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Abstract: Waste biomass from plant production is an important raw material for producing energy
from renewable sources. Capabilities and technologies of processing are still being improved and
modernized in order to achieve the highest energy efficiency. This study assesses energetic properties
of wheat straw, rapeseed, and willow. The material was subjected to heat treatment, i.e., torrefaction
process at temperatures of 220, 260, and 300 ◦C for the duration of 60, 75, and 90 min. Measurements
were performed to compare parameters of raw biomass and the torrefied products. The materials
were examined and compared for the contents of moisture; biogenic elements N, C, and H; as well
as calorific value, ash, and volatiles. Measurements were also performed to assess the composition
of biomass in terms of particle sizes. Analysis of the results made it possible to determine optimal
parameters for carrying out the torrefaction process. The use of the torrefaction process made it
possible to obtain a material with an increased calorific value by more than 20%, and a 2–3 times
higher content of elements in the powdered material, as well as to improve the grinding of the
material. This information will enable the development of biomass thermal treatment technologies
towards the use of waste biomass from agricultural production.
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1. Introduction

Many research institutions and corporations involved in production of energy from biomass
currently in their research focus on the development of and improvements in the technologies of
energy conversion, process effectiveness, and the enhancement of the energy properties of the fuels
obtained as a result of thermochemical transformation. Agro-type raw materials have significant
potential, i.e., production residues from forestry and agriculture sectors contribute to the development
of such research, which directly translates into improved energy security, reduced negative climate
changes, and growth of local markets [1]. Many countries have introduced a special energy policy to
reduce greenhouse gas emissions. In the case of heating applications, this has led to increased use
of biomass-fired furnaces. In many cases, these devices use a single combustion chamber originally
designed to burn coal, and often the combustion process is poorly controlled. New combustion
technologies designed specifically for biomass fuels allow one to reduce dust emissions as well as
organic compounds to the environment [2].

In the group of thermochemical transformation processes, the most commonly applied techniques
include direct combustion, pyrolysis, gasification of biomass [3,4], and processes of co-combustion
with coal [5]. Significant problems associated with these processes include high moisture contents in
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biomass and low energy density, which adversely affect the attractiveness of this fuel. Additionally,
during storage biomass is exposed to microorganisms, destroying the material and damaging its
quality [6].

One of the ways to improve the energy properties of biomass involves the torrefaction process.
This technology of thermal processing is applied mainly to biomass of plant origin, i.e., lignocellulosics,
in order to transform it into the form of solid fuel; torrefied products, otherwise known as biocoal,
have properties similar to those of hard coal [7,8]. The temperatures used in this process are in the
range of 200–300 ◦C. Torrefaction is carried out in inert atmosphere and at pressure similar or equal to
atmospheric pressure [9,10]. The use of higher temperatures, exceeding 350 ◦C, leads to production
of charcoal, which is an undesired effect of torrefaction process [11]. Changes in biomass structure
result from the destruction of its fibrous framework due to the decomposition of polymer structures,
which leads to a decrease in the mechanical strength of the obtained material and consequently enables
the reduction of costs related to the grinding of the torrefied products [12]. In a classic torrefaction
process, the material is partially degassed, which leads to loss of mass, yet the simultaneous decrease
in energy is lower in comparison to weight loss [13]. Unreleased energy from volatile compounds
is densified and retained in the solid products of the process. This biomass processing technology
enables reduction of weight by 30%, while preserving 90% of the original energy [9].

The characteristics of the torrefaction process, particularly in terms of physicochemical changes,
are affected by a number of factors. The torrefaction process can be carried out in stationary fluidized
bed reactors as well as in pressure reactors. According to Brachi et al. [14], the fluidized torrefaction
technology is better in the context of heat transfer during the process. The authors also prove that
fluidized beds have proven to be more effective in providing uniform and consistent quality of
torrefied biomass [15]. These include biomass composition; fragmentation of the input product;
the temperature of the process and the pace of its increase, composition, and pressure of process gas;
and the total duration of the process. The physicochemical phenomena occurring during the process of
heating lignocellulosic biomass include drying, depolymerization, carbonization, as well as extensive
devolatilization and further carbonization [16]. The quality of the torrefaction process is reflected by
the degree of mass and energy loss. The latter values characterize, in quantitative terms, the change in
weight and chemical energy of biomass, mainly due to dehydration and devolatilization. Mass loss
increases with higher final temperature and time the longer the biomass is kept in a reactor [17]. Loss
of energy, due to devolatilization, generally does not exceed 10% in temperatures up to 250 ◦C and
15–20% in temperatures up to 300 ◦C [18]. In comparison to other available technologies of thermal
biomass conversion, torrefaction is not a complicated process. The conditions that must be met in
order to effectively carry out the treatment are possible to achieve by many commercial users [19].

