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Abstract: This paper presents the research results of the effect of using calcium oxide and potassium
permanganate on the combustion of pellets from wheat bran and beet pulp. The measurements
were performed in the technical laboratory of the Centre of Energy Utilization of Non-Traditional
Energy Sources in Ostrava. The research examined the effect of the use of chemical substances on the
amount of air pollutants from biomass thermal conversion in a low-power boiler and the process
temperature. First, we performed technical and elementary analyses of agricultural waste. The raw
material was then comminuted, mixed with a selected additive, pelletized, and finally burned in
a low-power boiler. The additive was added in three proportions: 1:20, 1:10, and 1:6.67 (i.e., 15%)
relative to the fuel weight. The combustion process efficiency was measured using a flue gas analyzer
and three thermocouples attached to the data recorder. From the measurement results, we were able
to determine the percentage reduction of pollutant emissions into the atmosphere (CO, NOy, and
S0;) due to the use of additives. Because emission standards are becoming increasingly stringent
and fuel and energy prices are rising, the results presented in this article may be useful to agri-food
processing plants that want to manage these materials thermally.

Keywords: agricultural waste; catalytic additives; combustion; emission reduction

1. Introduction

The use of biomass in the energy sector can potentially reduce the emission of harmful
substances into the air. It is assumed that the absorbed amount of CO; during plant growth
balances the amount generated in the process of biomass combustion [1]. Biomass is
therefore considered a zero-emission fuel. This assumption is incorrect because burning
biomass also produces other pollutants that the plant cannot absorb during the growing
season. The pollutants emitted during the combustion process can be divided into primary
and secondary groups. Primary pollutants are emitted into the atmosphere directly at
the locations where they are produced. Primary pollutants remain in the atmosphere
unchanged from the moment they are generated. The sources of primary pollution are
power plants and heating devices for single-family houses. Secondary pollutants, however,
are the products of physical changes and chemical reactions between the components of
the atmosphere and the pollutants that flow into it. Continuous technological progress,
new branches of industry, and the development of transport contribute to the increase in
the number of point, line, and area emitters. The constant increase in the number of sources
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of harmful emissions has an adverse impact on air quality. In highly developed countries,
legal directives and laws specify the emission limits for individual compounds related
to the type of fuel burned or the nominal power of the emitter. Therefore, the growing
number of emitters is not reflected in the amount of emissions [2].

Research commissioned by the European Environment Agency (EEA) showed that air
pollution is one of the leading environmental factors affecting human life and health [2]. In
highly developed countries, including EU countries, appropriate legal regulations were
introduced to limit the problem of harmful emissions [2—4]. During the combustion process,
harmful substances emitted in exhaust gases include suspended dust (PM), carbon monox-
ide (CO), nitrogen oxides (NOx), and sulfur oxides (SOx). The hazardous compounds
emitted in exhaust gases are polycyclic aromatic hydrocarbons (PAHs) and volatile organic
compounds (VOCs). The emissions of these compounds are incredibly high in the case of
biomass combustion [4-8]. Too high of a concentration in the air of the compounds men-
tioned above can potentially lead to deficiencies in the human circulatory and respiratory
systems. Even a slight excess in the permissible concentrations of pollutants in the air may
cause disturbances in concentration and perception [8-12].

The implemented EU Emissions Trading System (EU ETS) is one of the main tools in
the fight against air pollution. This system covers approximately 40% of all greenhouse
gas (GHG) emissions in the European Economic Area. The emissions trading system,
in addition to new legal regulations, enables the continuous reduction of permissible
limit values in reducing the total emission of pollutants [13]. According to the European
Commission, all of these measures aim to bring about an economic transformation toward
climate neutrality, which must be attained by 2050 [14,15].

Catalytic substances added to combusted energy carriers are a group of compounds
that improve the efficiency of the combustion process. One of the tasks of catalytic additives
is to increase the oxidation process of fuel particles together with products of incomplete
combustion. Depending on the used catalyst, it is possible to reduce or oxidize selected
harmful compounds. The use of co-combustion of active substances with fuels is able
to reduce greenhouse gas emissions and eliminate carcinogenic, mutagenic, and toxic
compounds [16]. Catalytic additives based on copper (Cu) and manganese (Mn) oxide,
with the use of aluminum oxide (Al,O,) as a carrier, demonstrated the effect of reducing
carbon monoxide (CO) emission and particulate matter during the combustion of solid
biomass. The great advantage of this type of catalyst is its low price [16-19]. During our
research in 2021 at the University of Life Sciences in Wroctaw, we prepared five different
catalytic compounds based on

One method for managing and eliminating harmful emissions is promoting solutions
based on renewable energy in heat and electricity generation systems. Mainly in large and
low-power installations, this transformation consists of replacing fossil fuels, such as coal,
with high-quality biomass fuel [21].

