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Abstract: The global energy system needs new, environmentally friendly, alternative fuels. Biomass
is a good source of energy with global potential. Forestry biomass (especially wood, bark, or trees
fruit) can be used in the energy process. However, the direct use of raw biomass in the combustion
process (heating or electricity generation) is not recommended due to its unstable and low energetic
properties. Raw biomass is characterized by high moisture content, low heating value, and hydrophilic
propensities. The initial thermal processing and valorization of biomass improves its properties.
One of these processes is torrefaction. In this study, forestry biomass residues such as horse
chestnuts, oak acorns, and spruce cones were investigated. The torrefaction process was carried
out in temperatures ranging from 200 °C to 320 °C in a non-oxidative atmosphere. The raw and
torrefied materials were subjected to a wide range of tests including proximate analysis, fixed carbon
content, hydrophobicity, density, and energy yield. The analyses indicated that the torrefaction
process improves the fuel properties of horse chestnuts, oak acorns, and spruce cones. The properties
of torrefied biomass at 320 °C were very similar to hard coal. In the case of horse chestnuts, an increase
in fixed carbon content from 18.1% to 44.7%, and a decrease in volatiles from 82.9% to 59.8% were
determined. Additionally, torrefied materials were characterized by their hydrophobic properties.
In terms of energy yield, the highest value was achieved for oak acorns torrefied at 280 °C and
amounted to 1.25. Moreover, higher heating value for the investigated forestry fruit residues ranged
from 24.5 MJ-kg~! to almost 27.0 MJ-kg™! (at a torrefaction temperature of 320 °C).

Keywords: biomass residues; forestry; torrefaction; thermal treatment; biomass valorization; torrefied
material properties

1. Introduction

Over the past several years, global energy demand has increased significantly. This is associated
with economic and industrial development in many countries and energy (heat and electricity) is an
essential service required by people all over the world. The total energy consumption in the world in
2017 was 23,696 TWh, which was an increase of about 117.4% compared to 1990 [1]. Unfortunately,
the share of coal in total energy generation is high (41.6% in 2017) and its consumption is still
growing [1]. In the last few decades, next to energy security, protection of the natural environment has
also become a very important issue. The world is now focused on global warming problems and the
uncontrolled increase in the global temperature that could lead to ecological disaster [2—4]. Therefore,
many measures need to be taken to prevent global warming of more than 1.5 °C [4].

One of the solutions is to further increase the use of renewable energy sources (RES) in total
energy production, including biomass residues. In 2019, energy potential from residual biomass
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in the EU-27 amounted to 8500 PJ-y~!, of which 3800 PJ-y~! was from straw and 3200 PJ-y~! was
from forestry residues [5]. It is estimated that in 2050 the global technical potential of biomass
residues (from agriculture, forestry, dungs, and organic waste) will range from 55 to 325 EJ-y~! [6].
Moreover, the EU countries have included a share of biomass feedstock in their energy mixes in
the strategies formulated for 2030 and 2050 [7]. However, the focus is on the identification and
utilization of new alternative sources of biomass, especially residual sources. A circular economy,
in particular, the circular waste management sector requires three important factors: financial stability,
environmental friendliness, and social wellbeing. Biomass valorization methods, e.g., torrefaction
of forestry waste materials adds new value to the forest. Furthermore, thanks to the torrefaction
process of waste, the forest biomass can be used to complement many natural products besides
bioenergy. It allows for energy diversification by the manufacturer and increases the chance that
the cost of bioenergy will be sustainable, while potentially decreasing costs in the energy supply
chain [8]. Thus, valorization of biomass residues is recommended to improve their properties and
to expand their application options [9]. This is also a result of the fact that direct use of biomass is
associated with several difficulties. Raw, untreated waste biomass is characterized by a heterogeneous
structure, higher moisture absorption capabilities (hydrophilic properties), and significantly lower
heating value [10,11]. In addition, these negative properties decrease the economical use of raw
biomass in practice. Therefore, it is necessary to use various pre-treatment processes (Figure 1).
The use of mechanical, thermal, or biological treatments significantly improves the physical properties
of raw biomass [9,12,13]. It should also be noted, that forestry biomass residues can support the
carbon sequestration process. Loehle [14] analyzed the sequestration of carbon by commercial forestry.
It was observed, that biomass used for energy production has a value of 100 years of sequestration,
which corresponds to twelve tons of avoided carbon emission. Thus, the utilization of forestry waste
biomass is also a solution to climate change risks.

MECHANICAL TREATMENT THERMAL TREATMENT BIOLOGICAL TREATMENT
o CHIPPING o COMBUSTION o ETHANOLIC FERMENTATION
o BALLOTING o  BIOCARBONATION o METHANOLIC FERMENTTION
o AGGLOMERATION o  GASIFICATION o METHANE FERMANTATION
o PRESSING o  PYROLYSIS o TRANS-ESTERIFICATION
o BRIQUETING
o PELLETING

Figure 1. Pre-treatment methods of raw biomass.