Straws of these two-plant species are the most common waste biomass from crop production of
agricultural origin. Energy willow is most commonly grown from energy plants. The high availability
of such materials was the premise for choosing this biomass for research. The purpose of the study was
to examine the influence of temperatures applied during torrefaction on the properties of the torrefied
products obtained in specific conditions and to compare them with properties of raw biomass, as well
as to assess the practicality of the torrefaction process and the usefulness of torrefied products as fuel
in the energy sector.

2. Material and Methods

2.1. Parameters of The Torrefaction Process

Detailed laboratory tests examining the effect of temperature used during torrefaction process in
distribution and physicochemical properties of the products were conducted for rapeseed straw, wheat
straw, and willow grown for biomass. From the cultivation area of 0.5 hectare for each plant, 20 primary
samples weighing 0.5 kg each were collected. Then, the collected material was combined into a total
sample, the total mass of which was 10 kg. The same procedure was applied for all analyzed materials.
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After transporting the examined biomass to the laboratory, it was brought to the air-dry state, and then
it was subjected to the homogenization process. During the grinding process, a sieve with a mesh
size of 10 mm was used. This size allowed free analysis of biomass in other laboratory equipment.
The homogenised material was divided into two equal parts. The first part was marked as raw biomass,
while the second part was designated for the torrefaction process. Torrefaction process was carried
out in TGA stationary bed reactor. The use of a resistance furnace producing temperatures up to
1000 ◦C allows the monitoring of mass loss as a function of temperature in a controlled atmosphere.
After selecting the analysis method, empty ceramic crucibles are loaded into a ceramic plate placed
inside the furnace, allowing simultaneous analysis of 19 samples, weighing up to 7 g each. The initial
sample mass is measured and stored automatically. After loading all samples, analysis according to the
program of the chosen method starts. Each of the crucibles is weighted successively, and the current
readings are collected in a mellow. The cycle is repeated until all the samples meet the condition of
completing the given analysis stage (reaching a constant mass or a specific time). The torrefaction
of willow, wheat straw, and rapeseed straw was carried out at 220, 260, and 300 ◦C for the duration
of 60, 75, and 90 min. Each torrefaction test contained 100 g of the material tested. The process
was conducted in nitrogen atmosphere with 99.99% purity (Air Products, Warsaw City, Poland), and
with a gas flow rate of 10 L/min, with temperature increases of 30 ◦C/min. After the process was
completed, the material was homogenized, and the aggregate sample prepared this way was subjected
to laboratory tests in order to determine its basic calorific and physicochemical properties.

2.2. Evaluation of Energy Parameters

The qualitative assessment of biomass and torrefied products was designed to focus on parameters
connected with chemical composition and energy properties. Moisture content was measured in
accordance with standard [20], and total ash in accordance with standard [21] with LECO TGA 701
(LECO Corporation, Saint Joseph, MI, USA) apparatus. The contents of C, H, N, and S were measured
with LECO TrueSpec (LECO Corporation, Saint Joseph, MI, USA) apparatus, in accordance with the
respective standards [22,23]. Calorific value of pellets was determined with calorimeter LECO AC500
(LECO Corporation, Saint Joseph, MI, USA), according to [24]. The raw materials and the torrefied
products were also examined for their granulometric composition. The relevant material was subjected
to grinding in a high-speed lab mill. Each specimen was ground for 5 s. As a consequence, it was
possible to determine percentage value of the mass of a given specimen that was captured by the sieves.

2.3. Mineralization and Determination of Elements in the Analyzed Biomass

The samples of biomass and torrefied were subjected to mineralisation under high pressure,
in super pure 65% HNO3. 5 g samples were weighed and placed in Teflon vessels, which were then
filled with 8 mL of nitric acid and sealed tightly. For each group of nine samples, the rotor of the
digestion system was also filled with a blank sample. The samples were digested with the algorithm
of temperature increase applied as specified for biological samples, without exceeding 200 ◦C. This
was carried out using an Ethos One microwave digestion system from Milestone (Sorisole (BG)–Italy).
The vessels were opened after the mineralisation process had been completed and the samples with
acid had been brought to room temperature. The samples were cooled down to room temperature and
supplemented with water to a volume of 50 mL. The detection threshold obtained for each element
was not lower than 0.01 mg kg−1 (with an assumed detection capacity of the measuring apparatus at
a level exceeding 1 ppb). The measurements were performed with an ICP-OES spectrometer, Thermo
iCAP Dual 6500 (Thermo Fisher Scientific, Schaumburg, IL, USA) with horizontal plasma, and with
the capacity of detection being determined both along and across the plasma flame.

