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Abstract: The paper provides an outlook on future directions of research and the possible applica-
tions for pulverized coal-fired boilers. One potential direction for future research is to focus on the
ways to improve the efficiency of pulverized coal-fired boilers. This could involve developing new
combustion technologies that are able to more thoroughly burn the coal and produce less waste or
finding ways to capture and use the excess heat that is generated during the combustion process.
The pulverized coal combustion process in power boilers is still being improved by the preliminary
cleaning of coal and the use of various catalytic additives. Another area of research that could be
valuable is the development of advanced control systems and monitoring technologies for pulver-
ized coal-fired boilers. These systems could be used to optimize the performance of the boiler and
ensure that it is operating at maximum efficiency while also providing real-time data on the con-
dition of the boiler and any potential problems that may arise. The analysis of literature shows that
several future paths of development and scientific research related to the technology of pulverized
coal combustion in boilers can be distinguished.
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1. Introduction

Coal is the world's most abundant fossil fuel. Its share in generating electricity is
almost 40%; however, coal combustion in the power industry causes the emission of
pollutants into the air and the production of a large amount of solid by-products. Coal
combustion processes are the main source of polluting air with solid and gaseous, as well
as toxic and non-toxic, combustion products, i.e., hydrocarbons, sulfur oxides, nitrogen
oxides, carbon oxides, water vapor, and solid particles. The combustion of coal also
produces solid combustion products, such as ash and slag.

The amount of this waste depends on the amount of used coal, its quality (i.e., ash
content), the type and construction of the furnace, and the effectiveness of the used de-
dusting devices (the type of dedusting device also affects the grain size of ash). The de-
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velopment of technologies for using coal for energy purposes has made combustion
more and more effective, and, therefore, less coal is used to produce a unit of electricity.
The whole sequence of processes influences the improvement of the energetic, economic,
and ecological efficiency of coal combustion processes: from the improvement of coal
quality, through combustion technologies, to emission control and reduction devices.

Energies 2023, 16, 935. https://doi.org/10.3390/en16020935 www.mdpi.com/journal/energies



Energies 2023, 16, 935

2 of 16

Global trends and the general energy policy are focused on achieving three basic goals,
i.e,, minimizing the emission of harmful substances to the environment, maintaining en-
ergy prices at the lowest possible level, and ensuring the security of the energy supply in
the short and long term. Scientific research can play a crucial role in informing energy
policy by providing new insights into the technical and economic feasibility of different
energy technologies, as well as the environmental impacts of various energy sources. By
bringing together research findings from various disciplines, policymakers can make
informed decisions about the direction of energy policy and the best strategies for
achieving the goals of minimizing emissions, maintaining low energy prices, and ensur-
ing energy security. Energy policy can vary significantly from one country to another,
depending on a number of factors, including the country's natural resources, its eco-
nomic development, and its energy needs and demands. Some countries may have a
strong focus on developing domestic sources of energy, such as coal or oil, while others
may prioritize the use of renewable energy sources, such as wind or solar power [1,2].

Current global trends aim to increase the efficiency of electricity production and
reduce the emission of harmful substances. These goals are achieved thanks to the pos-
sibility of using modern technologies and materials in individual elements of conven-
tional power plants. One such element is a boiler. Increasing requirements for the opera-
tion of a boiler are needed due to the variable loading of the energy systems in which
wind and solar power plants (unstable in terms of their nature of operation) have an in-
creasing share. This results in the need to increase the dynamics of coal-fired power
plants. What is important in this case is the ability to switch from their basic operation to
their control operation. The speed and range of load changes, which are related to this,
are also crucial [3].

Combustion technologies are still being improved: coal is being purified, new de-
vices and process control algorithms are applied, catalytic substances are used, and the
process is optimized in terms of its flow. In the process of burning coal in power boilers,
various additives are used to prevent the accumulation of soot and other deposits. Their
use can significantly contribute to the improvement of the quality parameters of exhaust
gas emissions. Therefore, it is important to select the chemical composition of the fuel
additive, as well as the method of its administration. There are many possibilities of
modifying the course of the combustion process itself in order to increase the energy ef-
ficiency of boilers [4]. One of the most popular solutions is the use of catalysts [5-7]. A
number of different concepts of fuel additives have been proposed, among which the
most popular are copper compounds and sodium chloride. Fuel additives enable the load
related to coal combustion to be reduced and, therefore, the amount of fuel that is needed
to produce a unit amount of energy to also be reduced [3]. In today's conventional
coal-fired power plants, coal is burned in the form of dust. This technology allows for the
combustion of a wide range of coals in terms of quality but is less effective for coals with
a high ash content. Classic coal combustion technologies in power plants have a signifi-
cantly improved efficiency. Typical efficiencies for new installations are 3840%, with
older plants often having efficiencies of around 25%. Modern power plants that use su-
percritical or ultra-supercritical technologies often achieve efficiencies of above 40%.
There are studies being conducted with regard to burning coal that has been crushed into
very small particles; the heat released in this process causes a high pressure and high
temperature of the steam that drives the turbine; the flue gases that leave the boiler have
a high pressure, which is used to generate additional electricity.

