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Abstract: This paper presents the results of a multifaceted analysis of the application of catalytic
additives to hemp pellets’ combustion in a low-power boiler. The research concerns the effects of five
catalytic additives applied inside the boiler’s combustion chamber—based on TiO,, MnO,, Cu(NO3),
x 3H0, HpPtClg solution, and 99.5% pure urea solution—on the quality of hemp pellets” combustion
process. For this purpose, technical and elemental analyses of the used fuel were performed. The
chemical composition of exhaust gases (NOyx, CO, SO,, and PM content) was also examined using an
exhaust gas analyzer and a dust meter. The highest reductions in emissions of individual pollutants
were for CO (—113%; combustion with Ad3), NOy (—66%; combustion with Ad 4), SO, (—48%;
combustion with Ad3), and PM (—78%; combustion with Ad1). The study also determined the
amount of avoided costs due to the use of catalytic additives, as well as the annual prevented CO,
emissions to the atmosphere. Due to rising fuel and energy prices, this study could be helpful for
biomass boiler owners who would like to burn locally available raw materials and increase the
combustion process’ efficiency.

Keywords: hemp pellet; combustion; catalytic additives; analysis

1. Introduction

The energy industry is associated with continuous economic growth. Despite the emer-
gence of energy-saving solutions, the demand for energy is constantly growing. According
to forecasts, from 2018 to 2050, global energy consumption will increase by 50%, and in the
industrial sector by over 30%. This will increase the consumption of non-renewable fuels,
especially in industries where most customers use liquid or solid fuels. This situation will
negatively affect society and the environment [1,2].

Air pollutants can be divided into primary and secondary types. The former are
emitted to the atmosphere from the source of their production, i.e., by power plants or
heat sources in households. These pollutants include carbon dioxide (CO,), particulate
matter (PM), sulfur oxides (SOx), and nitrogen oxides (NOx). Carbon monoxide, which is
formed during incomplete combustion of fuels, is also a harmful substance, the emission
of which depends on the method of combustion. On the other hand, the latter kind arises
from chemical reactions of primary pollutants, and includes, for example, ozone (O3) [3].
Nitrogen oxides are emitted to the atmosphere mainly during fuel combustion processes,
and the main emitters are transport and the energy industry [4,5]; their emission contributes
to global warming, smog formation, and acid rain [6]. The development of civilization has
led to a significant increase in greenhouse gas (GHG) emissions, resulting in accelerated
temperature rise, climate change, danger to human health. Greenhouse gases mainly
include carbon dioxide (CO,), methane (CHy), and nitrous oxide (N,O) [7,8].

The total CO, emissions from fossil fuels in 2018 were 37.9 gigatonnes, and China
was the largest emitter, with 11.3 Gt of CO,. On the other hand, in the European Union
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(EU), CO, emissions from fossil fuels have decreased by over 20% since 1990, and in 2018
amounted to 3.5 gigatonnes of CO, [9]. Most of the pollutants emitted to the atmosphere
come from the combustion of fossil fuels. Therefore, technologies that use renewable energy
sources are being introduced [10]. Solar, wind, hydro, geothermal, ocean, and biomass
are considered alternatives to fossil resources; their use has a positive effect in terms of
reducing the emission of harmful compounds—especially CO, [11,12].

Due to environmental problems, countries such as China, the United States, and
Germany have decided to introduce legislation regulating the use of renewable energy
sources in order to reduce the energy industry’s negative impact on the climate [13-16].
The European Union aims to achieve net-zero greenhouse gas emissions by 2050. The
European Green Deal proposes increasing the emission reduction targets. The current 2030
climate and energy policy targets include at least 40% GHG reduction and at least 32%
energy share from renewable sources in the total energy consumption [17].