2.4. Determination of Organic Compounds in Biomass

Additionally, examination of raw biomass for its chemical composition included measurement
of cellulose contents based on Seifert method, with the use of acetylacetone-dioxane mixture [25];
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lignin contents with Tappi method, with the use of concentrated sulphuric acid [26]; and hemicellulose
contents with the use of sodium chlorite, in accordance with standard [27].

2.5. Statistical Methods

The verification of the influence of the experimental factors used on the parameters analysed and
existing dependencies was performed using ANOVA statistical analysis by means of the Bonferroni
post hoc test. A materiality level of α ≤ 0.05 was applied. Statistical analyses were performed using
Statistica 12 software (StatSoft Polska, Krakow, Poland).

3. Results and Discussion

3.1. Content of Lignin, Cellulose, and Hemicellulose in the Analyzed Biomass.

Table 1 presents proportional contents of the selected polymers in the examined biomass.
The highest cellulose content was identified in willow 44.6%; lignin at the level of 21.3% was found
in wheat straw, and hemicellulose at the level of 32.1% was found in willow biomass [28]. Of all the
examined polymers, the proportional content of lignin was at the lowest level. Proportional contents
of the polymers are important from the viewpoint of energy-related application of the material and the
technologies, as well as processing effectiveness, particularly during thermochemical conversion as
presented by Kumar et al. in their research [29]. The use of lignocellulosic biomass as a raw material
for fuel production has many advantages, such as non-food raw materials, high availability, and
a relatively lower cost, which is confirmed by numerous studies [30,31].

Table 1. Lignin, hemicellulose, and cellulose contents in raw biomass.

Biomass Lignin Cellulose % Hemicellulose

Willow 14.5 44.6 32.1
Rapeseed straw 18.6 41.1 29.8

Wheat straw 21.3 38.1 30.6

3.2. Assessment of the Impact of Torrefaction Temperature on Mass and Energy Efficiency

Data in Table 2 confirm the necessity of research and analysis of process conditions aimed at
optimizing the process parameters. The objective of the process is to obtain top-quality fuel to be used
in industrial and commercial power engineering. By obtaining the most effective process in optimal
conditions, it will be possible to minimize costs. As expected, the mass yield of torrefied biomass
decreased when torrefaction temperature increased. The loss of mass during torrefaction results from
the drying process and biomass of thermal degradation components, which Chen, Hill, and others
have presented in their research [10,32]. According to Poudel and other authors [33], the loss of mass
can reach the point where the torrefaction process is considered economically unprofitable. Therefore,
the research carried out by many authors is aimed at providing an optimal range of temperatures that
completely benefits the torrefaction process.

Figure 1 shows changes in the weight of the material depending on temperature and duration
of torrefaction process resulting from changes in the chemical structure, water loss, and degassing of
the material. Increase in the parameters was associated with a significantly greater mass loss in the
materials. The most pronounced mass losses were recorded at the temperature of 300 ◦C, with timing
over 60 min. Similar trends have been observed by other authors [1].
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Table 2. Effect of torrefaction temperature in mass and energy yield.

Biomass Temperature ◦C
Yield Mass Yield Energy

%

Willow
220 83.1 91.3
260 78.4 95.8
300 65.3 80.1

Rapeseed straw
220 81.4 87.1
260 76.7 88.5
300 67.2 79.5

Wheat straw
220 81.4 83.2
260 74.1 86.9
300 69.3 82.6
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3.3. Mineralization and Determination of Elements in the Analyzed Biomass

Table 3 presents a summary of the basic parameters describing quality of the examined materials,
in terms of their applicability for power engineering purposes. A comparison of raw biomass and the
torrefied products shows differences, which are significantly impacted by the process temperature.
It was observed there was a significant increase in carbon and nitrogen contents and in calorific value
in comparison with raw biomass. These changes ranged from a few to a dozen or so percent.