Fluidized bed combustion technology improves the efficiency of the combustion
process itself, and also improves heat exchange and the recovery of waste products. Bet-
ter heat exchange and a better degree of coal mixing in the fluidized bed allow for the
lowering of the process temperature in relation to conventional pulverized combustion,
which, in turn, allows for the lowering of the emission of nitrogen oxides. Fluidized bed
combustion includes technologies that operate at atmospheric pressure and also those
that operate at increased pressure.
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One of the possible and justified directions of development is automation, the use of
electronics dedicated to the process, and the use of the best quality fuels (including the
aforementioned coal with an improved quality), which, in turn, may result in the cleanest
and most effective combustion.

2. The Most Important Future Directions of Scientific Research
2.1. Dust Handling System

One of the key components of these systems is the coal handling system, which is
responsible for transporting the coal from the storage area to the boiler and feeding it into
the combustion chamber. In many cases, the coal handling system includes a network of
dust ducts that are used to transport the pulverized coal from the storage area to the
boiler. These dust ducts, also known as pneumatic conveying systems, are typically made
from a combination of steel or other durable materials, and they are designed to with-
stand the high temperatures and abrasive conditions that are present in the coal handling
system. There are several factors that need to be considered when designing and oper-
ating the dust ducts in a pulverized coal-fired boiler. These include the type and size of
the boiler, the type of coal being burned, and the specific requirements of the coal han-
dling system. It is also important to consider the operating conditions of the dust ducts,
including the pressure, temperature, and flow rate of the coal being transported. One of
the key benefits of using dust ducts in a pulverized coal-fired boiler is that they can help
to ensure a continuous and reliable supply of coal to the combustion chamber. This is
particularly important in large-scale power plants, where the demand for electricity can
be very high and any interruptions in the coal supply could have serious consequences.

Bielecki et al. [3] presented a method of improving combustion dynamics in boilers
that operate in power plants, combined heat and power plants, and heating plants.
Thanks to the proposed method, a greater degree of fuel burnout is obtained, which, in
turn, results in lower energy consumption for the production of the same amount of
power. The parameters of the emitted exhaust gases and ash are also improved. The
method described in the article involves the adding of a catalyst to the dust duct of a
boiler (Figure 1), which improves the combustion parameters. The catalyst is applied
with the use of a sprayer/nebulizer. In order to obtain the correct flow parameters, this
nebulizer was modeled using CFD calculations. The calculations included the trajecto-
ries, velocities, concentrations, and pressure distributions for various flow parameters.
The results of these measurements allow for the assessment of the parameters that
guarantee the delivery of the catalyst (in the desired form) to the outlet of the dust duct
(Figure 2). The method described in this article involves the intensification of the com-
bustion of solid fuels in a boiler with the use of alkyl alcohol and the AI-Ni catalyst as
combustion promoters. It should be noted that the catalyst only works if there is alcohol
in the droplets. In the event of evaporation, the desired effect will not occur. Thanks to
the use of this method, a greater degree of fuel burnout is obtained, which, in turn, results
in both lower energy consumption for the production of the same amount of power and
an increased stability of the flame. The parameters of the emitted exhaust gases and ash
are also improved.
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Figure 1. Exemplary scheme of a dust duct. (gas: air; INLET 1: air temperature of 100°C; air flow
rate of 27 m/s; INLET 2: air temperature of 20°C; air flow rate of 20 m/s; isopropanol particle di-
ameter of 50 pm; isopropanol flow rate of 200 g/h; OUTLET 1: atmospheric pressure).

33.443
31.984
30.524
29.065
27606
26.147
24,688
23.228
21.769
20.310
18.851
17.392
16.933
14.473
13.014

Particle Yelocity (m/fs)

Figure 2. Exemplary results of the analysis of the concentration of particles (with a diameter of 50
micrometers) in a dust duct and also their velocities that were assumed in the calculations.