Biomass is an energy source that can significantly reduce pollutant emissions and
replace fossil fuels such as coal. According to the Directive of the European Parliament and
the Council, biomass is waste from the agricultural industry, forestry, and biodegradable
fractions of industrial and municipal waste [18]; it can be obtained from many materials,
including wood and its processing products, household waste, or sewage [19]. Biomass
can be divided according to the degree of processing (and according to the source of origin)
into primary and secondary. Primary biomass comes from dedicated energy crops and
production surpluses, while secondary biomass is from waste, i.e., byproducts from various
industries [20].

Undoubtedly, a significant part of the biomass used for energy purposes should come
from production processes, where the material remaining after processing is considered
as waste; its use has a beneficial effect in two areas: First of all, using waste for energy
production prevents problems with its management. Secondly, energy crops are limited,
focused only on the production of materials intended for energy purposes, which negatively
affects crops intended for edible products and sterilizes the soil [21,22].

Cannabis sativa L. is an annual plant grown for use in oil, fiber, and building mate-
rials. Hemp is not a difficult plant to grow, and shows the ability to adapt to various
conditions. This plant can be used for soil reclamation, and can absorb heavy metals.
Additionally, its cultivation shows great possibilities for using solar energy and CO, during
photosynthesis [23-25]. The dry matter yield of hemp is between 10 and 15 Mg-ha~".

In 2018, Canada, North Korea, and France were the leading hemp producers in
terms of cultivated area [26,27]. According to studies conducted by Frankowski and Sier-
acka [28], the calorific value of hemp biomass is 17.1 MJ-kg !, while the study conducted
by Kraszkiewicz et al. [24] showed that the calorific value of the examined biomass was
16.6 MJ-kg 1. For comparison, the calorific value of straw pellets is 15.82 MJ-kg !, while
that of wood pellets is 17.49 MJ-kg~!. Therefore, hemp biomass can be used as a fuel, with
favorable energy properties [29].

Nitrogen oxides (NOx) are a severe threat to the environment, so direct real-time
measurement—especially of large sources—is essential, allowing us to monitor emissions
and take measures to reduce the release of harmful compounds into the atmosphere. There
are three main mechanisms of NOx formation: fuel, thermal, and fast. The first is the result
of the oxidation of nitrogen compounds in fuel, which takes place during combustion. In
contrast, depending on the oxidation temperature, the other mechanisms use the nitrogen
contained in the air for combustion for this purpose.

Emissions of nitrogen oxides can be reduced during the combustion process by control-
ling the oxidation temperature and excess air. There are two leading treatment technologies:
selective catalytic reduction (SCR), and non-selective catalytic reduction (SNCR) [30].

Selective catalytic reduction (SCR) uses ammonia, urea, or cyanuric acid to convert
nitrogen oxides to water and molecular nitrogen (N;) over catalytic beds at a temperature
range of 150-600 °C. SCR technology can be used for the combined removal of NOx and
SOx as well as NOx and CO. This is one of the most widely used methods of reducing
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NOx emissions; it is used in power plants, combined heat and power plants, and industrial
furnaces [30,31]. Selective non-catalytic reduction (SNCR) reduces nitrogen oxides to
molecular nitrogen using ammonia or urea at temperatures of 850-1150 °C. This technology
does not use catalysts, making it simpler and cheaper than SCR technology [32,33].

Research carried out on sunflower husk pellets [34] and wood pellets [35] has con-
firmed the effectiveness of the use of catalytic additives in both reducing the emission of
pollutants and increasing the profitability of their use. An increase in combustion efficiency
was observed, translating into a reduction in fuel consumption. In the case of sunflower
husk pellets, the additive containing copper oxide, manganese oxide, and urea particles at
proportions of 10%, 60%, and 30%, respectively, was the most advantageous combustion
additive; its use reduced the emission of nitrogen oxides by as much as 48%. During the
combustion of wood pellets, the greatest reduction in NOx emissions was recorded during
the combustion of material with the addition of manganese oxide and urea particles; the
reduction in NOy emissions in this case was as high as 72%.

