NO concentration at the furnace outlet is 368.08
mg/Nm? (Table 3).

When 5% of the air is supplied through the OFA injectors (Figure 16b), the overall
distribution pattern remains similar; however, a slight decrease in NO concentration is
observed. The average NO concentration at the furnace outlet decreases to 364.30 mg/Nms?,
corresponding to a reduction of approximately 1.0% compared to the baseline operating
condition.

Increasing the OFA share to 18% (Figure 16¢) results in a significant reduction in NO
concentrations and a more uniform concentration field. The concentration range decreases
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to 270-290 mg/Nm?, while the average concentration reaches 277.12 mg/Nm?, which is
24.7% lower than in the baseline operating mode.

Thus, the application of OFA technology in the BKZ-75 boiler provides effective NOx
emission reduction, similar to the results obtained for the previous two boilers. Increasing
the share of overfire air from 0% to 18% reduces the average NO concentration at the fur-
nace outlet from 368.08 to 277.12 mg/Nm? (24.7%), while simultaneously decreasing the
furnace chamber temperature from 885.80 °C to 856.27 °C.

Figure 17 presents the results of two-dimensional modeling of the variation in NO
concentration (mg/Nm?) along the height of the furnace chamber for the RK-39 boiler (Fig-
ure 17a), the BKZ-160 boiler (Figure 17b), and the BKZ-75 boiler (Figure 17c) at different
levels of air supply through the overfire air (OFA) nozzles.
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Figure 17. Distribution of nitrogen oxide concentration by the height of the combustion chambers
of the studied boilers. (a) PK-39: curve 1—OFA = 0%; curve 2—OFA = 10%; curve 3—OFA = 20%;
®* —experiment at a thermal power plant [40]. (b) BKZ-160: curve 1—OFA = 0%; curve 2—OFA =
10%; curve 3—OFA = 20%; * —experiment at a thermal power plant [41]. (¢) BKZ 75: curve 1—
OFA =0%,; curve 2—OFA =5%,; curve 3—OFA =18%; * —experiment at a thermal power plant [41].

For the RK-39 boiler (Figure 17a), with a furnace chamber height of approximately 31
m, a pronounced peak in NO concentration is observed in the active combustion zone (7—
13 m), reaching 1050 mg/Nm? at OFA = 0%. As the OFA share increases to 10% and 20%,
the peak values decrease, and the outlet concentration is reduced from 527 to 423 mg/Nm?.
The experimental data reported in [40] are in good agreement with the calculated curves.

https://doi.org/10.3390/en19133083



Energies 2026, 19, 3083

20 of 24

For the BKZ-160 boiler (Figure 17b), with a furnace chamber height of approximately
21 m, the NO profile is characterized by a sharper peak in the combustion zone (4-6 m),
reaching 1150 mg/Nm? at OFA = 0%. The application of OFA (10% and 20%) leads to a
significant reduction in the outlet NO concentration—from 498 to 352 mg/Nm?3— confirm-
ing the high effectiveness of this method. A reasonably good agreement is observed with
the full-scale experimental data reported in [41].

For the BKZ-75 boiler (Figure 17c), with a furnace chamber height of approximately
16 m, a lower overall NO level is observed, along with a bimodal profile featuring con-
centration peaks at elevations of 2-3 m and 4-5 m. Increasing the OFA share from 0% to
18% reduces the outlet NO concentration from 368 to 277 mg/Nm? (25%) [41].

For all three boilers, a consistent trend is observed: increasing the proportion of over-
fire air (OFA) leads to a monotonic decrease in NO concentration at the furnace outlet.
Furthermore, the calculated results are in good agreement with the experimental data re-
ported in [40,41].

Table 3 presents the average temperature (T, °C) and NO concentration (mg/Nm?) at
the outlet of the furnace chambers of the RK-39, BKZ-160, and BKZ-75 boilers under dif-
ferent overfire air (OFA) supply conditions.

For the RK-39 boiler, increasing the OFA share from 0% to 20% is accompanied by a
decrease in temperature from 1238.92 °C to 1200 °C and a reduction in NO concentration
from 527.78 to 423.29 mg/Nm? (20%).

For the BKZ-160 boiler, a similar increase in OFA results in a decrease in NO concen-
tration from 498.38 to 351.69 mg/Nm? (29%), while the temperature changes only slightly.

For the BKZ-75 boiler, increasing the OFA share from 0% to 18% reduces the NO
concentration from 368.08 to 277.12 mg/Nm? (25%), accompanied by a decrease in temper-
ature from 885.80 °C to 856.27 °C.

The greatest reduction in NO emissions was achieved for the BKZ-160 boiler (29.4%,
from 498 to 352 mg/Nm?). This is attributed to the compact furnace geometry (21 m in
height), where the OFA jets provide intensive cross-flow mixing and create an extended
fuel-rich reducing zone with an oxygen deficit. These conditions suppress both the ther-
mal NO formation mechanism described by the Zeldovich mechanism (although the re-
duction in peak temperature from 1114 °C to 1107 °C is relatively small) and the fuel NO
pathway through the reduction of NO by CHi radicals.