The highest LHV (lower heating value) was recorded in the torrefied product obtained from
willow biomass, processed at 300 ◦C, for 60 min. The above time and temperature parameters were
found to be most effective for each of the examined materials, as they made it possible to obtain
the highest calorific value. Changes in the process parameters (increase in temperature and process
duration) in each case resulted in an increase or decrease of the examined parameter. The changes
that occurred during torrefaction explain the mechanism of increasing carbon contents in the material.
Many studies have shown that the temperature impact of the torrefaction process is more significant
than the residence time. Chin and others [32] found in their studies that the MJ kg−1 ratio increased
both with residence time and temperature, but larger changes were noted at the temperature of the
torrefaction process. An increase in process temperature coincides with a change in the chemical
structure of the material, i.e., decomposition of cellulose and processes of hemicellulose structures
carbonization at temperatures in the range of 220–320 ◦C. Besides improving physical attributes,
torrefaction also results in significant changes in composition of biomass and makes it more suitable
for fuel applications, as in Werkelin et al. [34].

In the analyzed materials, the phenomenon of accumulation of the studied elements was observed.
In each analyzed material, similar trends of changes in the content of elements were observed. Both the
increase of the temperature and time of the torrefaction process affected the increased concentration
(from a few to more than 300%) of Ca, K, Mg, P, and S (with the exception of rape straw, in which the
trend changes were reversed) in torrefied products. The exception was Fe, Mn, and Zn, in which their
share in the torrefaction in comparison to raw biomass did not change significantly. The elements
selected for analysis are important in the context of the use of biomass materials in the further use
cycle in the environment. The result of transformations occurring during the torrefaction process
is the densification of the chemical composition of the analyzed biomass. Higher concentration of
elements in the final product is an important argument confirming the possibility of using torrefied
in many processes of alternative use in agriculture, e.g., as ash fertilizers. Analyzing literature data,
one can observe the wide use of torrefactors in soil fertilization processes, in order to improve its
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physical properties, e.g., water–air relations, use as an addition to composting processes that positively
influence the parameters of the obtained compost as a material for removing pollutants from the soil
and water environment.

Table 3. Summary of examined parameters for biomass, raw, and torrefied for 60 min.

Parameters Raw
Torrefaction Temperature (◦C)

220 260 300

x± SD

WILLOW
C % 48.1 c ± 0.1 48.2 c ± 0.35 52.1 b ± 0.31 55.5 a ± 0.14
H % 5.55 ab ± 0.03 5.87 a ± 0.03 4.42 c ± 0.12 3.64 d ± 0.02
N % 0.55 d ± 0.02 1.48 a ± 0.06 1.15 c ± 0.02 1.30 b ± 0.06
O % 53.1 a ± 0.14 44.9 b ± 0.12 43.6 b ± 0.14 42.2 b ± 0.25

LHV MJ kg−1 17.5 c ± 0.25 19.2 b ± 0.06 21.4 a ± 0.22 21.5 a ± 0.09
Moisture content % 10.3 a ± 0.1 9.12 b ± 0.07 8.42 bc ± 0.1 7.96 c ± 0.1

Ash content % 3.15 ab ± 0.1 3.17 ab ± 0.1 3.52 a ± 0.1 3.72 a ± 0.13
Volatile matter % 25.5 c ± 0.34 23.1 d ± 0.25 31.6 b ± 0.41 44.9 a ± 0.31

RAPESEED STRAW
C % 46.9 c ± 0.09 47.2 c ± 0.2 55.0 b ± 0.4 58.5 a ± 0.24
H % 7.92 a ± 0.01 5.26 b ± 0.08 5.28 b ± 0.07 4.24 c ± 0.06
N % 0.17 d ± 0.01 1.03 c ± 0.13 1.59 b ± 0.09 1.74 a ± 0.13
O % 51.1 a ± 0.16 43.0 c ± 0.21 50.1 a ± 0.17 45.5 b ± 0.12

LHV MJ kg−1 16.8 d ± 0.24 18.3 c ± 0.1 19.1 b ± 0.08 19.9 a ± 0.09
Moisture content % 8.91 a ± 0.08 8.74 a ± 0.10 6.02 b ± 0.13 5.40 c ± 0.01

Ash content % 3.80 c ± 0.07 3.02 d ± 0.11 5.48 b ± 0.12 6.37 a ± 0.08
Volatile matter % 20.6 d ± 0.24 23.9 c ± 0.26 41.4 b ± 0.23 52.2 a ± 0.16