The novelty of this article consists of research on different catalytic substances and their
efficiency in emissions reduction. In the article, an interesting analysis of increased carbon
monoxide and NOx emissions for one of the additives was performed. The discussion of
this phenomenon considers the temperature increase in the furnace due to the use of this
catalyst. The material (Cannabis sativa) is also not widely investigated.

The structure of the paper is as follows: Section 1 provides information regarding
air pollutants and their impact on the environment, the hemp used in the research, and
the types of catalysts. Section 2 includes information about the methodology for measur-
ing exhaust gases’ quality, particulate matter content, the temperature in the combustion
chamber, fuel consumption reduction, and calculation of annual avoided costs and pre-
vented atmospheric CO; emissions. Section 3 contains the research results. Section 4
presents a discussion of the obtained results. Section 5 provides the conclusions of our
conducted analysis.

2. Materials and Methods
2.1. Research Stand

The research was conducted using a fully automatic retort boiler with nominal thermal
power of 15 kW (EG-PELLET 15, produced by EKOGREN, Pszczyna, Poland); a controller
had regulated its operating parameters. The temperature sensor readings and the lambda
probe supplied the appropriate dose of fuel and air to the combustion chamber. An
exhaust fan and a screw feeder coupled with a container provided the air dose and the
fuel, respectively. The generated heat energy was transferred to the environment through
fan heaters with a heating capacity of 40 kW. The scheme of the combustion chamber’s
construction, with flue gas flow, is presented in Figure 1.

2.2. Materials

To power the boiler, hemp pellets with a diameter of 6 mm were used; they were
purchased in a pelletized form from a local farmer. In the process of preparing active
substances, TiO, (WARCHEM, Warsaw, Poland), MnO, (WARCHEM), oxides, Cu nitrate
(NO3); x 3H,0O (WARCHEM), H,PtClg solution (Avantor Performance Materials Poland
SA, Warsaw, Poland), and urea solution with a purity of 99.5% (manufacturer Pol-Aura)
were applied. The carrier for the active substance was sodium aluminosilicate (SIPERNAT
820 A, manufactured by Evonik, Essen, Germany). The active substances were applied
to the support based on the wet impregnation method. In the following stages, they
were subjected to drying and calcination. Five different variants of catalytic additives are
presented in Table 1.
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Figure 1. Scheme of combustion chamber construction, with flue gas flow—1: burner, 2: pellet feeder,

3: aeration pipe, 4: partition, 5: water jacket, 6: exhaust deflector.

Table 1. Mass fraction of individual active substances in the produced catalytic additives.

Tvoe of Additive Platinum Titanium Oxide Copper Oxide Manganese Oxide Urea
yp Nanoparticles Nanoparticles Nanoparticles Nanoparticles Nanoparticles
Al 40% 50% 10% - -
A2 30% 40% 30% - -
A3 - 70% 10% 20% -
A4 - - - 60% 40%
A5 - - 10% 60% 30%

The produced catalytic substances were applied to the surface of pellets via the method
of dry impregnation until the moment of obtaining the appropriate concentration in the
pellet structure, corresponding to 0.1% in relation to the weight of the fuel burned. The
dose of the active substance was determined based on preliminary studies [36]. In order
to evenly introduce the catalytic additive to the pellet surface, mixing was performed in a
semi-open rotary paddle mixer (60 rpm).

2.3. Biofuel Physicochemical Analysis

The technical analysis of the biofuels used to power the boiler was carried out follow-
ing the standards applicable to solid biofuels. The technical analysis included determining
such fuel properties as moisture content, ash content, volatile matter content, and gross
and net calorific value. All tests in the field of analyzing the physicochemical properties of
materials were carried out in triplicate.

The moisture content in the fuel was determined using the weighing-dryer method
with the use of a laboratory dryer (WAMED KBC-65 W), following the PN-EN standard [37].
The technical specification of the used laboratory dryer is presented in Table 2.
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Table 2. Technical specifications of the WAMED KBC-65 W laboratory dryer.