During the combustion of biomass, the concentration of pollutants in exhaust gases
is many times lower than the composition of exhaust gases from coal combustion [22,23].
Another advantage of the use of biomass energy is its local application, thereby reducing
emissions produced through transportation. The use of biomass fuel produced from local
raw materials also permits the diversification of energy sources, which is now a desirable
operation [24,25].

Considering the current state of development in alternative energy sources, we may
safely conclude that in the era of phasing out fossil fuels, fuels from biomass will soon
take over the role of basic energy carrier, for example, in heat generation systems. Com-
pared with conventional energy sources, biomass fuels are a low-emission alternative in
the production of electricity and heat. Biomass with high energy potential is found in
almost every corner of the world. Depending on its physicochemical properties, biomass
can be transformed in thermal processes, for example, gasification, pyrolysis, and direct
combustion, to exploit its energy [26].
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In the area where we conducted our research, sugar production is a major industry.
In the production of sugar from sugar beet, waste is generated in the form of beet pulp.
The companies that produce sugar have problems managing this type of biomass waste.
Previously, sugar pulp was used as feed for farm animals, but due to decreasing numbers of
pig and cattle breeders in the nearest region and the transition of farms to automated feeding
with ready-mixed feed, the problem of beet pulp management has become significant.

The second local biomass waste that requires management is wheat bran, which is
formed during the production of wheat flour. Local companies that produce flour sell a
small amount of this waste as an additive to animal feed. However, the production of waste
in the form of wheat bran is greater than the market demand and generates a large quantity
of biomass waste that also requires management.

This paper consists of five sections. Section 1 includes information about air pollution
and its effect on health, the types of catalysts, and the methods of waste biomass energy
management. Section 2 describes the methods and equipment used for measuring exhaust
gas quality and the temperatures in the combustion chamber and flue gas duct. Section 3
discusses the results of our research, which investigated the effect of additives (potassium
permanganate and calcium oxide) on emissions produced by biomass waste combustion.
Section 4 summarizes the research outcomes. Section 5 presents conclusions drawn from
the research and proposes follow-up studies in this field.

2. Materials and Methods
2.1. Research Experiment

The study investigated the use of a low-power, fully automated retort boiler with
a nominal power of 31.5 kW (VARIANT SL-33 A, produced by Slokov, Moravsky Pisek,
Czech Republic). The operating parameters of the device were regulated using a controller.
The readings of the temperature sensor and lambda probes enabled the control unit to
adjust the energy carrier and air supplied to the combustion chamber to provide suitable
doses. An exhaust gas fan and auger coupled with a pellet hopper regulated the air and
fuel doses. The heat produced from the fuel thermal conversion process was transferred
to the environment through two fan heaters with a heating capacity of 30 kW each. The
combustion process was continuous, and the doses of air and fuel were injected periodically
over short periods. These parameters were the same for each type of biomass fuel used
in the combustion process. A schematic diagram of the boiler is presented in Figure 1,
showing the locations of the thermocouples and sampling points.
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Figure 1. Schematic diagram of the boiler, thermocouples, and sampling points.
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The specifications of the pellet boiler are shown in Table 1.

Table 1. Specifications of the VARTANT SL33A pellet boiler.

Parameter Unit Value
Boiler class according to Ecodesign ) 4
Directive
Boiler output kw 31.5
Boiler efficiency % 87.3
Boiler weight kg 320
Maximum operating temperature °C 90
Minimum return water temperature °C 70
Fuel tank capacity dm? 210
Highest working overpressure bar 2

2.2. Materials

The energy carrier was a pellet with a diameter of 6 mm and was composed of
agricultural waste, i.e., wheat bran (Figure 2a) and beet pulp (Figure 2b).

(a) (b)

Figure 2. Agricultural waste used in the combustion process in the biomass low-power boiler:
(a) wheat bran and (b) beet pulp.

The thermal conversion process of the pellets included the use of catalytic additives in
the form of calcium oxide CaO (Figure 3a) and potassium permanganate KMnO; (Figure 3b)
with purities of 99.5%. They were added to the fuel during pelletization to ground raw
agricultural material in concentrations of 5, 10, and 15%.

(a) (b)

Figure 3. Catalytic additives: (a) calcium oxide and (b) potassium permanganate.

2.3. Biofuel Physicochemical Analysis

All tests to analyze the physicochemical properties of the biomass materials were
performed three times. Using the TGA method and a TGA 701 analyzer, we examined the
biomass energy carriers to determine their moisture content, volatile substance content,
ash content, and calorific values. Table 2 lists the technical specifications of the TGA 701
analyzer.
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Table 2. Technical specification of TGA 701 analyzer.
Parameter Unit Value
Sample mass g 1
Number of samples pes 19 (+1 reference)
Precision % 0.02
Temperature control range °C 100-1000
Temperature control accuracy °C +2
Temperature control stability °C +2
Maximum ramp rate from ambient to 104 °C °C-min~! 15
Maximum ramp rate from 104 °C to 1000 °C °C-min~! 50
Gas pressure bar 3.1 for air, 2.4 for nitrogen, 2.4 for oxygen
Minimum gas purity % 99.9 for nitrogen, 99.5 for oxygen

Gross calorific values were ascertained using an IKA C 200 calorimeter. A higher
heating value was applied in accordance with the PN-EN standard [27]. Table 3 lists the
technical specification of the IKA C 200 calorimeter.