WHEAT STRAW
C % 45.3 d ± 0.07 48.2 c ± 0.15 52.1 b ± 0.21 55.5 a ± 0.04
H % 7.10 a ± 0.05 5.87 b ± 0.04 4.42 c ± 0.12 3.64 d ± 0.02
N % 0.15 d ± 0.01 1.05 c ± 0.06 1.15 b ± 0.02 1.30 a ± 0.06
O % 54.6 a ± 0.22 44.1 b ± 0.1 44.0 b ± 0.14 44.7 b ± 0.14

LHV MJ kg−1 17.6 d ± 0.1 18.8 c ± 0.09 19.8 b ± 0.31 21.0 a ± 0.31
Moisture content % 9.18 a ± 0.12 8.50 b ± 0.14 6.32 c ± 0.11 4.52 d ± 0.1

Ash content % 4.56 d ± 0.12 6.27 c ± 0.13 8.66 b ± 0.1 9.25 a ± 0.1
Volatile matter % 17.7 d ± 0.19 20.5 c ± 0.3 36.4 b ± 0.26 47.9 a ± 0.25

x—Average, SD—Standard deviation. Differences between average values marked with the same Arabic letters
(a–d) are not statistically significant at the level of α ≤ 0.05 according to the Bonferroni test.

The result of transformations occurring during the torrefaction process is the concentration of the
chemical composition of the analyzed material. In wheat straw, the calcium content was 12.7 mg g−1.
The highest calcium content was recorded for torrefaction parameters 300 ◦C and 90 min, and it
amounted to 18.6 mg g−1. The potassium content in the straw was 8.34 mg g−1. The highest potassium
content was noted for torrefaction parameters 300 ◦C and 90 min, and it amounted to 24.4 mg g−1.
A similar trend was noted for the magnesium content. The highest magnesium content was noted
for torrefaction parameters 300 ◦C and 90 min, and it amounted to mg g−1. Significant changes
were also observed for phosphorus content, which for raw biomass was 0.97 mg g−1. The highest
content of phosphorus was noted for the parameters of torrefaction process 300 ◦C and 90 min, and
it amounted to 3.03 mg g−1. In the raw biomass, the sulfur content was at the level of 0.97 mg g−1.
The highest sulfur content was noted for torrefaction parameters 300 ◦C and 90 min, and it amounted
to 1.98 mg g−1. The levels of iron, manganese, and zinc concentrations were below 0.16 mg g−1 and
showed an upward trend during the whole range of the torrefaction process (Table 4). According to
Prince et al., changes in chemical composition result from the transformation of structure caused by
the action of temperature on biomass during torrefaction [35].
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Table 4. The content of Ca, K, Mg, P, S, Fe, Mn, and Zn in wheat straw and torrefied products.

