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Abstract: The article analyses and evaluates the possibilities of using oak bark, oak leaves, and their
mixtures for biofuel. The preparation of this waste for the burning process (milling, granulation) has
been investigated and the results have been presented together with the analysis of the prepared
granules’ properties—humidity, density, strength, elemental composition, ash content, caloric value,
and others. The moisture content of the oak waste granules ranged from 8.1% to 12.5%, and
the granules’ density ranged from 975.8 to 1122.2 kg m−3 DM (dry matter). The amount of oak ash
found was very high (from 10.4% to 14.7%)—about 10 times higher than that of wood waste granules.
The calorific value determined after burning the oak bark and leaves pellets was sufficiently high,
ranging from 17.3 to 17.7 MJ kg−1. This thermal value of oak waste granules was close to the calorific
value of the herbaceous plant species and some types of wood waste. The environmental impact of
burning the granules of oak waste was also assessed. The harmful emissions of carbon monoxide and
dioxide, nitrogen oxides, and unburnt hydrocarbons into the environment were found to be below
the permissible limits for the incineration of oak waste granules. The highest CO gas concentration,
determined when burning the oak leaves, was 1187.70 mg m−3, and the lowest NOx concentration,
determined when burning the oak bark and leaf mixture granules, was 341.2 mg m−3. The coefficient
of energy efficiency R of the granulated oak leaves biofuel, when the oak waste biomass moisture
content was reduced by 10%, reached 3.64. It was very similar to the results of previous studies of
various types of granulated straw biofuel (3.5–3.7). The research results presented show that, given
that the main parameters of oak waste meet the basic requirements of solid biofuel, oak bark, leaves,
and their mixture can be recommended to be used as solid biofuels.
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1. Introduction

In Lithuania and other countries, wood resources are limited and can be used in other processes;
much attention is paid to research on granule production from various non-stem wood biomass and its
residues. The results of the studies of Filbakk et al. [1] showed that the biofuel granules with a higher
amount of bark have a higher bulk density and lower mill content. However, these granules have
a higher content of ash as well.

Verma et al. [2] states that the combustion efficiency and emission levels of different types of
granules are different. The article deals with granules of wood, peat, apple, reed canary grass, sunflower,

Sustainability 2020, 12, 8113; doi:10.3390/su12198113 www.mdpi.com/journal/sustainability

http://www.mdpi.com/journal/sustainability
http://www.mdpi.com
https://orcid.org/0000-0001-6164-3921
https://orcid.org/0000-0001-8297-4666
https://orcid.org/0000-0002-3497-2292
http://www.mdpi.com/2071-1050/12/19/8113?type=check_update&version=1
http://dx.doi.org/10.3390/su12198113
http://www.mdpi.com/journal/sustainability


Sustainability 2020, 12, 8113 2 of 14

and the waste of citrus pectin. In the production of solid wood biofuel, the chopped and milled plant
biomass is compressed to high density, resulting in a relatively high burning efficiency. The cylindrical
shape of granular products facilitates long-distance transportation, takes up less storage space, and
facilitates the control of boiler burners [3].

The production of granules from dry raw material with a low moisture content results in a high
density and uniformity, making granules more suitable for transportation and storage than products
made from excessively moist biomass. Replacing fossil fuels with biofuel granules is relatively easy in
existing power plants and heat energy-producing companies [4].

The variety of chemical and physical-mechanical properties of the granules of wood biomass
influences the quality of the fuel. First of all, Johansson et al. [5] demonstrated that density, moisture, ash,
fine particles, and lower calorific value have a significant impact on the efficiency of fuel energy systems
and emissions. The work of Stahl and Wikström [6] suggests that the efficiency of the combustion
process decreases if the use of fuel results in a high ash content. The research of Samuelsson et al. [7]
drew attention to an important fact that the moisture content of biomass feedstock has a significant
effect on the density and the calorific value of the final product. It has been determined that the average
diameter and average length of the granules should also be taken into account, as there are standardized
granule delivery systems and technologies on the EU market [8]. The research of Dias et al. [9] shows
that the utilization of granules of a bigger diameter reduces the efficiency of the boiler, while granules
with a smaller mechanical durability have finer particles and a lower combustion efficiency.