Table 3. Technical specifications of the IKA C 200 calorimeter.

Parameter Unit Value
Maximum output energy J 40,000
Temperature sensor resolution °C 0.0001
Oxygen working pressure bar 40
Initial temperature settings °C 18-25

Using a PerkinElmer CHNS/O 2400 analyzer (Waltham, MA, United States), we
determined the elemental composition (i.e., carbon, hydrogen, nitrogen, and sulfur content)
of the biomass materials. The analysis was performed on dry samples fragmented into
particle sizes of less than 0.2 mm, according to the PN-EN standard [28]. Table 4 lists the
technical specifications of the device.

Table 4. Technical specifications of the PerkinElmer CHNS/0 2400 analyzer.

Parameter Unit Value
Temperature range °C 100-1100

Sample size mg 0-500

Accuracy % <0.3
Carbon analytical range mg 0.001-3.6
Hydrogen analytical range mg 0.001-1.0
Nitrogen analytical range mg 0.001-6.0
Sulphur analytical range mg 0.001-2.0
Oxygen analytical range mg 0.001-2.0

2.4. Measurement of the Exhaust Gas Composition

The exhaust gas composition was measured using a Wohler A 550 analyzer. Individual
compounds in the flue gas were detected using an electrochemical non-dispersive infrared
sensor (NDIR). We first calibrated the analyzer, then measured the exhaust gas compounds
after the combustion process had stabilized. The sampling location was the flue gas pipe
just behind the boiler. Values were recorded every second over 6 h of continuous boiler
operation. Table 5 summarizes the technical specification of the analyzer.
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Table 5. Technical specifications of the Wohler A 550 flue gas analyzer.

Measurement
Component Principle Range Accuracy
0, Electrochemical 0-21 vol.% +£0.3% vol.%
sensor
Electrochemical +20 ppm (< 400 ppm),
CcO sensor, Hy 0-4000 vol. ppm otherwise +5% of
compensated measurement
o +0.3 vol.% (0-6 vol.%)
€O, NDIR 0-40% otherwise +5% of reading
NO Electrochemical 0-3000 vol. ppm +5 vol. ppm (<100 ppm),
sensor (continuously up to 1000) otherwise 5% of reading
NO Electrochemical 0-1000 vol. ppm =£5 vol. ppm (<100 ppm),
x sensor (continuously up to 200) otherwise 5% of reading
Electrochemical +10 vol. ppm (0-200 ppm),
50, sensor 0-5000 vol. ppm otherwise 5% of reading

The experiment provided a comparison of the effect of selected chemical active sub-
stances on the combustion process of wheat bran and beet pulp pellets. The measured
emission values were recalculated to a reference oxygen content of 10 vol.%.

2.5. Measurement of the Combustion Process Temperature

The temperature in the combustion chamber was measured according to the PN-EN
standard. The temperature was recorded using three K-type thermocouples connected to
the PAR AR205 recorder. The temperature was recorded every second for the entire period
of the boiler operation. The mean measurement error in the results was +1.5 °C.

3. Results

We conducted a series of tests to determine and compare the effects of selected catalytic
additives on the combustion process of wheat bran and beet pulp pellets. The measured
values of individual pollutant emissions were converted to a reference oxygen content
(10 vol.% of content in the exhaust gas).

3.1. Biofuel Physicochemical Analysis

Tables 6 and 7 present the results of our analysis of the agricultural origin raw materials.

Table 6. Results of the analysis of wheat bran.

Parameter Unit Value
Moisture content % 12.73 £1.91
Ash content % 5.65 + 0.85
Volatile matter content % 65.27 + 11.75
Higher heating value MJ-kg~! 16.92 + 1.69
Lower heating value MJ-kg! 13.19 +1.32

Table 7. Results of the analysis of beet pulp.

Parameter Unit Value
Moisture content % 11.81 £1.77
Ash content % 714 £ 1.07
Volatile matter content % 66.15 +11.91
Higher heating value MJ-kg~! 15.04 + 1.50
Lower heating value MJ-kg ! 11.79 £1.18

Tables 8 and 9 present the results of our elemental analysis of the wheat bran and
beet pulp.
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Table 8. Results of the elemental analysis of wheat bran.