Parameter Unit Value
Capacity dm?3 75
Rated power W 1500
Continuous operating temperature °C +10-300

Accuracy of temperature stabilization at a point

along the center axis of the chamber C +0.2

The value of the combustion heat was determined with the use of an IKA C 200 calorimeter.
The calorific value was determined following the PN-EN standard [38]. The technical data
of the used calorimeter are presented in Table 3.

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
Working pressure of oxygen bar 40
Initial temperature settings °C 18-25

The content of mineral parts in the fuel (content after ashing) was determined by
soaking crucibles containing a certain amount of fuel in a muffle furnace (SNOL 8.2/1100)
at a temperature of 550 °C, following the requirements of the PN-EN standard [39]. The
content of volatile parts in the fuel was determined by heating in an inert atmosphere in a
mutffle furnace according to the PN-EN standard [40]. The inert atmosphere in the muffle
furnace chamber was obtained by introducing carbon dioxide into it during the analysis.
The technical specifications of the used muffle furnace are presented in Table 4.

Table 4. Technical specifications of the SNOL 8.2/1100 mulffle furnace.

Parameter Unit Value
Useful volume dm? 8.2
Rated power W 1800
Continuous operating temperature °C +10-1100
Temperature stability in the working chamber at
a rated temperature in a thermal steady state °C +1

without charge not more than

The elemental composition of biomass fuels—i.e., the determination of the contents of
carbon, hydrogen, nitrogen, and sulfur—was ascertained with the use of the PerkinElmer
CHNS/O 2400 apparatus. The tests were carried out on samples in a dry state, crushed to
a grain size smaller than 0.2 mm, following the requirements of the PN-EN standard [41].
The technical specifications of the used apparatus are presented in Table 5.

Table 5. Technical specifications of the PerkinElmer CHNS/0 2400 apparatus.

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
Sulfur analytical range mg 0.001-2.0

Oxygen analytical range mg 0.001-2.0
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2.4. Analysis of Exhaust Gas Composition

The measurement was performed with the use of the Testo 350 flue gas analyzer.
The detection of individual compounds in the exhaust gas was performed based on the
photochemical method. The recording of the exhaust gas composition was started after the
stabilization of the combustion process. The measurement lasted 5 h continuously, and the
results were recorded every 1 s.

The used analyzer’s technical data are shown in Table 6.

Table 6. Technical specifications of the Testo 350 flue gas analyzer.

Component Measurement Method Range Precision Compliance with Standards
0, Paramagnetic 0-25% +0.1% abs. EN 14789; OTM-13
or 3% rel.
co Chemiluminescence 0-10,000 ppm ijrf;{?/mrjf > EN 15058; METHOD 10
CO, Chemiluminescence 0-25% :I:0.0C(%) % abs. ISO 12039; OTM-13
or 3% rel.
NOy Chemiluminescence 0-1000 ppm +3 ppm abs. EN14792
or 3% rel.
SO, Chemiluminescence 0-800 ppm +5 pgm abs. EN14793
or 5% rel.
The particulate matter content in the flue gas was measured with the use of a Testo
380 particulate matter analyzer. It was determined as a sum of the suspended dusts,
without division into individual fractions. The amount of PM in the exhaust gas was
measured based on the infrared detection method. Prior to the measurement, the apparatus
was conditioned.
The specifications of the used particulate matter analyzer are shown in Table 7.
Table 7. Technical data of the Testo 380 particulate matter analyzer.
Component Measurement Method Range Precision Compliance with Standards
PM NDIR 0-300 mg-m~3 +1ppm abs. EN14842
or 1% rel.
CO, Chemiluminescence 0-20% i0.030 Vo abs. ISO 12039
or 3% rel.
. o +0.1% abs.
O, Paramagnetic 0-22% or 3% rel. EN 14789

The analyzer and dust meter probe were placed through a stub pipe in the chimney at
a distance of 30 cm from the boiler’s flue gas outlet.