The work performed by Stahl and Wikström [6] defines the influence of granules’ bulk density on
the boiler efficiency. Changes in the bulk density affect the behaviour of the combustion process and
increase the heat loss in boilers without automatic control. Mechanical durability, fine material content,
and granule density are the factors important for transportation. Filbakk et al. [1] claimed that high
concentrations of fine particles can cause problems with the quality of granules’ burning and may lead
to reduced efficiency [10,11]. Thus, it can be stated that several parameters are necessary for a proper
burning process.

Various types of wood waste can be used for burning. For this purpose, it is possible to use not
only wood waste from industrial wood processing and the furniture manufacturing industry, but also
small branches, bark, and leaves. Research on various types of energy plant forests and the preparation
and use of agricultural residues for domestic energy supply in Lithuania was presented [12,13]. Oak
wood is one of the highest quality woods growing in Lithuania. It is therefore appropriate to investigate
the recycling and use of oak wood waste for incineration.

Recently, the importance and relevance of the global ecological problem caused by harmful gas
emissions from the combustion of different fuels have been increasing. It is recommended to use
environmentally friendly vegetative origin biofuel. In addition to the fact that it contains almost
no harmful substances, the carbon dioxide released in the process of the photosynthesis of plants is
converted into oxygen during the combustion process [14].

Individual countries use different local or imported fuel for their energy needs; therefore,
the emissions of pollutants into the environment differ. European countries with large populations,
such as Poland and Germany, pollute the environment mainly with CO2, NOx, and SO2. The highest
intensity of CO2 emissions was found in Poland, Germany, Estonia, and Denmark. These countries
have their own energy supply from the local fossil fuel, but at least emit pollutants into the environment
of the Scandinavian countries, where hydro, bio, and nuclear energy resources are used [15].

The limits of the emissions from combustion equipment are regulated by the Ministry of
Environment of the Republic of Lithuania, which has approved the emission rates from fuel burning
equipment [16]. These rates regulate the maximum allowed emission values from the burning of
biofuels, including straw and herbaceous plants. There is estimated new and existing biofuel burning
equipment with a thermal output from 0.12 to 1.0 MW, the emission limit value (in the standard O2 is
6% for the concentration of bulk percentage) for SO2 is 2000 mg Nm−3, for NOx is 750 mg Nm−3, CO is
not rated, and for solid particles it is 800 mg Nm−3.
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Burning one tonne of grass or straw furnace plant results in 30–40 kg of ash and 5 to 8 kg of
dust remaining in the filters. Ash contains approximately 0.09% nitrogen, 1.0% phosphorus, and
11% potassium, as well as small amounts of heavy metals such as copper, zinc, tin, nickel, cadmium,
chromium, and others. Phosphorus and potassium in the ash allows us to use it as a fertilizer [17].

Biomass is a highly efficient and secure source of thermal energy, especially in a long-term
low-carbon economy. Biomass for heating can be 85% more efficient than electricity generation or
biofuel transport, which is characterized by higher energy loss in conversion processes. Nevertheless,
the low bulk density of biomass encourages operators to carry out compaction processes (granulation,
pelleting, and briquetting) before using energy to take advantage of the homogeneous and easily
automated solid biofuels that additionally have higher energy densities. The global consumption of
biofuel granules is expected to increase to 68–80 million tonnes by 2020 [18,19].

The biomass density of wood and other plants is low due to their porous structure. It ranges from
40 to 150 kg m−3 for grass-type biomass [20,21] and from 320 to 720 kg m−3 for most types of dried
hard and soft trees [22]. In practice, the density of chopped biomass is several times lower and reaches
150–200 kg m−3 [23], being generally lower than that of the firewood.

Produced biomass granules can have densities ranging from 1000 to 1400 kg m−3 [24], and a bulk
density of approximately 700 kg m−3 [25]. This process improves the transportation and storage of
granules, and provides better biomass handling as well as lower dust generation [26,27].

Wood biomass and wood waste are considered to be the dominant raw materials for granule
production, except for agricultural waste. Agricultural and forestry waste was the main fuel source
for potential bioenergy projects in some developing countries [28]. Magelli et al. investigated
the consumption and the emissions of wood granules in Columbia [29]. Rhén et al. analysed the effect
of the composition of wood granules on their burning characteristics [30]. It was determined that bark
granules had a more than 50% longer combustion time than wood stem granules.