Opverall, the dust ducts are an important component of the coal handling system in
pulverized coal-fired boilers, and they play a critical role in ensuring the reliable and ef-
ficient operation of these systems. Continued research and development in this area
could lead to the development of more advanced and effective dust ducts that are able to
improve the performance and reliability of pulverized coal-fired boilers. In the labora-
tory, research on dust ducts can help to better understand the fundamental principles of
pneumatic conveying and the factors that influence the performance of these systems.
This type of research can be used to develop new designs and technologies for dust
ducts, as well as to identify and solve problems that may arise in their operation. In the
industrial scale, research on dust ducts is equally important as it can help to improve the
performance and reliability of these systems in real-world applications. This can include
the development of new materials and manufacturing processes that are better suited to
the demanding conditions of the coal handling system in a pulverized coal-fired boiler,
as well as the development of advanced control and monitoring systems that can opti-
mize the performance of the dust ducts. Overall, research on dust ducts is important in
both the laboratory and industrial scales as it can help to improve the efficiency and re-
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liability of these systems and ultimately contribute to the overall performance and envi-
ronmental impact of pulverized coal-fired boilers.

2.2. New Combustion Catalysts

Increasing production efficiency is a very important issue in the energy sector be-
cause it is associated with fuel savings, as well as with reducing the amount of pollutants
emitted per unit of generated energy. One possibility of increasing the energy efficiency
of boilers is the use of modifiers (catalysts) that can be added to fuels [8]. They improve
the effectiveness, efficiency, and speed of the combustion process, e.g., by burning heav-
ier hydrocarbon fractions that are formed during fuel combustion and thus by reducing
the loss of incomplete combustion. At the same time, this affects the level of pollutant
emissions into the atmosphere [9]. The used catalyst is expected to have high catalytic
activity and also high mechanical strength and abrasion resistance (so that it is not sub-
jected to mechanical damage). A spherical shape; monodispersity, with regard to particle
distribution; and also a nanometric size are preferred. In addition, the catalytic stability of
the catalyst is important [10]. The aspect that needs to be optimized is the appropriate
amount of added catalyst. There are many limitations related to the selection of additives,
e.g., the common problem of the high price of catalytic materials, as well as the fact that
some of them cause corrosion or contaminate combustion products [8].

Based on the literature review, it can be concluded that the topic of selecting the type
of catalyst for the coal combustion process, as well as its optimization and modification,
is a very popular issue [11]. There are several types of catalysts that can be used in boil-
ers, each with its own advantages and disadvantages. One type of catalyst that is com-
monly used in boilers is a metal oxide catalyst, which is made from a combination of
metal oxides and other materials. Metal oxide catalysts are effective at increasing the ef-
ficiency of burning fuels, and they are relatively inexpensive to produce. However, they
can be sensitive to temperature and may need to be replaced periodically. Another type
of catalyst that is commonly used in boilers is a zeolite catalyst, which is made from a
porous, crystalline material called zeolite. Zeolite catalysts are highly effective at in-
creasing the efficiency of burning fuels, and they are relatively stable and long lasting.
However, they can be more expensive to produce than metal oxide catalysts. A third type
of catalyst that is sometimes used in boilers is a hydrocarbon catalyst, which is made
from a mixture of hydrocarbons and other materials. Hydrocarbon catalysts are effective
at increasing the efficiency of burning fuels, and they are relatively stable and long last-
ing. However, they can be more expensive to produce than metal oxide catalysts, and
they may produce more pollutants when burned. In terms of a comparative analysis, it is
important to consider the specific needs and goals of a particular boiler system when
choosing a catalyst. Metal oxide catalysts may be a good choice for systems that are
looking for an affordable, effective solution, while zeolite catalysts may be a better choice
for systems that are looking for a more durable, long-lasting solution. Hydrocarbon cat-
alysts may be a good choice for systems that are looking for an effective solution with
relatively low pollutants, but they may be more expensive and may require more fre-
quent replacement. Ultimately, the best catalyst for a particular boiler system will depend
on a variety of factors, including the specific fuel being used, the efficiency goals of the
system, and the available budget.

The most commonly used catalysts include copper compounds and sodium chloride
[12]. The amount of introduced catalyst depends on the surface area of the furnace. In
1997, a method of producing a specific catalyst, which allows for the optimization of the
coal combustion process, was patented by Chinese scientists. The first step of this method
involved the preparation of a suitable HN or CaN carrier. For this purpose, natural zeo-
lite was soaked in a solution of HCl or CaClz. Afterwards, the carrier was placed in a
machine in order to be blended. It was mixed with a saturated solution of FeSOs,
Cu(NOs)z, and H2GeO:s in specific proportions at an appropriate temperature (60-120°C)
and at properly selected time intervals. The mixture was then roasted for 4-8 h at
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500-700°C. The catalyst produced by this method has high activity and enables the effi-
ciency of coal combustion to be increased, while, at the same time, enabling the quantity
of the slag and the amount of discharged harmful gas to be reduced [13].