2.5. Measurement of the Temperature in the Combustion Chamber

The temperature measurements in the combustion chamber were carried out with the
use of an APAR AR205 data recorder connected to four K-type thermocouples. These were
placed in special connectors passing through the water jacket directly to the combustion
chamber. The thermocouples were arranged parallel to the deflector and the burner.
The instantaneous temperature values were recorded at a frequency of 1 s for the entire
measurement duration. On the basis of the obtained results, the average values were
determined. The outcomes included the mean measurement error, amounting to 1.5 °C.

2.6. Fuel Consumption Measurement

Fuel consumption was measured while the boiler was operating at nominal power.
The burnt pellet dose was determined by measuring the fuel stream fed to the boiler for 1 h.
The boiler worked under set conditions, where the working medium temperature at the
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boiler’s outlet was 70 °C, while at the inlet it was 40 °C. The degree of pellet consumption
reduction was determined on the basis of the relationship between the weight of fuel
burned with a catalytic additive and the weight of primary fuel burned.

2.7. Economic Analysis of the Use of Catalytic Additives

The economic analysis of catalytic additives used for hemp pellets’ combustion in a
low-power biomass boiler was performed by calculating the average annual heat demand
in a household and the fuel weight necessary to generate an appropriate amount of heat.
The calculations also considered the costs related to purchasing the required amounts of
fuel and active substances. The assumptions adopted for the calculations are presented
in Table 8. The analysis was performed following the methodology contained in the
Regulation of the Minister of Infrastructure and Development of 27 February 2015 on the
Methodology for Determining the Energy Performance of a Building or Part of a Building
and Energy Performance Certificates [42]. The individual coefficients/values presented in
Table 8 are taken from verified and up-to-date sources of information [42-48].

Table 8. Adopted assumptions for the economic analysis.

Parameter Unit Value
Heated area A¢ m? 100
Daily unitary demand for domestic hot water V,; dm?®m=2.47! 1.4
Correction factor for interruptions in the use of 0.9
domestic hot water kg ) ’
Water density pw kg-dm_3 1
Water specific heat capacity C Jkg 1K1 4.186
Cold water temperature ¢ K 283
Hot water temperature 6xyy K 328
Length of the year ¢ days 365
Assumed efficiency of the installation Y% 0.91
Heating and ventilation demand wgy; kWh m? -year*1 100
Hemp pellet purchase cost PCyp EUR kg~ ! 0.18
Hemp pellet lower heating value LHV K kg™! 17,230
Cost of catalytic additive No. 1 Ccaz EUR kg~! 17.33
Cost of catalytic additive No. 2 Cca» EUR-kg*1 12.33
Cost of catalytic additive No. 3 Cca3 EUR kg*1 10.68
Cost of catalytic additive No. 4 Ccas EUR kg_1 4.81
Cost of catalytic additive No. 5 Ccas EUR-kg*1 2.22

2.8. Calculation of the Annual CO, Emissions

The environmental effect resulting from the use of catalytic additives in the heating
installation is determined by the reduction in the emissions of CO;, calculated for one year.
The calculation was made for the assumed heat demand, and using the data contained in
the document of The National Centre for Emissions Management entitled “Calorific Values
and CO, Emission Factors in 2019 to be Reported under the Emission Trading Scheme for
2022 [49].

Annual CO; emissions to the atmosphere were calculated using the following formula:

AEco2 :me'LHVHp-Ef (1)

where AEc(, represents the annual CO, emissions to the atmosphere (kg-year1); mpp
is the annual mass of burnt hemp pellets for heating purposes and domestic hot water
(kg-year™1); LHVyp is the hemp pellets’ lower heating value (MJ-year~'); and e 7 is the
CO, emission factor for biomass fuel (kg-MJ~1).
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3. Results

This research aims to compare the effect of selected catalytic additives on the hemp pel-
lets” combustion process, considering the energy, economic, and environmental aspects. The
recorded values from exhaust gases’ quality and particular matter content measurements
were recalculated on 10% oxygen content in the flue gas.