Li and other researchers have studied the granulation of torrefied sawdust from a fluidized bed
reactor to quantify the energy consumption and to assess the properties of the granules produced [31].
It was determined that a higher energy consumption was needed for the production of torrefied
sawdust compared to the untreated, raw sawdust at the same compression temperature. Lam and
other researchers have investigated the energy consumption and quality of granules produced by
a steam-exploded Douglas Fir [32]. The research results showed that the steam-treated wood requires
more energy to produce granules, and the resistance of granules to compression was higher than that
of untreated wood.

Stem wood, bark, and branches have different structures and chemical compositions, such as lignin,
cellulose, hemicellulose, pectin, and extracts. In addition, the processes of hydrolysis, autoxidation,
and microbial degradation have a significant impact on its properties during raw material storage [33].

The aim of this work was to investigate the technological-technical means of preparation of oak
waste for compressed biofuels; to evaluate its physical-mechanical, chemical, and thermal properties;
to evaluate the quality indicators of granule production and its use for incineration; and to assess
the environmental impact of the combustion of oak waste granules in a low-capacity boiler.

The novelty of the article presented comes from the fact that the possibilities for the processing
and utilization of oak waste for energy conversion, granulated biofuel production, burning, and heat
energy production were investigated. Many researchers analyse and compare only some individual
properties of biofuels, whereas in this work the authors comprehensively evaluate many investigated
properties, such as the moisture content, density, and mechanical strength of pellets and their variations,
as well as emissions of harmful gases, etc., which are the main characteristics defining the quality of
the pellets produced.
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2. Materials and Methods

2.1. Oak Waste Chopping and Milling Quality

Research on the preparation and use of oak waste for energy purposes was carried out at
the laboratories of Vytautas Magnus University Agriculture Academy in Lithuania. The quality
of the raw material prepared for the biofuel production and the processed granules must meet
the requirements of the combustion chambers, as well as the requirements for the transportation and
storage of ready-made products.

A drum shredder of herbaceous plant harvester Maral 125 (Germany) was used for shredding
the oak bark and its leaves in the experimental research of oak waste. In addition, in order to
use the ready-made raw material for granules’ production, it is necessary to chop it into a milling
consistency (1–2 mm particles). A laboratory mill, the Retsch SM 200 (Germany), was used for this
purpose [34].

The quality of the chopped mass milling was determined by the methodology of the European
Union countries [35]. Each sample of 3 kg was sieved for 2 min with a sieve shaker Haver EML
450 Digital plus with a sieve set (Germany). The fractional composition of milled oak waste was
determined using a sieve set of 200 mm sieves with round holes (starting from the top sieve) that were
2.0, 1.0, 0.63, 0.5, and 0.25 mm in diameter. The milled mass remaining on each sieve was weighted
and a sample part of every fraction was calculated (in percentage). These tests were repeated 3 times.

The bulk density of the milled raw material was determined using an empty 6 dm3 cylinder.
The oak waste mill was added to the cylinder to the top edge and was weighted. Knowing the mill mass
and the volume of the cylinder allowed us to calculate the bulk density of the mill. The moisture content
of the mill was determined in the chemical laboratory according to the standard methodology [34,36].

2.2. Production and Determination of Granules’ Biometrical and Physical-Mechanical Properties

The chopped and milled raw material was granulated with a low-power (7.5 kW) biomass
granulator ZLSP200B (Poland) with a horizontal matrix (with a capacity of 100–120 kg h−1). The diameter
of the produced granules was 6 mm. It was granulated in a conventional manner: the grounded mill
was well mixed and moistened (if it was too dry for granulating), dosed into a pressure chamber where
the mass was pressed through matrix holes 6 mm in diameter, and finally the granules were produced.

The dimensions, moisture content, volume, density, and strength of the granules were determined
after cooling the granules. The parameters of the granules were assessed by measuring their height
and diameter. A digital Vernier caliper LIMIT 150 mm (PRC) with a measuring accuracy of 0.01 mm
was used for this purpose. KERN ABJ (Germany) scales with an accuracy of 0.001 g were used to
determine the mass of the granules. The mass of the granules was determined for each sample type by
using 10 granules with an average mean error.