Parameter Unit Value
Nitrogen content % 2.70 £ 0.40
Carbon content % 40.50 + 6.08
Hydrogen content % 6.67 £ 1.00
Sulfur content % 0.16 = 0.02

Table 9. Results of the elemental analysis of beet pulp.

Parameter Unit Value
Nitrogen content Y% 1.34 +£0.20
Carbon content % 37.90 £ 5.68
Hydrogen content % 6.18 +0.93
Sulfur content % 0.16 = 0.02

3.2. Analysis of the Exhaust Gas Composition

We compared our measurements with the figures for burning A1 class wood pellets
(used as a reference, as in [29]), which are a popular type of energy carrier. Using the
analyzer manufacturer’s software, the results were automatically converted into an oxygen
content of 10 vol.% in the exhaust gases.

Table 10 provides a key to the terms used in the charts that indicate these results.

Table 10. Terms used in the charts.

Abbreviation Description
RM Reference measurement
CaO (5%) 5% CaO content in relation to the mass of fuel burned
CaO (10%) 10% CaO content in relation to the mass of fuel burned
CaO (15%) 15% CaO content in relation to the mass of fuel burned

KMnOy (5%)
KMnO4 (10[70)
KMnO4 (150/0)

5% KMnQOy content in relation to the mass of fuel burned
10% KMnQy content in relation to the mass of fuel burned
15% KMnQ, content in relation to the mass of fuel burned

Figure 4 shows the relationship between the CO concentration in the exhaust gases
and the type of biofuel and catalytic additive used in the experiment.
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Figure 4. Concentrations of carbon monoxide in the flue gas of a low-power boiler while burning
biomass with catalytic additives.
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During the biomass waste combustion process, the CO emissions reached levels
of 451 mg-m~3 for wheat bran pellets and 746 mg- m~3 for beet pulp pellets. Carbon
monoxide emissions during the combustion of commercial fuel (wood pellets) reached a
level of 252 mg- m 3. The use of additives in combination with fuel during combustion
reduced the CO concentration in the exhaust gases in each case. During the combustion of
wheat bran pellets, carbon monoxide emissions decreased, on average, by 15-41% using
a CaO-based additive and 20-45% using a KMnOj,-based additive. When burning the
beet pulp pellets, the CO emissions were reduced by 12-21% using a CaO-based additive,
depending on the additive concentration, and 19-30% using a KMnOjy-based additive, also
depending on the concentration of the active substance. While feeding the boiler with
wood pellets, the CO emissions into the atmosphere were reduced by 8-18% using CaO,
depending on the concentration of the substance, and 3.5-30% using KMnOj,. These data
were the average values of two measurement sets.

Figure 5 indicates the relationship between the exhaust gas NOy concentration, the
type of biofuel, and the catalyst.

700
= Wheat bran

i M Beet pul
é 600 pulp
£ Wood pellets
&
& 500
0
b
3
< 400
x
o
e
= 300
°
c
=)
= 200
Jd
g
£
5 100
o

0

Reference Ca0 (5%) 0 (10%) Ca0 (15%) KMnO4 (5%) KMnO4 ( KMnO4 (15%)

measurement Additives

Figure 5. Concentrations of nitrogen oxides in the flue gas of a low-power boiler during the process
of burning biomass with catalytic additives.

We recorded the concentrations of nitrogen oxides emitted during the combustion of
the biomass pellets. NOy emissions varied around 559 mg-m~—3 during the combustion
of wheat bran pellets, 341 mg-m~2 in the case of beet pulp pellets, and 185 mg-m~3 for
wood pellets. The addition of the CaO-based additive reduced the NOy emissions by 7-16%
(wheat bran pellets), 8-27% (beet pulp pellets), and 8-18% (wood pellets), depending on
the concentration of the substance. Burning the biomass with the KMnOj-based additives
also succeeded in reducing the concentrations of nitrogen oxides in the flue gas. Using this
additive, NOx emissions were reduced by 24-36% (wheat bran), 12-35% (beet pulp), and
3.5-30% (wood pellets), depending on the concentration of the active substance. These data
were the average values of two measurement sets.

Figure 6 indicates the effect of the biofuel and catalytic additives on the concentrations
of sulfur dioxide (5O;) in the exhaust gases.

We also recorded reduced concentrations of SO, during the process of burning wheat
bran and beet pulp with additives. No reduction in the composition of exhaust gases was
observed while burning wood pellets in the boiler. The SO, emissions were 13.4 mg-m >
during the combustion of wheat bran pellets and 9.8 mg-m~2 in the case of beet pulp
pellets. Each of the additives in combination with the biomass fuel produced a reduction
in SO, concentration in the exhaust gases. While burning wheat bran, the SO, emissions
decreased by 74-83% using the CaO-based additive and 15-42% using the KMnOy-based
additive, depending on the concentration of the active substance. In the case of burning
beet pulp pellets, the SO, emissions were reduced by 71-87% using the CaO-based additive
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and 41-65% using KMnOy,, depending on the concentration of the additive. These data
were the average values of two measurement sets.
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Figure 6. Concentrations of sulfur oxides in the flue gas of a low-power boiler during the process of
burning biomass with catalytic additives.