Marcewicz-Kuba and Olszewska [14] present the results of research concerning the
impact of modifying DESONOX-type catalysts on the reduction in sulfur dioxide emis-
sions generated during the hard coal combustion process. DESONOX-type catalysts are a
very interesting alternative for flue gas desulfurization. They consist of a carrier, which is
a zeolite or montmorillonite, and an active material, which can be transition metal ions.
The authors of the research focused primarily on the impact of the catalyst’s preparation,
with particular emphasis on the method of impregnating the active material on the car-
rier in relation to the obtained catalytic activity. Catalysts containing nickel and cobalt
ions that are applied using one of three methods were compared. These methods include
impregnation, adsorption of appropriate nitrates from aqueous solutions, and the use of
modified methods: adsorption of appropriate nitrates from a water—sucrose solution and
double impregnation using EDTA solution. The addition of the catalyst significantly re-
duced the emission of sulfur dioxide. In the case of using cobalt ions, the maximum de-
gree of SO2 reduction in flue gases was 60%, while in the case of nickel it even reached
85%.

Wang et al. [15] studied the process of co-incineration of sewage sludge (SS) and coal
dust (PC). In addition to the analysis of various variants that result from the variable
quantitative shares of individual substrates, the influence of the catalyst on the course
and characteristics of combustion was also examined. The tested catalysts were CaO,
CeOz, MnQO, and Fe20s. The obtained results showed that all the tested catalysts im-
proved the combustion activity of the fuel mixture and also caused an increase in the
combustion rate of solid coal. As a result, the ignition temperature and burnout temper-
ature of the fuels were lowered. Considering full combustion efficiency and activation
energy as the evaluation criteria, the best catalytic effects were obtained for CeO.. In turn,
Fe20s can be considered to be the second best of the tested catalysts. However, due to
economic aspects, it seems more sensible to use Fe20s.

Fedorov et al. [10] present a method of obtaining an innovative CuFeAl nanocom-
posite catalyst, which can be successfully used in the combustion processes of, e.g., lig-
nite. It was shown that the developed spherical CuFeAl nanocomposite catalyst exhibits
high CO oxidation activity, is characterized by satisfactory mechanical properties, and
has a high stability temperature (up to 800°C).

Hu et al. [16] determined the effect of selected catalysts on the characteristics and
kinetics of the combustion of coal-char blends when using thermogravimetric analysis
(TGA) and differential scanning calorimetry (DSC). Catalysts, such as Fe2Os, CaO, and
MnO:, were analyzed. The obtained test results showed that all the tested catalysts had a
positive effect on the combustion characteristics of coal-char blends (especially in the in-
itial period of the process). The addition of a catalyst in the amount of 1.5% by mass can
satisfactorily improve the emission of volatile substances and also lower the ignition
temperature. The new catalysts optimize the coal combustion process and are widely
applicable to various types of coal (e.g., lignite, peat, soft coal) [17]. Their great advantage
is their simple production process, with the possibility of easily extending the scale of
laboratory production to mass production. The developed catalyst may be produced by,
e.g., dissolving raw materials in water and by distributing them evenly. The raw materi-
als contain the following components by weight: 0.05-1% of an iodine compound, 0.5-5%
of a rare earth compound, 0-15% of alkali metal salts, and 0-20% of earth metal salts [17].

In order to develop effective catalysts for use in pulverized coal-fired boilers, re-
searchers would need to consider a number of factors, including the chemical composi-
tion of the coal being burned and the specific pollutants that are being targeted. They
would also need to consider the operating conditions of the boiler, including tempera-
ture, pressure, and the presence of other substances, which could affect the performance
of the catalyst. Overall, the development of advanced catalysts for combustion in pul-
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verized coal-fired boilers is an area of research that holds significant potential for im-
proving the performance and environmental impact of these systems. Further research in
this area could lead to the development of new and more effective catalysts that could be
widely adopted in the power generation industry.

2.3. Supplying a Catalyst to a Dust Duct

Another alternative solution to optimizing and improving the efficiency of the
combustion process in boilers, which is used in many industries, is the method of deliv-
ering a catalyst to the system. The key role in this matter is played not only by the type
and form of the catalyst, and the place of its injection but also by the injection system it-
self. Liquid that is injected into different fluid or gas mixes naturally over time (Figure 3).
The speed of this mixing depends on how evenly the liquid was distributed —the finer
the spray, the quicker the mixing. In a moving fluid stream, the complete mixing of, e.g.,
fluid with the catalyst, may be required. This limits the time, ways, and possible locations
of injecting the fluid that must be fully distributed. Quick and efficient mixing can be
provided by selecting an effective nozzle. It is the angle of the spray stream or the con-
sistency of the sprayed liquid that require adjustment. Finer sprays can often achieve the
required mixing. When only small amounts of an additive have to be delivered into the
system, the flow rates will need to be maintained at a low level. In such cases, a finely
atomized spray is necessary. However, it is worth noting that fine atomization requires
high pressure and high flow rates [18].