Parameters

Ca K Mg P S Fe Mn Zn

x± SD

mg g−1

Wheat straw 12.7 g

± 0.09
8.34 h

± 0.13
1.42 ef

± 0.10
0.97 f

± 0.07
0.97 a

± 0.08
0.10 a

± 0.01
0.03 b

± 0.01
0.01 b

± 0.004

TO
R

R
EF

A
C

TI
O

N

220◦/60′ 13.1 f

± 0.12
9.68 fg

± 0.22
1.64 e

± 0.08
0.99 f

± 0.10
0.12 bc

± 0.01
0.04 d

± 0.01
0.02 b

± 0.01
0.02 b

± 0.01

220◦/75′ 12.8 fg

± 0.07
9.42 fg

± 0.11
1.62 e

± 0.09
1.04 f

± 0.07
0.09 c

± 0.01
0.04 d

± 0.01
0.04 a

± 0.01
0.04 a

± 0.01

220◦/90′ 13.1 f

± 0.12
10.4 f

± 0.22
1.54 e

± 0.08
1.00 f

± 0.08
0.10 c

± 0.01
0.04 d

± 0.01
0.02 b

± 0.01
0.02 b

± 0.01

260◦/60′ 14.4 e

± 0.20
13.9 e

± 0.14
2.43 cd

± 0.11
1.02 f

± 0.02
0.11 c

± 0.02
0.05 d

± 0.01
0.02 b

± 0.004
0.02 b

± 0.004

260◦/75′ 15.1 d

± 0.22
15.8 d

± 0.18
2.82 c

± 0.21
1.42 de

± 0.05
0.10 c

± 0.02
0.07 c

± 0.004
0.03 b

± 0.01
0.03 a

± 0.01

260◦/90′ 15.5 d

± 0.26
17.5 c

± 0.34
2.88 c

± 0.12
1.52 d

± 0.06
0.09 c

± 0.01
0.07 c

± 0.01
0.04 a

± 0.01
0.04 a

± 0.01

300◦/60′ 16.3 c

± 0.22
20.2 b

± 0.21
3.75 b

± 0.22
1.70 c

± 0.07
0.13 b

± 0.04
0.09 ab

± 0.01
0.05 a

± 0.01
0.05 a

± 0.01

300◦/75′ 17.6 b

± 0.25
24.4 a

± 0.33
4.09 a

± 0.21
1.83 ab

± 0.07
0.14 b

± 0.06
0.10 a

± 0.01
0.04 a

± 0.01
0.04 a

± 0.01

300◦/90′ 18.6 a

± 0.21
24.4 a

± 0.46
4.14 a

± 0.01
1.98 a

± 0.69
0.16 b

± 0.07
0.10 a

± 0.02
0.04 a

± 0.04
0.04 a

± 0.04

x—Average, SD—Standard deviation. Differences between average values marked with the same Arabic letters
(a–h) are not statistically significant at the level of α ≤ 0.05 according to the Bonferroni test.

In raw rape straw, the calcium content was 17.4 mg g−1. The highest calcium content was noted
for the torrefaction parameters 300 ◦C and 90 min, and it amounted to 36.9 mg g−1. The content of
potassium in the raw straw was 6.92 mg g−1. The highest potassium content was noted for torrefaction
parameters 300 ◦C and 90 min, and it amounted to 17.8 mg g−1. A similar trend was noted for the
magnesium content, which was 1.03 mg g−1. The highest magnesium content was noted for torrefaction
parameters 300 ◦C and 90 min, and it amounted to 3.21 mg g−1. Significant changes were also observed
for phosphorus content, which for raw biomass was 1.77 mg g−1. The highest phosphorus content was
recorded for the parameters of torrefaction process 300 ◦C and 90 min, and it amounted to 3.89 mg g−1.
In the raw biomass, the sulfur content was at the level of 0.98 mg g−1. The highest sulfur content was
recorded for torrefaction parameters 300 ◦C and 90 min, and it amounted to 2.01 mg g−1. The levels of
iron, manganese, and zinc concentrations were below 0.34 mg g−1 and also showed an upward trend
during the whole range of the torrefaction process, as shown in Table 5.

In the analyzed material, as in the case of wheat and rape straw, the phenomenon of accumulation
of the studied elements was observed. The result of transformations occurring during the torrefaction
process is the densification of the chemical composition of the analyzed biomass. In willow raw,
the calcium content was 14.8 mg g−1. The highest calcium content was recorded for torrefaction
parameters 300 ◦C and 90 min, and it was 31.4 mg g−1. The content of potassium in the raw willow
was 5.88 mg g−1. The highest potassium content was noted for torrefaction parameters 300 ◦C and
90 min, and it amounted to 15.2 mg g−1. A similar trend was noted for the magnesium content, which
was 0.88 mg g−1 for the crude material. The highest magnesium content was noted for the 300 ◦C
torrefaction process parameters and 90 min, and it amounted to 2.73 mg g−1. Significant changes were
also observed for the phosphorus content, which was 1.5 mg g−1. The highest phosphorus content was
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noted for the parameters of torrefaction process 300 ◦C and 90 min, and it amounted to 3.31 mg g−1.
In the willow raw, the sulfur content was at the level of 0.2 mg g−1. The highest sulfur content was
recorded for torrefaction parameters 300 ◦C and 90 min, and it amounted on average to 0.31 mg g−1.
The levels of iron, manganese, and zinc concentrations were below 0.29 mg g−1 and also showed an
upward trend during the whole range of the torrefaction process, as shown in Table 6.

Table 5. The content of Ca, K, Mg, P, S, Fe, Mn, and Zn in rape straw and torrefied products.