3.3. Measurement of the Combustion Process Temperature

Figure 7 presents the average temperature registered in the combustion chamber of
the boiler after the stabilization of the combustion process.
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Figure 7. The distribution of the average temperatures in the combustion chamber during the
combustion of biomass with catalytic additives.

We recorded increases in the average temperatures in the combustion chamber of the
low-power boiler during the combustion of biomass fuels in combination with CaO and
KMnOy; additives (in all concentrations). The average increase in the recorded temperatures
in the boiler’s combustion chamber in the case of wheat bran pellets was 5 °C-24 °C
depending on the CaO concentration and 7 °C-28 °C depending on KMnOy concentration.
In the case of beet pulp pellets, the temperature increased in the combustion chamber on
average by 2 °C-12 °C with the addition of CaO, depending on its concentration, and
9 °C-19 °C with the addition of KMnQy, also depending on concentration. While feeding
the boiler with the most popular biomass fuel, i.e., wood pellets, the temperature increased
by 1 °C-11 °C using the CaO additive, varying with concentration, and 2 °C-13 °C while
using the KMnO, additive. These data were the average values of two measurement sets.



Materials 2022, 15, 3526

10 0f 13

4. Discussion

This article’s subject matter is challenging to compare with the achievements published
in other journals. The use of catalytic additives incinerated in combination with waste
biomass in low-power boilers is a new approach to the problem of limiting emissions from
combustion processes. The only similar studies were works that studied flue gas cleaning
in large industrial power units. Due to the scale and different conditions in the combustion
process in low-power boilers, these results cannot be used for making comparisons.

The catalysts (CaO and KMnOy) used in our experiment improved the combustion
process and reduced the concentrations of pollutants found in the exhaust gases. Managed
through the energy process, these substances compensated for the adverse properties of
biomass waste. Due to the high quantities of nitrogen and sulfur in the main mixture, the
amount of emissions of nitrogen compounds during combustion was significant. According
to the fuel mechanism of the formation of nitrogen oxides [30], high nitrogen content in
biomass results in increased NOx emissions in exhaust gases. The use of catalytic additives
in combination with fuel during the combustion process produced large reductions in
emissions of these gases; in the best variants, CaO achieved a 41% reduction, and KMnO,
achieved a 45% reduction. Sulfur contained in the two biomass wastes (wheat bran and
beet pulp) produced SO, during the combustion process. The use of additives in combina-
tion with these materials during combustion reduced the sulfur oxide emissions into the
atmosphere. In the best variants, the addition of CaO reduced SO, emissions by 83%. The
addition of KMnO, produced the greatest reduction of SO, pollution, achieving slightly
over 87%.

The use of catalytic additives increased the average temperature in the combustion
chamber by 1 °C-13 °C, depending on the concentration and type of additive. By using
catalytic additives, the combustion process was more efficient as a result of improvement
in the reaction toward complete combustion. Therefore, the temperatures increased and the
process reduced the concentrations of CO emissions. In the best variant, the addition of CaO
reduced the CO emissions by 41%, and similarly, the addition of KMnQOj to the biomass
pellets reduced the CO emissions by 45%. Improvement in the quality of combustion and
consequent burning of flammable components in the exhaust gases increased the overall
efficiency of the combustion process and reduced the chimney loss.

A comparison of the results in Figures 3-6 indicated that the reduction in emissions
was not always directly dependent on the quantity of the additive used. The addition of
10% CaO led to the largest reductions in CO and SO, emissions; however, a 15% addition to
the combusted fuels produced the best reduction in NOx emissions. In the case of KMnOy,
a 5% addition in all cases achieved the largest emissions reduction. A comparison of the
results in Figure 6 indicated that temperature correlated with the quantity of decreased
emissions. We also observed that the emissions reduction and the efficiency of the entire
combustion process were more significant at higher temperatures, (see Figure 3, referring
to CO emissions). The results also revealed that some additive quantities were too large,
and consequently, the combustion process was not as efficient. However, it should be noted
that all additives had a positive effect on reducing emissions (compared with emissions
produced by burning raw materials only).

During the combustion of biomass waste in combination with the KMnOy additive,
slight sintering of burned material occurred and may have slightly affected the combustion
process. When CaO was used as an additive, ash agglomeration did not occur. This positive
effect from CaO was also verified in the work [31]; the ability of CaO to prevent sintering is
a great advantage in obtaining a proper combustion process.