Unsuccessful chemical injection

Process demands reaction
at this point

Channel of
treated gas

Injected material is

Gas flow entrained within gas flow * Treated gas

Successful chemical injection

Process demands reaction

. at this point
A spray mix with heavier

droplets means that the
spray pattern holds for
longer allowing complete
mixing

H
Gas flow + Completely treated gas

Figure 3. Unsuccessful and successful injection [18].

All of the above-mentioned factors have a direct impact on the properties of the
generated spray (droplet size and distribution spectrum). In the subject literature, nu-
merous pieces of work that are devoted to various atomizers can be found. The most
commonly used atomizers in combustion processes are: pressure, swirl, and pres-
sure-swirl atomizers. Currently, effervescent-swirl atomizers are also becoming more
and more popular [19].
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Bielecki et al. [20] describe the possibility of feeding a catalyst using a jet atomizer.
This solution is an innovative and interesting approach. The conducted tests showed that
in this case a desired droplet size is 30 um at a distance of 1 m from the nozzle’s outlet. As
the distance increases, the desired droplet size should also increase in order to achieve
the best efficiency of the process (Figure 4). Current research shows that the best place for
dosing the catalyst is probably to feed it behind the elbow pipe at a specific angle (Figure
5) [21]. However, it is worth noting that during the two-phase atomization, it is not only
the catalyst but also air that is supplied to the system. Future research should focus on
trying to reduce the amount of air supplied to the system, which is of particular im-
portance during laboratory-scale tests. On an industrial scale, the introduction of excess
air in an amount of < 1% should not be a significant problem. In connection with the
above, it is worth attempting to modify the atomizer in order to reduce the amount of air
that is supplied to the system together with the catalyst. One possible solution is the use
of effervescent atomizers. It is also possible to try to reduce the amount of air supplied to
the atomizer itself, thanks to which the amount of air supplied to the boiler will be lim-
ited.

y-—

40116
37.250
34.385
a1.520
20 654
25788
22923
20058
17183
14327
11.462
8.506
873
2.865
0

Welocity (rmis)

Figure 4. Distribution of velocities in the dust duct—liquid injection for L1 = 1500 mm, inlet nozzle
located at the top [21].
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B.596
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Figure 5. Distribution of velocities in the dust duct—liquid injection for L1 = 200 mm, inlet nozzle
located at the bottom [21].

Najafi et al. [22] describe the micro- and macroscopic characteristics of atomization
that was carried out using a pressure-swirl atomizer injecting heavy fuel oil. The con-
ducted research proved that the heavy fuel oil (HFO) atomization method is very im-
portant when determining the efficiency of gas generators. The atomizer proposed in the
paper proved to be effective in the spraying process that was carried out under various
operating conditions (pressure and temperature). The use of pressure-swirl atomizers in
the combustion process is also described in [23,24].