3.1. Biofuel Physicochemical Analysis

The basic technical properties of the analyzed biomass fuel are presented in Table 9.

Table 9. Results of the technical analysis of the biomass fuel.

Parameter Unit Value
Moisture content % 9.83
Ash content % 7.26
Volatile matter content % 66.16
Calorific value MJ kg~! 17.01

The results of the research on the content of elements in the biomass fuel are shown in
Table 10.

Table 10. Biomass fuel elemental analysis results.

Parameter Unit Value
Nitrogen content % 4.90
Carbon content % 46.00
Hydrogen content % 6.80
Sulfur content % 0.27

The analysis of physicochemical properties proved that hemp pellets are suitable for
energetic use in the combustion process. Their low ash content (7.26%) and high calorific
value (17.01 MJ kg 1) are comparable with those of other popular biomass energy carriers.
Hemp pellets have a high nitrogen content (4.90%), which may increase the emission
of nitrogen oxides in the combustion process. The second element that influences the
formation of harmful compounds in the combustion process is sulfur; hemp pellets have a
small amount of this element in their chemical composition (0.27%). Nevertheless, even
such a small amount of sulfur in the fuel will be reflected in the subsequent SO, emissions
in the exhaust gas.

3.2. Measurement of the Temperature in the Combustion Chamber

Figure 2 presents the comparison of average temperatures in the combustion chamber.

The use of active substances in the thermal conversion process did not result in an
increase in temperature in every case. The use of catalyst additives No. 4 and No. 5
caused a slight decrease in temperature in the combustion chamber, by 10 °C on average.
The use of other substances increased the temperature by ~10-35 °C. The increase in the
average temperature in the combustion chamber may have been due to the improvement
in the course of the combustion reaction. This is evidenced by the fact that the catalysts
causing the temperature increase in the chamber caused a simultaneous reduction in the
amount of CO in the exhaust gas. As a result of the combustion of carbon monoxide, the
average temperature increased, and the boiler efficiency increased by reducing the so-called
stack loss.
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Figure 2. Comparison of average temperatures in the low-power biomass boiler’s combustion chamber.

3.3. Analysis of Catalytic Additives” Influence on Fuel Consumption

The results of fuel consumption reduction after the application of catalytic additives
are shown in Figure 3.

Ad1l Ad?2 Ad4 AdS5

Ad3
Additive

Figure 3. Percentage reduction in fuel consumption.

The use of catalysts co-combusted with hemp pellets resulted in a reduction in fuel
consumption. The highest pellet consumption reduction coefficient was recorded for addi-
tive No. 1, which amounted to 6.2%. A slightly lower reduction in fuel consumption was
caused by the use of additive No. 2; during the combustion of this substance with pellets,
fuel consumption decreased by 5.3%. The other additives also reduced fuel consumption,
but to a lesser extent. The average percentage of fuel consumption reduction for additives
No. 3, No. 4, and No. 5 oscillated in the range between 3.1% and 3.6%.

3.4. Analysis of Exhaust Gas Composition

Figure 4 shows the correlation between combustion products’ concentrations in the
flue gas and the used catalytic additive type.



Energies 2022, 15, 2034

10 of 15

Combustion products concentration, mg-m-

800

700

600

400

300

200

100

mCO
m NO;
m SO,
I PM

I‘ 0 ‘
2 || i

itz
G
RN

No Adl Ad?2 Ad3 Ad4 Ad>S
additives
Additive

Figure 4. Concentration of combustion products in the exhaust gases.

The CO concentration in the flue gas during the hemp pellets’ combustion without a
catalytic additive was 131 mg-m~3. The use of catalysts did not always cause the reduction
in carbon monoxide emissions into the atmosphere. Additives No. 3 and No. 5 increased
emissions by 113% and 2%, respectively. The use of the remaining three additives caused
emissions to decrease in the range of 6-79%.