The moisture content of the investigated granules was determined analogously to the flour,
according to the standard methodology, by drying the pellets in a laboratory dryer [36,37].

The compressive strength of the granules was determined using an Instron 5965 universal testing
machine (ITW, USA) with a capacity of 5 kN. The table model 5965 load frames meet the requirements
of the EN61236−1 (2006). The received parameters were saved in the Instron Bluehill test control
software (version 3.11.1209). Static load velocities of 20 mm min−1 and a movement limit were
selected. Experiments with the samples of granules were carried out in a horizontal plane. Each test
was completed 5 times per sample. The experiment results were recorded every 0.1 seconds until
the granule was disintegrated. The measurement error was 0.02%. Statistical mathematical methods
were used for processing the data obtained. The average values and their confidence intervals (CI)
were calculated with the probability level of 0.95.
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2.3. Elemental Composition, Ash Content and Calorific Value of Oak Waste Granules

The elemental composition and the ash content of the granules were determined in the laboratories
of the Lithuanian Energy Institute (LEI) according to the current Lithuanian and EU standard
methodology using the following devices: Flash 2000 (US), according to the standard LST EN 14774−1:
2010; humidity tester no. 8B / 1, according to the standard LST EN 14775: 2010; ash test unit no. 8B / 5.
The calorific value (kJ kg−1) of oak waste granules was determined using a calorimeter C 2000 (IKA,
Germany) according to the standard methodology (BS EN 14918: 2009).

2.4. Evaluation of Harmful Gas Emissions from Burning Oak Waste Pellets

The fuel combustion and emissions depend on the type and quality of the fuel and the formation of
solid biofuel in boilers. These fuel indicators are important for new fuel supply as well as for combustion
equipment. In order to determine the influence of these parameters on the formation of pollutants,
research was carried out in a low-power (5 kW) solid-fuel boiler adapted to use a large fraction of fuel:
wood, sawdust briquettes, and pellets. Investigations were carried out in LEI. The pollutants were
measured in the exhaust gas analysers DATATEST 400 CEM, VE7 (Germany) during the combustion
process. The content of total carbon, hydrogen, nitrogen, sulphur and oxygen was measured according
to the requirements of the standard EN 15104: 2010.

While burning the oak waste granules, the smoke temperature was recorded and harmful emissions
of carbon dioxide (CO2), carbon monoxide (CO), sulphur dioxide (SO2), nitrogen oxides (NOx), and
unburnt hydrocarbons (CxHy) were determined. After assessing the release of harmful pollutants into
the environment, they were compared with the combustion of various types of granulated biofuel
produced from the oak waste: bark, leaves, and their mixtures (1:1). Each sample was burned for
8–10 min.

The content of total carbon, hydrogen, nitrogen, sulphur, and oxygen was measured according to
the requirements of the standard EN 15104:2010.

2.5. Energy Evaluation of Granulated Oak Waste Biofuel Technology

Technological operations were justified and proposed, and the technique was selected for
the evaluation of biofuel preparation from granulated oak waste (leaves, bark, and their mixtures).
The following most important technological operations for the granule preparation and burning were
selected and the direct energy consumption of the granulated biofuel from oak leaves was calculated:

� Total energy consumption for the collection of leaves into piles.
� Loading of oak leaves into vehicle trailers and their transportation to storage facilities.
� Milling and drying of biomass in a dryer–dispergator, reducing the moisture content by 10

percentage points (from 25% to 15%).
� Biomass granule production in a low-power (7.5 kW) granulator.
� Energy consumption of granule transportation and burning implements.

The oak waste (leaves) energy indicators were determined according to the standard
requirements [13,34].

An analysis of the variance of the research results was performed for three replications using
the F-test and the LSD (95% probability level) to assess the reliability and the statistical significance of
the results.