Parameters

Ca K Mg P S Fe Mn Zn

x± SD

mg g−1

Rape straw 17.4 c

± 0.11
6.92 e

± 0.10
1.03 f

± 0.13
1.77 e

± 0.05
0.98 e

± 0.08
0.24 c

± 0.02
0.02 a

± 0.01
0.01 a

± 0.003

TO
R

R
EF

A
C

TI
O

N

220◦/60′ 15.3 c

± 0.12
6.21 e

± 0.10
1.33 de

± 0.15
1.73 e

± 0.10
1.00 e

± 0.10
0.22 c

± 0.06
0.02 a

± 0.07
0.01 a

± 0.003

220◦/75′ 17.7 c

± 0.30
6.44 e

± 0.10
1.49 d

± 0.08
1.86 e

± 0.07
1.13 d

± 0.06
0.17 c

± 0.03
0.02 a

± 0.004
0.01 a

± 0.001

220◦/90′ 17.9 c

± 0.21
6.54 e

± 0.14
1.51 d

± 0.10
1.88 e

± 0.21
1.37 c

± 0.06
0.19 c

± 0.06
0.02 a

± 0.004
0.01 a

± 0.002

260◦/60′ 26.3 b

± 0.27
10.7 d

± 0.13
2.01 c

± 0.10
2.46 cd

± 0.18
1.02 e

± 0.08
0.10 d

± 0.05
0.02 a

± 0.01
0.01 a

± 0.004

260◦/75′ 27.8 b

± 0.17
12.0 c

± 0.28
1.95 c

± 0.14
2.89 c

± 0.12
1.44 c

± 0.06
0.24 b

± 0.08
0.02 a

± 0.004
0.01 a

± 0.002

260◦/90′ 28.5 b

± 0.27
12.7 c

± 0.25
2.01 c

± 0.09
2.91 c

± 0.12
1.73 b

± 0.07
0.24 b

± 0.09
0.02 a

± 0.01
0.01 a

± 0.004

300◦/60′ 37.3 a

± 0.43
15.8 b

± 0.32
3.35 a

± 0.20
4.13 a

± 0.11
1.32 c

± 0.06
0.31 a

± 0.06
0.03 a

± 0.01
0.02 a

± 0.01

300◦/75′ 36.1 a

± 0.17
17.3 a

± 0.22
3.01 ab

± 0.11
3.66 b

± 0.18
1.61 b

± 0.05
0.31 a

± 0.09
0.02 a

± 0.01
0.02 a

± 0.01

300◦/90′ 36.9 a

± 1.01
17.8 a

± 0.21
3.21 a

± 0.11
3.89 ab

± 0.27
2.01 a

± 0.70
0.34 a

± 0.10
0.02 a

± 0.003
0.02 a

± 0.01

x—Average. SD—Standard deviation. Differences between average values marked with the same Arabic letters
(a–f) are not statistically significant at the level of α ≤ 0.05 according to the Bonferroni test.

Table 6. The content of Ca, K, Mg, P, S, Fe, Mn, and Zn in willow and torrefied products.

Parameters

Ca K Mg P S Fe Mn Zn

X± SD

mg g−1

Willow 14.8 c

± 0.09
5.88 d

± 0.09
0.88 e

± 0.11
1.50 e

± 0.04
0.20 c

± 0.01
0.02 d

± 0.01
0.02 a

± 0.01
0.01 a

± 0.003

TO
R

R
EF

A
C

TI
O

N

220◦/60′ 13.0 d

± 0.10
5.28 d

± 0.09
1.13 d

± 0.13
1.47 e

± 0.09
0.22 bc

± 0.01
0.06 d

± 0.01
0.02 a

± 0.01
0.01 a

± 0.003

220◦/75′ 15.1 c

± 0.26
5.47 d

± 0.09
1.27 d

± 0.07
1.58 e

± 0.06
0.22 bc

± 0.004
0.14 c

± 0.03
0.02 a

± 0.003
0.01 a

± 0.001

220◦/90′ 15.2 c

± 0.18
5.56 d

± 0.12
1.28 d

± 0.09
1.60 e

± 0.18
0.23 b

± 0.004
0.16 c

± 0.03
0.02 a

± 0.003
0.01 a

± 0.002

260◦/60′ 22.4 b

± 0.23
9.09 c

± 0.11
1.71 c

± 0.09
2.09 d

± 0.15
0.25 b

± 0.01
0.15 c

± 0.04
0.02 a

± 0.01
0.01 a

± 0.003
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Table 6. Cont.