During the hemp pellets” combustion without catalytic additives, nitrogen oxide emis-
sions were on average 670 mg-m 2. Except for additive No. 3, almost all catalytic additives
resulted in a several dozen percent reduction in NOx emissions into the atmosphere.

The process of hemp pellets’ combustion without the use of catalytic additives resulted
in sulfur dioxide emissions into the atmosphere of 133 mg-m 2. Applying most of the
catalytic additives to the boiler combustion chamber resulted in a 9-48% decrease in SO,
emissions to the atmosphere. Only additive No. 2 increased the emission of this compound,
by 9%.

During the analyzed biofuel’s combustion without catalytic additives, the average
particulate matter (PM) concentration was 82 mg-m~3. In every case, the use of catalytic
additives caused a reduction in PM content in the flue gas, in the range of 18-78%.

3.5. Economic Analysis of the Use of Catalytic Additives

Figure 5 shows the outcomes of the performed economic analysis investigating the
effect of the use of catalytic additives on the generation of financial savings.

The economic profitability analysis showed that not every catalytic additive generates
financial savings for heating and domestic hot water preparation in a medium-sized
household. Annual financial savings were generated only using additives No. 4 and No. 5,
amounting to EUR 3-10 per year.

3.6. Calculation of the Annual CO, Emission

Figure 6 presents the calculated values of annual carbon dioxide emissions to the atmo-
sphere resulting from the combustion of hemp pellets with and without catalytic additives.
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Figure 5. Expected amounts of avoided costs by the co-combustion of hemp pellets with catalytic additives.
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Figure 6. Annual amount of carbon dioxide emissions into the atmosphere.

The use of each of these active substances resulted in a reduction in carbon dioxide
emissions. The greatest decrease was caused by the use of additive No. 1 in the combustion
process (c.a. —6%. compared to non-catalytic combustion). The average reduction in CO,

emissions resulting from the use of catalytic additives was ~200 kg-year!.

4. Discussion

The positive effect on emissions reduction was disturbed by carbon monoxide (CO)
emissions, which increased by 113%, while NOx emission increased by 8% for additive
No. 3 (consisting mainly of titanium oxide nanoparticles (~70%)). The tendency was
rechecked, and the result remained similar. The discussion of this phenomenon should
consider the temperature increase in the furnace due to the use of this catalyst (additive
No. 3). There are three mechanisms of NOx creation: One of them (the temperature
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mechanism of creation) depends on the temperature in the combustion chamber. In the
literature, the minimum temperature for this mechanism of NO creation is 1100 °C, and
the hypothesis to explain the rise of NOx emissions gives reason for the catalytic reduction
in the minimal temperature of this mechanism to as low as 400 °C [50]. At this temperature,
NOx emissions increase, and the oxygen needed to form these particles is responsible for
a local oxygen deficiency in the furnace chamber. This, in turn, influences the amount of
carbon monoxide formation. It should be pointed out that additive No. 3 had the highest
efficiency in SO, reduction, making it useful for technologies aimed at sulfur reduction.

The remaining emissions after adding various catalysts were consistent with the
expectations and conclusions described in the literature. The NOx emissions dropped the
most with additive No. 4, due to it having the highest proportion of urea. Interestingly, this
reduction would not be effective if there were not a high share of magnesium oxide, which
lowers the temperature of the reduction reaction. Adding copper (additive No. 5) made
the catalytic reduction less effective, but it lowered the cost of the additive (Figure 5).

Additives No. 1 and No. 2 (substantially based on platinum) were efficient in re-
ducing all emissions, and were the most universal; they had the most positive influ-
ence on the boiler’s efficiency (Figure 3), but the cost of platinum made this solution
economically ineffective.