3. Results and Discussion

3.1. Determination of Mill Physical-Mechanical Properties

In order to ensure the convenient and efficient use of fuel for combustion when processing plant
biomass and preparing it for combustion, it is important to increase the density and the energy value
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of the raw material as much as possible and to ensure automated fuel supply to the furnace. This is
achieved by compressing the biomass into granules. The volume of pressed material could be reduced
up to 10 times. Leaves and bark of trees growing in forests and parks can also be used as a raw material
for this fuel.

Before preparing the pellets, the plant biomass was chopped and milled and its properties
were investigated. The physical-mechanical properties of milled oak waste—moisture content and
density—were determined. These properties are important for designing and selecting the appropriate
transportation and storage facilities. The moisture content and the density of the milled oak waste are
presented in Table 1.

Table 1. The moisture content and density of the oak waste mill.

Oak Waste Mill Moisture Content, % Mass Density, kg m−3

Bark 6.1 ± 0.4 278.3 ± 4.5 (261.3 DM)
Leaves 9.6 ± 0.2 214.7 ± 5.2 (194.1 DM)

Bark and leaves mixture (1:1) 7.9 ± 0.3 246.5 ± 4.8 (227.0 DM)

As can be seen from Table 1, the highest density is from the oak bark mill, at 261.3 kg m−3 DM
(dry matter), and the density of oak leaves is the lowest, with only 194.1 kg m−3 DM—1.3 times lower
than that of the oak bark mill.

The fractional composition of the oak waste mill (in %) is presented in Table 2. After the evaluation
of the fractional composition of the milled oak waste, we can see that the biggest fraction of bark mill
was selected on the sieve with holes 0.25 mm in diameter (46.2 ± 6.6%). An excessive amount of dust
(24.3 ± 2.3%) was found as well.

Table 2. Fractional composition of the oak waste mill.

Fractional Composition
of

the Oak Waste Mill

Diameter of the Sieve Holes (Fineness of Mill Fraction), mm

0–0.25 0.25–0.5 0.5–0.63 0.63–1.0 1.0–2.0 >2.0

Bark 24.3 ± 2.3 46.2 ± 6.6 7.9 ± 2.1 19.2 ± 6.2 2.4 ± 1.4 0
Leaves 22.0 ± 2.5 30.9 ± 2.9 11.7 ± 2.2 28.1 ± 3.2 7.3 ± 2.1 0

Bark and leaves mixture
(1:1) 23.8 ± 2.1 37.4 ± 5.4 10.3 ± 4.4 22.9 ± 2.9 5.6 ± 2.2 0

Analysis of the information presented in Table 2 allows us to conclude that the largest part of
the oak leaves mill is accumulated on the sieve with holes 0.25 mm in diameter (30.9 ± 2.9%), and
a slightly lower fraction of mill is accumulated on the sieve with holes 0.63 mm in diameter (28.1 ±
3.2%). The mill waste was high in dust, especially in oak bran with a dust content of 22.0 ± 2.5%.
The largest fraction of mill mixture is accumulated on the sieve with holes 0.25 mm in diameter (37.4 ±
5.4%). The amount of dust was as high as 23.8 ± 2.1%.

When evaluating the quality of the milled oak waste, it can be stated that the oak waste was
milled into very small fractions. It was found that the highest flour fraction was on the sieve with
holes 0.25 mm in diameter (from 30.9 ± 2.9% to 46.2 ± 6.6%), and the dust content was high (from 22.0
± 2.5% to 24.3 ± 2.3%).

3.2. Determination of Granules’ Properties

It has been determined that all the oak waste granules tested were suitable for incineration after
a proper preparation. Using the investigated raw materials for energy conversion (burning), this oak
waste (bark, leaves, and their mixture) was compressed into the form of granules with a diameter of
6 mm. The main physical-mechanical properties—the moisture content and the density of the produced
products—were then investigated (Table 3).
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Table 3. The moisture content and the density of the oak waste granules.

Oak Waste Granules Moisture Content, % Density, kg m−3

Bark 8.1 ± 0.1 1221.1 ± 64.4 (1122.2 DM)
Leaves 12.5 ± 0.2 1111.5 ± 42.4 (975.8 DM)

Bark and leaves mixture (1:1) 10.6 ± 0.1 1131.2 ± 91.0 (1011.3 DM)

The moisture content of oak waste granules varied from 8.1 ± 0.1% to 12.5 ± 0.2%. The estimated
density of the oak bark granules was the biggest and reached 1122.2 kg m−3 DM (dry mass). For
comparison, the density of oak leaves granules was the lowest, with 975.8 kg m−3 DM.