The use of catalytic additives positively affects the combustion process and reduces
the emission of harmful substances into the atmosphere. The catalytic additives applied
in the current study compensated for the adverse properties encountered in the waste
materials from the food production and processing industry. Catalytic additives enable the
use of waste as energy carriers in the incineration process. The widespread use of CaO and
KMnO; additives in other biomass waste treatments beyond only storage or neutralization
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would potentially benefit a large number of food-processing companies in managing their
waste energy. In this way, manufacturers may be able to cover their heat requirements in
whole or partially at no significant cost. The use of catalytic additives has a positive effect
on the environment and the economy, and to some extent, enables the replacement of fossil
fuels with ecological organic fuels.

5. Conclusions

The findings in other articles indicate that catalytic additives are a suitable technology
for treating exhaust gases, including gases produced during the combustion of biomass
waste. The main scientific challenge is determining the correct balance of catalytic com-
pounds to combine high reduction efficiency with the low cost of the selected substance.
The aim of the current study was to identify a suitable catalyst for the combustion of wheat
bran and beet pulp biomass waste. The approach we proposed is innovative. To the best of
our knowledge, no other research team has yet investigated the effect of CaO and KMnOy,
catalytic additives on the quality of exhaust gases during the process of burning wheat
bran and beet pulp.

From our research, we concluded that the use of catalytic additives in combination
with biomass waste during the combustion process eliminated some of the adverse physic-
ochemical properties of these materials. The use of this type of waste in energy production
processes, including heat produced via direct combustion, is therefore possible and econom-
ically reasonable. The use of catalytic additives reduces the emission of harmful substances,
increases the boiler’s efficiency, and reduces the consumption of biomass fuel.

Similar analyses were done on other catalytic additives used during the combus-
tion of wood pellets [32] and sunflower husks [33]. Another study investigated the use
of urea to reduce NOx emissions [34] from low-power biomass boilers. These catalytic
additives reduced emissions effectively, and the profitability of their use increased as a
consequence of reduced fuel consumption and increased combustion efficiency. Urea is also
effective [22], but the degree of emissions reduction relates to the optimal temperature in the
combustion chamber.

The research describes a prospectively useful solution for entrepreneurs who produce
this type of biomass waste in the technological processes of their food processing endeavors.
However, the use of catalytic additives has some limitations. The active substance of the
catalytic system is characterized by the most effective action in a specific temperature
window. Too low or too high of a temperature may diminish its efficiency. Future research
in this area could investigate the effect of catalytic additives on boiler efficiency, determine
the effect of burning substances in combination on the lifespan of the heating surfaces in the
boiler, the effect of additives on the composition of the ash resulting from the combustion
process, or identify new types of catalytic additives (motivated by the need to increase the
efficiency of flue gas cleaning). We plan to study, compare, and verify the results of using
smaller additive quantities, for example, 0.5-5.0%, and investigate the effect of catalytic
systems and other organic biomass waste materials on flue gas quality.

Author Contributions: Conceptualization, TN., A.V. and J.N.; methodology, T.N., A.V. and ].C.; soft-
ware, J.C. and M.M,; validation, B.G., B.K. and J.C.; formal analysis, M.M., B.G. and B.K ; investigation,
TN., A.V.and ].N,; resources, T.N. and ].N.; data curation, B.G., B.K. and O.N.; writing—original draft
preparation, B.G. and B.K,; writing—review and editing, T.N., B.G., B.K. and M.M.; visualization, J.C.
and O.N.; supervision, ].N. and M.M.; project administration, A.V. and T.N.; funding acquisition, A.V.
and T.N. All authors have read and agreed to the published version of the manuscript.

Funding: This work was supported by the Doctoral Grant Competition VSB-Technical University of
Ostrava, Reg. No. CZ.02.2.69/0.0/0.0/19_073/0016945, in Operational Programme Research, Devel-
opment and Education under the project DGS/TEAM/2020-007 “Study of the Effect of Additives on
Emissions during the Combustion of Alternative Fuels”. The APC is co-financed by the Wroclaw
University of Environmental and Life Sciences.

Institutional Review Board Statement: Not applicable.



Materials 2022, 15, 3526 12 of 13

Informed Consent Statement: Not applicable.

Data Availability Statement: The data presented in this study are available on request from the
corresponding author.

Conflicts of Interest: The authors declare no conflict of interest. The funders had no role in the design
of the study; in the collection, analyses, or interpretation of data; in the writing of the manuscript; or
in the decision to publish the results.

References

1. Lorenz, U. Skutki Spalania Wegla Kamiennego Dla Srodowiska Przyrodniczego I Mozliwosci Ich Ograniczania; Mat. Szkoty Eksploatacji
Podziemnej. Sympozja i Konferencje nr 64: Krakéw, Poland, 2005.

2. European Environment Agency. Air Quality in Europe: 2020 Report; Publications Office of the European Union: Luxembourg, 2020.