Effervescent atomization is a technique that can be used in pulverized coal-fired
boilers to improve the efficiency and environmental performance of the combustion
process. It involves the use of a special nozzle that generates a fine mist of pulverized coal
particles and mixes them with air and steam. The mist is then injected into the boiler,
where it is burned to produce heat and generate electricity. The use of effervescent at-
omization can improve the efficiency of the combustion process by ensuring that the coal
is more evenly distributed and fully mixed with the air and steam, which can lead to
more complete and efficient combustion. There are several potential benefits to using
effervescent atomization in pulverized coal-fired boilers. For example, it can help to re-
duce the formation of pollutants, such as carbon monoxide and particulate matter, which
can have negative impacts on air quality and public health. It can also help to reduce the
amount of unburned coal particles that are released into the environment, which can be a
major source of pollution. The use of an effervescent atomizer in the combustion chamber
of a gas turbine, internal combustion engine, furnace or boiler, and also in other areas
was discussed in papers [25,26]. An effervescent atomizer is a type of atomizer that uses
bubbles as the atomizing force and which conducts the atomization process by creating
bubbles, and then mixing, deforming, and blowing them out through the outlet. When
compared to conventional pressure and pneumatic atomizers, effervescent atomizers are
highly efficient, economical, and environmentally friendly. Therefore, they are attracting
more and more interest from various environments. This type of atomizer is also popular
due to the possibility of atomizing very viscous liquids (such as liquid fuels) into a fine
spray at a low gas consumption [27,28]. In the study in [29], the characteristics of the flow
and the analysis of the energy balance of effervescent spraying were performed. The
work includes a theoretical and experimental approach. The studies showed the influ-
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ence of the gas-liquid velocity on the stability of atomization. When the GLR was small,
the atomization was unstable. The atomization was gradually becoming more stable as
the GLR increased. The optimum atomization area can then be obtained. The Sauter
mean diameter (SMD) of the droplets was measured with a phase Doppler analyzer, and
it was shown that the SMD decreases with an increasing GLR. Paper [30] describes an
innovative application of an effervescent atomizer, which is a new technology for atom-
izing cells in order to reduce the gas-to-liquid ratio. The paper proposes an atomizer of
the authors” own design. The conducted tests confirmed that the use of the new atomizer
is suitable for cellular applications that require reduced amounts of supplied air. The ef-
fective use of effervescent atomizers in medicine is also described in [31]. This approach
may be an inspiration to expand the use of the effervescent atomizer. Effervescent at-
omizers are also subjected to various modifications in order to increase the efficiency of
the spraying process and to adjust the properties of the generated aerosol to the re-
quirements of a given process. Ochowiak et al. [32] present an effervescent atomizer
equipped with an air stone aerator. The use of additional aeration in the atomizer by
means of an aerator contributed to the reduction in the average diameters of the gener-
ated aerosol. The obtained data are interesting from the point of view of designing new
atomizers, in particular, two-phase atomizers. Niland et al. [33] also undertook a study
on an effervescent atomizer equipped with an aerator. In this experimental work, an in-
ternal flow field in the atomizer was presented for the first time, and an attempt was
made to explain the complex mechanisms of the effervescent atomization process. The
influence of working parameters (such as the air-to-liquid flow rate ratio (ALR), working
pressure, the diameter of the aerator opening, aeration area, and the diameter of the
mixing chamber) on the internal flow in the effervescent atomizer were investigated.
When the ALR value increases, the gas injection mechanism takes the following forms:
single bubbling, pulsed bubbling, elongated jetting, atomized jetting, and evacuated
chamber. In addition, the flow regime changed with an increase in the ALR—from bub-
ble flow to screw flow, then to swirl flow, and finally to annular flow. The dense-bubbly
and bubbly slug flow regimes were also observed to produce stable aerosols with droplet
sizes ranging from 50 to 80 um for an ALR of 0.25%-1.50%. An example of the trajectory
of the droplets with diameters of 50 micrometers, which were injected into the dust duct,
is shown in Figure 6 [21]. In order to effectively implement effervescent atomization in
pulverized coal-fired boilers, it is important to carefully design and optimize the nozzle
and other components of the system. This can involve the use of advanced computational
modeling and simulation techniques to optimize the design and operating conditions of
the system. Overall, effervescent atomization is a promising technology for improving
the efficiency and environmental performance of pulverized coal-fired boilers. Further
research and development in this area could lead to the widespread adoption of this
technology in the power generation industry.
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Figure 6. The trajectory of liquid droplets with a diameter of 50 um and their velocity.

More and more advanced atomizer designs, i.e., multi-phase reactors, are used to
generate droplets. The commonly used designs of reactor mixers with liquid spraying are
limited either by the size of the generated droplets or the maximum viscosity of the
sprayed substance, as well as the intensity of its stream. In order for the reactor (Figure 7),
which is described in paper [34], to generate droplets of the assumed average diameter
and velocity, the pneumatic atomization of the substances fed through internal nozzles
that have a diameter selected appropriately for the sprayed substance should be used.
The outlets of these nozzles must be placed on the axis of the gas nozzle’s outlet. The
diameter of the gas nozzle is selected with regard to the assumed droplet diameter and
the speed value required to atomize the substance. When developing new designs, it
should be remembered that droplets with appropriate diameters and a specific atomiza-
tion spectrum need to be generated. Moreover, there should be a small amount of addi-
tional air, and the construction of the atomization device should be as simple as possible.
At the actual gas flow velocity of 20 m/s, the minimum droplet lifetime is 0.05s. As-
suming that the droplets have a diameter of about 30 um, the resulting droplet evapora-
tion time is about 1.4 s for a temperature of 293 K, 0.1 s for a temperature of 308 K, 0.087 s
for a temperature of 313 K, and 0.023 s for a temperature of 373 K. Therefore, such a
droplet would be able to cover the required distance in the aerosol while taking into ac-
count the changes in the temperature along the length of the dust duct, leading to the
boiler [3, 35]. For practical reasons (this is the average diameter, and, therefore, a signif-
icant number of droplets may have smaller diameters), it is better to generate a droplet
with a larger diameter, e.g., 50 pm. This is due to the fact that flow conditions and the
length of a dust duct may not only affect the diameters of the generated droplets but also
the droplet’s lifetime. During this time, smaller droplets evaporate and/or coalesce to
form larger droplets, and they also undergo other transformations [3,20,35].
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Figure 7. A modern atomizer of a liquid carrying a catalyst (aerodynamic multiphase reactor).