The curves of the performed strength test of oak waste granules are presented in Figure 1. A mean
characteristic curve was selected from 3 samples to show the nature of the force change in the strength
test. Analysis of the deformation curves allowed us to observe that the highest crushing force (more
than 450 N) was achieved in the case of oak bark granules, and the strongest granules were the ones of
the oak leaves (more than 730 N) (Figure 2).
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3.3. Evaluation of the Chemical and Thermal Properties of the Biofuel Granules

Analysis of the chemical properties, ash content, and heating value of the oak waste products
showed that the total carbon content was similar, ranging from 46.33 ± 1.13% to 47.32 ± 1.14%;
the hydrogen content ranged from 4.67 ± 0.45% to 5.25 ± 0.47%, and the nitrogen and sulphur were
low in volume (Table 4).

The ash amount of oak waste was very high and ranged from 10.34 ± 0.22% to 14.66 ± 0.60%. It
was about 9–10 times bigger than the ash amount of conventional biofuels [38,39]. The high amount of
ash means that the burning quality of the oak waste granules was not sufficiently high.
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Table 4. Chemical properties, ash content, and caloric value of the oak waste granules.

Granules’ Parameters
Value, %

Oak Bark Oak Leaves Oak Bark and
Leaves Mixture 1:1

Amount of carbon, % 46.33 ± 1.13 47.32 ± 1.14 47.18 ± 1.23
Amount of hydrogen, % 5.23 ± 0.43 4.67 ± 0.45 5.25 ± 0.47
Amount of nitrogen, % 0.88 ± 0.31 1.28 ± 0.32 1.06 ± 0.31
Amount of sulphur, % 0.08 ± 0.27 0.08 ± 0.28 0.09 ± 0.27
Amount of oxygen, % 37.14 31.99 34.56

Amount of moisture, % 8.12 ± 0.07 12.52 ± 0.07 10.60 ± 0.07
Amount of ash, % 10.34 ± 0.22 14.66 ± 0.60 11.87 ± 0.45

Dry biofuel lower heating value, MJ kg−1 17.42 ± 0.69 17.72 ± 0.90 17.26 ± 1.13
Dry biofuel high heating value, MJ kg−1 18.50 ± 0.43 18.68 ± 0.69 18.34 ± 0.92

Wet biofuel lower heating value, MJ kg−1 15.82 ± 0.69 13.81 ± 0.93 15.18 ± 1.15
Wet biofuel high heating value, MJ kg−1 17.00 ± 0.43 15.03 ± 0.69 16.40 ± 0.92

The lower heating value of the oak bark, leaves, and their mixture (1:1) granules was very similar
and ranged from 17.26 ± 1.13 to 17.72 ± 0.90 MJ kg−1 DM (dry matter). The oak waste granules had
a relatively high heating value, very similar to the heating value of the herbaceous plants and some
other wood species, determined by the previous studies of the authors [34] and other researchers [40].

3.4. The Results of Harmful Emissions from the Combustion of Oak Waste Granules

While burning the oak waste granules, the smoke temperature was recorded and the harmful
emissions, such as carbon dioxide, carbon monoxide, sulphur dioxide, nitrogen oxides. and unburnt
hydrocarbons, were determined. These research results are presented in Figures 3–5.
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Figure 3. Harmful emissions from the combustion of oak bark granules: (a) carbon dioxide (CO2), (b)
carbon monoxide (CO), (c) nitrogen oxides (NOx), (d) hydrocarbons (CxHy).
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Figure 4. Harmful emissions from the combustion of oak leaf granules: (a) carbon dioxide (CO2), (b)
carbon monoxide (CO), (c) nitrogen oxides (NOx), (d) hydrocarbons (CxHy).
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carbon dioxide (CO2), (b) carbon monoxide (CO), (c) nitrogen oxides (NOx), (d) hydrocarbons (CxHy).