3. Wielgosiniski, G.; Lechtariska, P.; Namieciriska, O. Emission of some pollutants from biomass combustion in comparison to hard
coal combustion. J. Energy Inst. 2017, 90, 787-796. [CrossRef]

4. Kuczaj, A. Emission of organic compounds during biomass combustion. Bud. I InZynieria Sr. 2010, 3, 205-214.

5. Brook, R.D. Cardiovascular effects of air pollution. Clin. Sci. 2008, 115, 175-187. [CrossRef] [PubMed]

6. Kampa, M.; Castanas, E. Human health effects of air pollution. Environ. Pollut. 2008, 151, 362-367. [CrossRef]

7.  Boningari, T.; Smirniotis, P.G. Impact of nitrogen oxides on the environment and human health: Mn-based materials for the NOx
abatement. Curr. Opin. Chem. Eng. 2016, 13, 133-141. [CrossRef]

8.  Stowell, J.D.; Kim, Y.-M.; Gao, Y.; Fu, ].S.; Chang, H.H,; Liu, Y. The Impact of Climate Change and Emissions Control on Future
Ozone Levels: Implications for Human Health. Environ. Int. 2017, 108, 41-50. [CrossRef]

9.  Chen, TM,; Kuschner, W.G.; Gokhale, J.; Shofer, S. Outdoor Air Pollution: Nitrogen Dioxide, Sulfur Dioxide, and Carbon
Monoxide Health Effects. Am. J. Med. Sci. 2007, 333, 249-256. [CrossRef]

10.  Guerreiro, C.D.B.B.; Horalek, J.; de Leeuw, F.; Couvidat, F. Benzo(a)pyrene in Europe: Ambient air concentrations, population
exposure and health effects. Environ. Pollut. 2016, 214, 657-667. [CrossRef]

11. Wang, S.L,; Lin, C.Y,; Guo, Y.L.; Lin, L.Y.; Chou, W.L.; Chang, L.W. Infant exposure to polychlorinated dibenzo-p-dioxins,
dibenzofurans and biphenyls (PCDD/Fs, PCBs)—Correlation between prenatal and postnatal exposure. Chemosphere 2004, 54,
1459-1473. [CrossRef]

12.  Baccarelli, A.; Mocarelli, P.; Patterson, D.G.; Bonzini, M.; Pesatori, A.C.; Caporaso, N.; Landi, M.T. Inmunologic Effects of Dioxin:
New Results from Seveso and Comparison with Other Studies. Environ. Health Perspect. 2003, 110, 1169-1173. [CrossRef]

13.  European Commission. The EU Emissions Trading System (EU ETS). Available online: https://ec.europa.eu/clima/eu-action/
eu-emissions-trading-system-eu-ets_pl (accessed on 14 March 2022).

14. European Commission. 2030 Climate & Energy Framework. Available online: https://ec.europa.eu/clima/eu-action/climate-
strategies-targets/2030-climate-energy-framework_en (accessed on 14 March 2022).

15. European Parliament and the Council. Commission Implementing Decision (EU) 2017/1442. Off. ]. Eur. Union 2017, 60, 1-82.

16. Chyc, M. The role of fuel additives in the fuel combustion process. Res. Rep. Min. Environ. 2012, 11, 5-16.

17.  Doggali, P; Kusaba, H.; Einaga, H.; Bensaid, S.; Rayalu, S.; Teraoka, Y.; Labhsetwar, N. Low-cost catalysts for the control of indoor
CO and PM emissions from solid fuel combustion. |. Hazard. Mater. 2011, 186, 796-804. [CrossRef]

18. Long, HM.; Li, ] X,; Wang, P.; Gao, G.; Tang, G.W. Emission reduction of dioxin in iron ore sintering by adding urea as inhibitor.
Ironmak. Steelmak. 2011, 38, 258-262. [CrossRef]

19. Tic, W.J. System poprawy efektywnosci energetycznej i ekologicznej spalania paliw statych. Chemik 2014, 68, 850-855.

20. Li,].; Zhang, X.; Yang, W.; Blasiak, W. Effects of Flue Gas Internal Recirculation on NOx and SOx Emissions in a Co-Firing Boiler.
Int. J. Clean Coal Energy 2013, 02, 13-21. [CrossRef]

21. Gaze, B.; Noszczyk, T. Peat pellet as an alternative fuel to other solid energy carriers. Przem. Chem. 2019, 1, 68-72.

22. Wojtko, P.; Gaze, B.; Knutel, B.; Wactawek, A.; Bukowski, P.; Romariski, L. The use of catalytic additives for the combustion of
sunflower husk pellets in a low-power boiler. Przem. Chem. 2021, 5, 480-484.