In summary, the results obtained throughout the research cycle confirm the positive
environmental and economic effects of using catalytic additives co-combusted with biomass
fuel. In the process of carbon monoxide and suspended dust afterburning, substances
containing platinum, titanium, and copper particles, characterized by oxidizing properties,
became the most effective additives. The best variant of additive No. 1 enabled reduction
in CO emissions by as much as 79%. Afterburning the combustible parts in the flue
gas increases boiler efficiency by reducing stack losses. The combustion of flammable
substances in the exhaust gas causes an increase in the temperature in the combustion
chamber, which translates into a reduction in fuel consumption. Additive No. 1 turned
out to be the most effective in this respect, reducing fuel consumption by 6.2%. Lower fuel
consumption also generates savings in the form of lower costs incurred when purchasing
the energy carrier. The afterburning properties of catalysts also reduce the operating costs
of the boiler by reducing the frequency of cleaning or servicing of the boiler. The effect
of catalysts on reducing pollutants—i.e., nitrogen oxides—was also noted. The catalytic
additives containing urea and manganese particles, characterized by reducing properties,
turned out to be the most effective in reducing nitric oxide. Additive No. 4 proved to be
the most effective catalyst in reducing NOx. The use of this additive co-combusted with
the fuel resulted in a reduction in nitrogen oxide emissions into the atmosphere by as much
as 66%.

5. Conclusions

The main conclusion is that catalytic additives were efficient in reducing individ-
ual emissions, and two of them (additives No. 4 and No. 5) positively influenced the
profitability of their use. Carbon dioxide emissions reductions of up to —6% (compared
to non-catalytic combustion) were observed for all examined additives. The rest of the
emissions varied for different catalytic substances. The most efficient in SO, reduction
was additive No. 3, based on titanium oxide, but it increased NOx and CO emissions due
to the increase in the temperature in the combustion chamber. The hypothesis for this
phenomenon is discussed in the previous chapter. Additives No. 1 and No. 2 (with a
significant share of Pt) were the most suitable for raising the boiler’s efficiency and CO,
reduction, but had a negative economic effect. This may change if CO, emissions for small
boilers are subject to environmental changes. Additives No. 4 and No. 5 were the most
effective for NOx reduction. The research of different forms of biomass showed that both
substances are required: urea to reduce NOx to molecular nitrogen (N,), and magnesium
oxide to reduce the minimum activation energy for this reaction (i.e., the reduction in
emissions with urea can take place at a lower temperature).
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All additives were examined to make the combustion of hemp pellets more effective.
As pointed out in the introduction, hemp’s popularity as a fuel is growing, and it can be
a significant renewable fuel in countries with high agricultural potential, such as Poland.
Finding the technology for environmentally friendly and cheap hemp combustion was
the most important reason for undertaking the research described in this article. By using
catalysts, it is possible to compensate for the undesirable properties of the waste from
the production and processing of hemp. Hemp waste, like any biomass, contains high
contents of nitrogen and sulfur, which affect the subsequent emission of NOx and SO5.
Thanks to the applied catalytic additives, the emissions from the combustion of this type of
biomass are negligible, and the combustion process itself is more effective, increasing the
attractiveness of hemp waste from the perspective of its energetic management. Thanks to
catalytic additives, it is possible to increase the energy use of biomass waste, facilitating the
development of a waste-free economy.

The solution described in the manuscript based on catalysts co-combusted with
biomass fuel has certain limitations. The catalysts used are characterized by optimal
reduction in pollutants in a specific temperature range, i.e., 500-1000 °C. The range of
these temperatures is achieved only in low-power boilers; therefore, this solution cannot be
implemented in high-power boiler installations, where the temperatures in the combustion
chamber exceed the temperature range of the catalysts. In the future, our team plans to
study the impact of selected catalysts on emissions from the combustion of other biomass
waste, in order to increase the possibility of their energy use.

We also plan to combine the most effective catalytic substances in a single additive for
optimal reduction in impurities.
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