According to the research results, a general trend is visible in the burning process: all the harmful
combustion gases tend to decrease when the burning becomes of low intensity.
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The results show that the highest concentration of carbon monoxide (CO) was determined when
burning oak leaves—it reached 1187.7 mg m−3. The lowest concentration of CO was recorded when
burning the oak bark and leaf mixture granules, and it was 341.2 mg m−3 (Table 5). The sulphur
dioxide (SO2) emissions were not recorded while burning the oak waste.

Table 5. Test results of the harmful emissions when burning the oak waste granules.

Type of Biofuel
Smoke

Temperature,
◦C

CO2
mg m−3

CO
mg m−3

NOx
mg m−3

CxHy
mg m−3

Oak bark granules 197.9 6.1 377.4 202.9 21.1
Oak leaves granules 187.1 3.0 1187.7 146.5 62.8
Oak bark and leaves

mixture granules 189.6 5.0 341.2 188.9 27.8

During the burning of oak waste granules, high carbon dioxide (CO2) emissions were recorded.
The highest content of carbon dioxide 6.1 mg m−3 was determined by burning the oak bark granules
and the lowest CO2 content (3.0 mg m−3) by burning the oak leaf granules.

The results of the combustion of the granules and the evaluation of the NOx emissions show that
the emissions did not exceed permissible levels. The nitrogen oxide emissions ranged from 146.5 (oak
leaf granules) to 202.9 mg m−3 (oak bark granules).

The results of the research in Finland and Poland showed that the CO concentration of wood
granules was 1.3 ± 1.9 g/kg, and the CO concentration of straw pellets was 4–5 times higher, at 6.4
± 5.0 g/kg. The NOx concentration, meanwhile, was 3.6 ± 0.8 and 1.4 ± 0.2 g/kg, respectively. Other
researchers estimated that the concentration of CO after burning the peat granules was 140± 297 mg/MJ,
and the concentration of NOx was 225 ± 29 mg/MJ [41,42].

The quantities of unburnt hydrocarbons CxHy after burning the oak waste granules were
sufficiently low (21.1 to 62.8 mg m−3) (Table 5). Polish scientists evaluated the concentration
of hydrocarbons in wood granules and detected low values of unburnt hydrocarbons as well
(24.0–61.0 ppm) [38].

3.5. Energy Assessment of Oak Waste Biofuel Preparation and Use for Burning Technology

When evaluating technology for the biofuel preparation of milled and recycled (granulated) oak
waste, it is important to justify and propose the technology and technological operations and select
the technique.

The calculation of the direct energy consumption (fuel and electricity) for the preparation of
granulated biofuel from oak leaves is presented in Table 6.

Table 6. The direct energy consumption for the preparation of granulated biofuel from oak leaves.
(yield of leaves 4 t ha−1, moisture content 25%).

Technological Operations Energy Consumption

MJ ha−1 MJ kg−1

Energy consumption for granule production
Energy consumption for the collection of leaves into piles 4000 1.0

Loading of oak leaves into vehicle trailers and transportation 4400 1.1
Milling and drying of biomass in a dryer–dispergator, reducing

the moisture content from 25% to 15% 8400 2.1

Granule production (diameter of 6 mm) in a low-power (7.5 kW)
granulator 1900 0.12

Energy consumption of granule transportation and burning implements 1100 0.07

Total: 19,800 4.37
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It was determined that the energy consumption for the total pressed biofuel preparation of
oak leaves, when the biomass moisture content was reduced from 25% to 15%, was 4.37 MJ kg−1.
Taking into account that the determined lower calorific value of the oak leaf dry matter is sufficiently
high—17.7 MJ kg−1 DM—and the efficiency of the boiler is 0.9, the coefficient of energy efficiency R of
the granulated oak leaf biofuel when the oak waste biomass moisture content is reduced by 10% will
be equal to 3.64 (R = 17.7 × 0.9: 4.37 = 3.64).