2.4. Control, Automation, Neural Networks, and Flame Imaging Methods

One of the possible and justified methods of development is automation through the
use of electronics dedicated to the process and the use of the best quality fuels (including
the aforementioned improved quality coal), which may result in the cleanest and most
effective combustion. The automatic control of a boiler’s operation is one of the ways to
increase its combustion efficiency and to reduce the amount of toxic compounds emitted
to the environment [36]. In paper [37], a fuzzy logic control algorithm was used to control
the amount of air that is needed for fuel combustion. The amount of air, before entering
the combustion chamber, was regulated. For this purpose, the relationship between the
actual amount of air required for combustion in the boiler and the amount of oxygen
contained in the flue gases was used. Thanks to the use of the control system, the effi-
ciency of the boiler increased by 4.34%. However, it was shown that the efficiency of the
control process was influenced by the heat of combustion and the moisture content of the
fuel.

In the combustion process, the important parameters for identifying instabilities are
the flame’s temperature in the combustion chamber and the rate of heat release. Zhong et
al. [38] describe a sensor, the indications of which depend on radical emission spectros-
copy. Changes in the heat release rate can be determined from the spectral intensities of a
single band, whereas the flame temperature can be calculated from the ratio of the spec-
tral intensities of the two bands.

Another solution for controlling the combustion process can be a predictive con-
troller that allows for the controlling of the timing of fuel injection and ignition. The ad-
vantage of a predictive control system is its ability to take into account the limitations
that are imposed on the controlled and controlling quantities during the design of a con-
troller. It is one of the most effective methods for controlling non-linear systems in the
case of state and control limitations. Ahmed et al. [39] presented a model predictive con-
troller for controlling the timing of both injection and ignition. The proposed controller is
an auxiliary heating element for controlling combustion phases with self-ignition on a
cycle-to-cycle basis. Simulation results obtained using a virtual non-linear engine show
that the integral formula of the speed-based predictive controller enables the combustion
phases to be tracked and the ignition to be controlled. In addition, the model allows for
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the coordination of two actuators over the entire range of the operating conditions of the
combustion process, without the need to re-tune the controller.

Moreno et al. [40] analyzed how the design of a controller affects combustion effi-
ciency in a standard diesel engine with preliminary and main injection. Two types of
controllers were tested during the conducted research. The first controller operated in a
cycle and optimized injection continuously in order to achieve the highest combustion
efficiency. The greatest advantage of controlling combustion in a cycle is the more accu-
rate regulation of combustion. This solution was used to minimize random changes
during the combustion process. The mass of the burnt fuel (from pre-injection) has the
greatest influence on the combustion process. The second controller worked in an indi-
rect way. The maximum pressure, the maximum velocity of an increase in pressure, and
also the maximum and minimum flue gas temperatures were analyzed.

A common approach to controlling the indicated mean effective pressure (IMEP)
outlet for a diesel engine is to use a calibrated map to control open-loop combustion.
However, due to changes in the operating environment of the engine, combustion control
may be inaccurate. An additional problem is the difference in the combustion process
between the cylinders, which differ in terms of their construction and operation. This
difference cannot be compensated for in an open loop. As a result, this leads to a deteri-
oration in the efficiency of the combustion process and an increase in exhaust gas emis-
sions. The solution to this problem may be the use of closed-loop combustion control
(CLCC). Study [41] proposed a reference governor-based combustion control (RGCC)
strategy for balancing the indicated mean effective pressure, the reference and variable
feedback values of which were generated based on a modified Kalman filter (KF) algo-
rithm instead of on an MAP. Its effectiveness and efficiency were compared with the re-
sults of experimental studies on a commercial diesel engine test rig, which were carried
out under steady-state and transient conditions [41].

The use of artificial neural networks, which have access to very large data sets, is
another direction of development in the field of process control. Artificial neural net-
works are used in the case of large coal-fired boilers, e.g., for predicting emissions of toxic
combustion products [36]. Krzywanski et al. [42] used an artificial neural network (ANN)
to estimate SOz emissions from circulating fluidized bed (CFB) boilers. It was proven that
ANNSs can be used to determine the amounts of SOz coming from small and large CFB
boilers for a wide range of operating conditions, i.e., in air-firing, oxygen-enriched, and
oxycombustion conditions.