Parameters

Ca K Mg P S Fe Mn Zn

X± SD

mg g−1

TO
R

R
EF

A
C

TI
O

N

260◦/75′ 23.7 b

± 0.14
10.2 c

± 0.24
1.66 c

± 0.12
2.46 c

± 0.10
0.26 ab

± 0.004
0.20 b

± 0.03
0.02 a

± 0.003
0.01 a

± 0.002

260◦/90′ 24.3 b

± 0.23
10.8 c

± 0.21
1.71 c

± 0.08
2.47 c

± 0.10
0.27 ab

± 0.01
0.20 b

± 0.02
0.02 a

± 0.01
0.01 a

± 0.003

300◦/60′ 31.7 a

± 0.37
13.4 b

± 0.27
2.85 a

± 0.17
3.51 a

± 0.09
0.30 a

± 0.01
0.26 a

± 0.05
0.03 a

± 0.01
0.02 a

± 0.01

300◦/75′ 30.7 a

± 0.14
14.7 a

± 0.19
2.56 ab

± 0.09
3.11 ab

± 0.15
0.31 a

± 0.01
0.26 a

± 0.03
0.02 a

± 0.004
0.02 a

± 0.01

300◦/90′ 31.4 a

± 0.86
15.2 a

± 0.18
2.73 a

± 0.09
3.31 a

± 0.23
0.33 a

± 0.003
0.29 a

± 0.04
0.02 a

± 0.003
0.02 a

± 0.01

x—Average. SD—Standard deviation. Differences between average values marked with the same Arabic letters
(a–e) are not statistically significant at the level of α ≤ 0.05 according to the Bonferroni test.

Biomass contains many significant cations important for plants and the environment, and is
an excellent material that is a valuable source in fertilizing plants, as described by Werkelin et al. [33].
The roasting process has an impact on improving its properties and obtaining bio preparations that
can be used for fertilizing plants.

3.4. Assessment of the Granulometric Composition Depending on the Parameters of the Torrefaction Process

The analysis of granulometric composition of biomass from willow, rapeseed straw, and wheat
straw, as well as torrefied products, explicitly confirms their improved grindability. The more brittle
biomass is an easy material in the grinding process. This has a direct meaning in the economic
balancing of the energy use of biomass. Grinding the fragile biomass allows you to reduce energy
expenditure during the processing of it. The torrefaction process positively affects this analyzed
parameter. Changes in the properties of the biomass is shown in Figure 2.
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In raw biomass, the size fraction under 1 mm accounted for less than 8%, while the size fraction
over 5 mm accounted for over 50% of the total mass. With an increase in temperature and duration
of torrefaction process, there was a change in the tendency of this parameter. In the products of
torrefaction process carried out at 300 ◦C for 90 min, the proportional contents of the specific size
fractions were nearly reversed in comparison to the feedstock, whereby the smallest size fraction
accounted for approx. 50% and the size fraction over 5 mm accounted for 5% of the total mass.
The process of biomass torrefaction has a significant impact on its structure. Greater brittleness
affects the beneficial economic effect. These improved properties mean that the torrefacted biomass is
particularly suitable for in power plants, as stated by Tumuluru et al. [36]. Bridgeman, Sadaka, and
other authors confirm that grinding of biomass increases with torrefaction and reduces the energy
required. This process is an advantage for many energy-related applications such as co-firing [37,38].

4. Conclusions

Plant biomass can successfully be used in the torrefaction process. The obtained torrefied products
have far better properties in comparison to unprocessed biomass. The torrefaction process enables
the production of fuels from various types of lignocellulosic biomass. Of key importance is the
parameter of temperature, which significantly affects the properties of the obtained fuel. Increasing
the temperature caused the increase of such parameters as total carbon content, the calorific value
of the material, ash content, volatile substances, nitrogen, and losses in the mass of the material.
However, a reduction in content was noted for hydrogen, oxygen, and moisture. The level of carbon,
volatile substances, and caloric content in torrefaction products was several times higher than in
the case of raw biomass. Torrefaction carried out at temperatures ranging from 200 to 300 ◦C for
the duration of 60 min enables processing of many types of lignocellulosic biomass, despite the fact
that similar chemical composition changes occur in varied ways during the process. Therefore, it is
necessary to optimize the process for each material to ensure the optimum parameters of the obtained
biofuels. The optimization of the torrefaction process is important from the perspective of economic
analysis. The torrefaction process on a laboratory scale was aimed at assessing and comparing the
tested parameters and determining the range of values of temperatures and time of the torrefaction
process for the biomass under study. The tests have shown a significant increase in the energy value
of torrefactors compared to raw biomass. It should be noted, however, that a full assessment of the
torrefaction process and processes taking place during its lifetime can be described after it has been
carried out in larger installations.
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