The comparison of these research results with our previous research studies of pressed straw
biofuel [14] allows us to state that the results were very similar due to the fact that the energy efficiency
coefficient R of the granulated various types of straw biofuel reached 3.5–3.7. Farmers sometimes
use special boilers for burning baled straw, but when the burning of baled straw is used directly for
heat energy production, the coefficient of energy efficiency R can reach even 5.6–6.0. As we can see,
the straw energy efficiency is about 1.6 times higher; however, it is expedient to use oak waste for
biofuels, as these are the residues that we need to remove from oak forests or parks. Oak leaves have
high lower calorific value, which can reach 17.7 MJ kg−1 DM; oak waste biofuel can be used as an
environmentally friendly biofuel, minimally polluting the surrounding atmosphere when burnt.

In summary, the results of testing the oak waste burning and emissions showed that oak bark,
leaves, and their mixtures can be recommended for use in solid biofuels after being granulated. However,
this may require additional energy consumption for mass drying. Such combustion of biofuels produces
enough high-quality and efficient combustion and low emissions into the environment. Very similar
research results were obtained after the investigation of the properties and environmental impacts of
different energy plants and their waste in Lithuania and other European countries.

After assessing the sustainability aspects of the use of the investigated oak waste for energy
purposes, it can be stated that the most extensive analysis of the environmental impact of burning
granulated oak waste biofuel has been carried out in the conducted research. The ash from
the incineration of the pellets can be used to fertilize plants, thus not polluting the environment.

The economic impact of the preparation and the use of oak waste for biofuels has not been
calculated, but the economic benefits of such biofuels can be justified by evaluating oak leaves and
bark as waste, which does not cost extra.

In addition to the positive features mentioned above, the combustion of granulated biofuels
provides significant social benefits. Such biofuels are suitable for boilers with fully automated pellet
supply and combustion. A pellet boiler not only provides warmth of the desired comfort in the house,
but also heats the house reliably and safely for 10 or more years. The latest pellet boilers are modern
and fully automated and do not need to be manually ignited. All boiler operation settings can be
controlled via mobile devices—smartphone, computer, or a tablet—by connecting to the boiler online.

4. Conclusions

After evaluating the quality of the oak waste mill, it can be noted that the prepared oak waste mill
had too-small fractions. The sieve with holes 0.25 mm in diameter (from 30.9 ± 2.9% to 46.2 ± 6.6%)
produced the biggest mill fraction and an excessively high dust content (from 22.0 ± 2.5% to 24.3 ±
2.3%).

The moisture content of the oak waste granules ranged from 8.1% to 12.5%. After the investigation
of the density of the prepared oak waste granules, it was found that the density of the oak bark granules
was the highest, with 1122.2 kg m−3 DM, and the density of oak leaves granules was the smallest
(975.8 kg m−3 DM).

The evaluation of the elemental composition of the oak biofuel granules indicated that the amount
of carbon was similar and ranged from 46.3% to 47.3%, and the amount of hydrogen ranged from 4.7%
to 5.3%. It should be noted that the amount of other chemical elements, such as sulphur and nitrogen,
was relatively low.

It has been determined that the amount of ash was 9–10 times higher compared with conventional
biofuels and ranged from 10.4% to 14.7%. The lower calorific value for burning the oak bark, leaves,



Sustainability 2020, 12, 8113 12 of 14

and their granules ranged from 17.3 to 17.7 MJ kg−1 DM. The oak waste granules had a relatively high
calorific value, close to the calorific value of the herbaceous plants and some wood species.

It was established that the oak waste granules emit harmful pollutants—carbon monoxide CO,
sulphur dioxide SO2, carbon dioxide CO2. and nitrogen oxides NOx—when burning. The highest
concentration of CO was found when burning the oak leaves (1187.70 mg m−3), and the lowest
NOx concentration was found when burning the mixture of oak bark and leaves—341.2 mg m−3.
The emissions of other harmful gas did not exceed the permissible limits.

The coefficient of the energy efficiency R of the oak leaf granules, determined when the oak waste
biomass moisture content was reduced by 10%, was equal to 3.64. For comparison, previous research
studies on granulated straw biofuel obtained very similar results—the coefficient R of granulated
various types of straw biofuel varied from 3.5 to 3.7.

The results of the research of complex oak waste granule preparation and the investigation of its
burning and emissions showed that the waste and its mixtures should be recommended for burning
in domestic boilers. In addition, such biofuel is convenient to use in the fully automated process of
pressed biomass feeding and burning.
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