For the RK-39 boiler, the reduction amounted to 19.8% (from 528 to 423 mg/Nm?).
The greater furnace height (30 m) decreases the effectiveness of OFA jet penetration and
cross-sectional mixing; however, the substantial temperature reduction (from 1239 °C to
1200 °C) effectively suppresses the thermal Zeldovich mechanism, which is the dominant
factor in NO reduction for this boiler.

For the BKZ-75 boiler, a 24.7% reduction (from 368 to 277 mg/Nm?) is achieved pri-
marily through the redistribution of oxygen within the combustion zones. The initially
low temperature level (886 °C) indicates a relatively minor contribution of thermal NO
formation; therefore, the main effect is associated with the fuel NO and prompt NO mech-
anisms. The bimodal NO concentration profile observed along the furnace height of the
BKZ-75 boiler indicates the presence of spatially separated heat-release zones associated
with alternating reducing and oxidizing regions—a phenomenon characteristic of a sin-
gle-row burner arrangement.

Thus, the high sensitivity of NO concentration fields to the introduction of OFA, de-
spite relatively small changes in the temperature profile, can be explained by the fact that
the thermal mechanism is only one of three interacting NOx reduction mechanisms. More-
over, its contribution varies significantly depending on the temperature regime of a par-
ticular boiler. Consequently, the overall effectiveness of OFA is determined not only by
temperature reduction but also by changes in oxygen distribution, combustion
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stoichiometry, and the enhancement of reducing reactions that suppress fuel and prompt
NO formation pathways.

The obtained results confirm that the technology of staged combustion with addi-
tional air supply is an effective way to reduce NOx emissions for boilers of different ca-
pacities and designs.

4. Conclusions

In the present study, CFD modeling based on the FLOREAN software package was
employed for the numerical analysis of staged combustion (Overfire Air, OFA) processes
in the furnace chambers of operating industrial boilers RK-39, BKZ-160, and BKZ-75 firing
high-ash Kazakhstan coal (>40% ash content). The simulations were performed in a three-
dimensional steady-state formulation using turbulence, combustion, and NOx formation
models adapted to the conditions of high-ash fuel combustion.

Satisfactory agreement was obtained between the simulation results and full-scale
test data from operating thermal power plants, confirming the adequacy of the adapted
FLOREAN software package for analyzing NOx emissions in real power units.

A stable pattern was established for the distribution of NO along the furnace height,
characterized by the formation of a maximum in the active combustion zone followed by
a decrease in concentration in the upper part of the chamber. The identified profile indi-
cates the dominance of the thermal mechanism of NOx formation, controlled by local tem-
perature and oxygen fields.

It was shown that the application of staged combustion technology with overfire air
(OFA) supply provides a systematic reduction in NO concentration for all boilers studied,
without loss of combustion stability. The effectiveness of the method depends signifi-
cantly on the structural and aerodynamic features of the furnace chamber: the NO reduc-
tion amounted to 20% for the RK-39 boiler, 29% for the BKZ-160, and 25% for the BKZ-75,
within an OFA fraction range of 5 to 18%. The lowest absolute NOx emissions were rec-
orded for the BKZ-75 boiler, attributable to the lower temperature level of the process,
which limits the thermal mechanism.

For the first time, based on a comparative analysis of three boiler size types, it was
shown that OFA effectiveness is determined not only by operating parameters but also by
the geometry of the furnace chamber and the aerodynamic organization of the flame. In
particular, the detected double-humped structure of the NO distribution indicates spa-
tially separated heat release zones associated with the alternation of reducing and oxidiz-
ing regions. From an energy standpoint, the introduction of OFA leads to a moderate de-
crease in furnace outlet temperature, without negatively affecting the integral character-
istics of the process.

The results obtained are consistent with published experimental and calculated data,
confirming the technological feasibility of OFA as a primary method for reducing NOx
without significant reconstruction of boiler equipment. The adaptation of FLOREAN to
high-ash coal conditions ensures reliable prediction of environmental protection
measures and can be recommended for optimizing the operating modes of boilers of sim-
ilar design.

Limitations of the study: the calculations were performed in a steady-state formula-
tion, which does not account for unsteady combustion effects; verification was carried out
for three boiler units of Kazakhstani type, and extending the results to boilers of a different
design requires independent verification; the effect of OFA on carbon carryover and the
intensity of slagging on heating surfaces requires a separate study.
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TPP Thermal power plant

CFD Computational fluid dynamics
OFA Overfire Air

BKZ drum boiler unit;

PK pulverized coal boiler.

EDM Eddy Dissipation Model

CBTI Central Boiler and Turbine Institute
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