In paper [43], a model of a combined supercritical CO2(sCOz) Brayton cycle-organic
Rankine cycle (ORC) was proposed in order to increase the efficiency of the supercritical
CO:2 (sCO2) Brayton cycle. The model took into account specific designs of sCO2 boilers,
recuperators, coolers, and turbomachines. Artificial neural networks were also used to
determine pressure drops and, as a result, to simplify the designed model. The proposed
model enables the time of the processor to be reduced by more than 50%. Moreover, it
also results in an increased thermal efficiency by 2.75% when compared to the super-
critical COz (sCOz) Brayton cycle operating alone.

Han et al. [44] proposed a hybrid deep neural network model in order to determine
the amount of NOx in exhaust gases. An adversarial denoising auto-encoder (ADAE)
model was used to determine the flame’s characteristics, whereas least support vector
regression (LSSVR) was used to identify the amount of NOx. The correctness of the
AD-AE-LSSVR model was verified on the basis of flame images of a 42 MW
heavy-oil-fired boiler. In turn, the hyperparameters of the model were optimized in order
to achieve greater process efficiency. The ADAE-LSSVR model allowed for the achieve-
ment of the high efficiency of the process and satisfactory accuracy of the prediction of
the amount of NOx. The correlation coefficient R? was equal to 0.97. The proposed model
has better features when compared to other models, e.g., artificial neural networks
(ANN), extreme learning machine (ELM), and support vector regression (SVR).
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One way to characterize the combustion process is to use the radiation emitted by
the flame. The most important parameters of the combustion process can be determined
from the recording of the flame’s image. Based on the observation of the flame, it is pos-
sible to determine the content of CO, CO2, H20, H, NOx, or Oz, as well as the pressure,
temperature, amount of heat released, air—fuel ratio, and many other quantities. It is ex-
tremely important to observe the flame zones in order to identify those that are most
sensitive to the input parameters of the burner. Within the visible light range, images of
the flame are obtained using cameras equipped with silicon image converters. The im-
aging element allows the radiation to reach the video transducer, where an image (con-
tinuous distribution of irradiation) is formed. Afterwards, this image is subjected to the
operation of spatial sampling in an image converter, which consists of pixels. Two groups
of methods are used to analyze the combustion process based on the shape of the flame:
methods that use the contour and methods that use the area. Observing a flame during
complex energy processes is a very difficult task. Kotyra [45] presents a multi-channel,
fiber-optic flame monitoring system in industrial conditions. The usefulness of detecting
an abnormal state of the combustion process (unstable combustion) and the possibility of
using the shape of the flame as a diagnostic signal were analyzed. The obtained results
depend on the relative position of the camera and the tested flame. Flame image analysis
can be successfully used to control the combustion process.

One of the main causes of damage to the elements of coal-fired boilers installations,
leading to breakdowns and, consequently, a shutdown of the block, are erosive process-
es. The problem of erosion of the dust ducts supplying the pulverized coal-air mixture to
the burners was presented by Hernik [46]. In order to perform calculations, numerical
modeling (CFD) in the commercial program Ansys Fluent (Ansys Fluent, Computational
Fluid Dynamics, Ansys Inc., Pittsburgh, PA, USA) was used. The identification of places
where erosion is expected can be used to protect these places from erosion adequately. It
was shown that coal dust particles with a diameter greater than 100 um largely erode the
dust duct’s wall. The author presented a model for the calculation of the erosion process
to be used in the dust ducts of the power plant.

3. Conclusions

Pulverized coal-fired boilers have been a reliable and efficient source of electricity
for many decades, but there are still opportunities for further research and development
in this field. One key area of focus is improving the efficiency of these systems, which
could involve the development of new combustion technologies that are able to more
thoroughly burn the coal and produce less waste, as well as using advanced materials
and manufacturing techniques to improve the performance and reliability of the boilers.

Another important direction for future research is the development of advanced
control systems and monitoring technologies that can optimize the performance of pul-
verized coal-fired boilers and provide real-time data on their condition. This could in-
clude the use of flame imaging, sensors, controllers, and neural networks to automate the
combustion process and improve its efficiency and environmental impact.

In addition, research could focus on the development of advanced catalysts for
combustion that can facilitate the conversion of pollutants into less harmful substances
and improve the efficiency and speed of the combustion process. This could involve the
development of new catalyst injectors that are able to generate droplets with appropriate
diameters and atomization spectra, as well as the optimization of the amount and type of
catalyst used in the boiler.

It is likely that future research in this area will continue to focus on developing
technologies and strategies that can reduce the environmental impact of coal-fired boilers
while maintaining their reliability and affordability as a source of energy. This may in-
volve a combination of technological innovations, regulatory measures, and market in-
centives to encourage the adoption of cleaner, more efficient coal technologies. Ulti-
mately, the direction of scientific research in this area will depend on a variety of factors,
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including technological developments, economic considerations, and environmental
goals.
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