23. Lisy, M,; Lisa, H.; Jecha, D.; Balas, M.; KriZan, P. Characteristic Properties of Alternative Biomass Fuels. Energies 2020, 13, 1448.
[CrossRef]

24. Mirowski, T.; Orzechowska, M. The use of biomass fuels in individual heating in areas threatened by low emission. Polityka
Energetyczna—Energy Policy ]. 2015, 18, 75-88.

25. Jandacka, J.; Holubéik, M. Emissions Production from Small Heat Sources Depending on Various Aspects. Mob. Netw. Appl. 2020,
25,904-912. [CrossRef]

26. Szatylowicz, E.; Skoczko, I. Evaluation of the PAH Content in Soot from Solid Fuels Combustion in Low Power Boilers. Energies
2019, 12, 4254. [CrossRef]

27.  Standard PN-EN ISO 18125:2017-07; Solid Biofuels—Determination of Calorific Value. Polish Committee for Standardization:
Warsaw, Poland, 2017. Available online: https://standards.globalspec.com/std /9972508 /iso-18125 (accessed on 14 March 2022).

28. Standard PN-EN ISO 16948:2015-07; Solid Biofuels—Determination of Total Content of Carbon, Hydrogen and Nitrogen. Polish

Committee for Standardization: Warsaw, Poland, 2015. Available online: https://standards.globalspec.com/std /2048180 /iso-16
948 (accessed on 18 February 2022).


http://doi.org/10.1016/j.joei.2016.06.005
http://doi.org/10.1042/CS20070444
http://www.ncbi.nlm.nih.gov/pubmed/18691154
http://doi.org/10.1016/j.envpol.2007.06.012
http://doi.org/10.1016/j.coche.2016.09.004
http://doi.org/10.1016/j.envint.2017.08.001
http://doi.org/10.1097/MAJ.0b013e31803b900f
http://doi.org/10.1016/j.envpol.2016.04.081
http://doi.org/10.1016/j.chemosphere.2003.08.012
http://doi.org/10.1289/ehp.021101169
https://ec.europa.eu/clima/eu-action/eu-emissions-trading-system-eu-ets_pl
https://ec.europa.eu/clima/eu-action/eu-emissions-trading-system-eu-ets_pl
https://ec.europa.eu/clima/eu-action/climate-strategies-targets/2030-climate-energy-framework_en
https://ec.europa.eu/clima/eu-action/climate-strategies-targets/2030-climate-energy-framework_en
http://doi.org/10.1016/j.jhazmat.2010.11.072
http://doi.org/10.1179/1743281210Y.0000000008
http://doi.org/10.4236/ijcce.2013.22002
http://doi.org/10.3390/en13061448
http://doi.org/10.1007/s11036-020-01519-1
http://doi.org/10.3390/en12224254
https://standards.globalspec.com/std/9972508/iso-18125
https://standards.globalspec.com/std/2048180/iso-16948
https://standards.globalspec.com/std/2048180/iso-16948

Materials 2022, 15, 3526 13 of 13

29.

30.

31.

32.

33.

34.

Szul, M,; Iluk, T.; Zuwala, J. Use of CO2 in Pressurized, Fluidized Bed Gasification of Waste Biomasses. Energies 2022, 15, 1395.
[CrossRef]

Gaze, B. Okreslenie dominujacego mechanizmu powstawania NOx w kottach matej mocy zasilanych biomasa. Przemyst Chem.
2020, 1, 70-75. [CrossRef]

Najser, J.; Mikeska, M.; Peer, V.; Frantik, J.; Kielar, J. The addition of dolomite to the combustion of biomass fuel forms: The study
of ashes agglomeration and fusibility. Biomass Convers. Biorefinery 2019, 10, 471-481. [CrossRef]

Gaze, B.; Knutel, B.; Jajczyk, M.; Wactawek, A.; Bukowski, P.; Debowski, M. Analysis of the use of catalytic additives for
combustion with wood pellets in a low-power boiler. Rynek Energii 2021, 4, 93-98.

Gaze, B.; Romaniski, L. The concept of using urea to reduce NOx emissions from low power biomass boilers. Przem. Chem. 2020, 4,
569-573.

Gaze, B.; Hrywna, D.; Romanski, L.; Kulazynski, M. Effect of fuel type and active substance addition on exhaust gas emissions
from vehicles powered by a spark ignition engine. Przem. Chem. 2021, 1, 75-80.


http://doi.org/10.3390/en15041395
http://doi.org/10.15199/62.2020.2.8
http://doi.org/10.1007/s13399-019-00438-w

	Introduction 
	Materials and Methods 
	Research Experiment 
	Materials 
	Biofuel Physicochemical Analysis 
	Measurement of the Exhaust Gas Composition 
	Measurement of the Combustion Process Temperature 

	Results 
	Biofuel Physicochemical Analysis 
	Analysis of the Exhaust Gas Composition 
	Measurement of the Combustion Process Temperature 

	Discussion 
	Conclusions 
	References