One of the most promising and commonly used methods of converting biomass is thermal
pre-treatment [15,16]. Among the thermal processing of biomass, torrefaction has become very
attractive [17]. Torrefaction is also known as low-temperature pyrolysis (usually the pyrolysis
process is carried out in temperatures up to 600-800 °C [18,19]) with high-temperature drying or
roasting. The torrefaction process relies on heating biomass in atmospheric pressure and inert
conditions. The typical range of temperature is from 200 °C to 320 °C [10,20,21]. To maintain the inert
atmosphere in the heating chamber, carbon dioxide, or nitrogen flow is applied inside the reactor [22,23].
The non-oxygen atmosphere is required to prevent the combustion of biomass [24]. Therefore, thermal
processing of biomass in a non-oxygen atmosphere (especially lignocellulosic biomass) allows for
the decomposition of lignin, cellulose, and hemicellulose, which is important for further processing
of biomass [9]. The depolymerization of the lignin, cellulose, and hemicellulose depends on the
temperature and the duration of the process. The hemicellulose fibers are the first to depolymerize,
due to its low molecular weight, and this is followed by lignin. The hardest fiber to depolymerize is
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cellulose and it is the last fiber to undergo depolymerization [25-27]. The content of these three basic
fibers in biomass has an effect on its degree of degradation and its activity [28]. After the torrefaction
process, torrefied biomass is characterized by a higher energy densification ratio (EDR) in comparison
to the raw biomass. The energy densification increases by approximately 30%. This is because the
loss of mass is larger (approximately 30-35%, depending on the material and the temperature of the
torrefaction process) than the loss of energy (10-15%) [28-30]. The loss of mass is associated mainly
with moisture removal from biomass and the initial devolatilization (thermal decomposition). Lower
and limited moisture content in torrefied biomass (1-3%) affects the water gas shift reaction and
the increase in the hydrogen content in syngas [31,32]. Torrefied biomass is advantageous because
of its variable bulk density as well as its higher heating value (HHV), which results in savings in
transport, storage, and further processing [10,33,34]. Torrefaction also results in better hydrophobic
properties in biomass [35] due to the loss of hydroxyl groups during the process. This allows torrefied
biomass to be stored in the open space for a long period, with a low risk of dampness, decomposition,
and decay [10,33,34] in comparison to raw biomass (which tends to decompose quickly and is sensitive
to external weather conditions [36,37]). Finally, torrefied biomass has better grindability due to the
decomposition of fibers during thermal processing [33,35].

However, the process temperature has an influence on the costs, which should be economically
justified from a practical point of view. The higher temperature of the torrefaction process results
in improvement in the physical properties of the final product from biomass, but it also raises the
energy inputs (and costs) to produce this alternative fuel. Energy consumption of a muffle furnace (in
laboratory research) for a torrefaction temperature of 300 °C was found the be more than 60% higher
compared to a temperature of 200 °C (with the same residence time of 60 min) [10]. Thus, the proper
selection of the torrefaction temperature in terms of the expected valorized biomass properties is a
very important factor in the industrial planning of the thermal processing of raw biomass.

Therefore, knowledge about the properties of the torrefied biomass residues and the changes
caused by the temperature of the thermal process are crucial with regard to further application options,
process modeling, and its economical use in practice. No data about the torrefaction process of the
fruits of deciduous and coniferous trees was found in the literature.

This work aimed to assess the effect of the torrefaction process on the selected physical and
chemical properties of investigated biomass residues from the forestry sector, such as horse chestnuts,
oak acorns, and spruce cones. Specifically, the study investigated the influence of the temperature of
the torrefaction on (i) changes in the results of the proximate analysis of torrefied materials, (ii) the
hydrophobic propensities of final products, and (iii) changes in the basic physical parameters of the
obtained products.

2. Materials and Methods

2.1. Materials Used in the Research

The subject of the research was different types of fruit from forest trees such as chestnut, oak,
and spruce. In detail, the following three types of fruit were investigated (Figure 2): (a) horse chestnuts,
(b) oak acorns, and (c) spruce cones.

(b) (©)

Figure 2. Organic materials used in the studies: (a) horse chestnuts; (b) oak acorns; and (c) spruce cones.
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2.2. Samples Preparation and Torrefaction Procedure

The preparation of the materials included their initial drying in the chamber KBC-65 W (WAMED,
Warszawa, Poland) (Figure 3a) to obtain an analytical state for all samples. The drying temperature
and duration time was 105 °C and 24 h, respectively. Next, horse chestnuts, oak acorns, and spruce
cones were comminuted in the mill LMN 400 (TESTCHEM, Psz6w, Poland) (Figure 3b). The size of
the sieve was 1 mm. Finally, the samples (50 g each) were torrefied in the electrically-heated mulffle
furnace SNOL 8.2/1100 (SNOL, Utena, Lithuania) (Figure 3c). The mass of the samples, before and
after the torrefaction process was measured using the scale RADWAG AS 220.R2 (RADWAG, Radom,
Poland) (Figure 3d).

(8) (h) ®

Figure 3. Laboratory devices: (a) drying chamber KBC-65W; (b) biomass mill LMN 400; (c) muffle
furnace SNOL82/1100; (d) scale RADWAG AS 220.R2; (e) moisture analyzer SARTORIUS MA150; (f)
calorimetric bomb IKA C200; (g) a set for WDPT (water drop penetration time) test; (h) gas pycnometer
HumicPyc; and (i) thermogravimetric analyzer.
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The torrefaction temperatures were 200 °C, 220 °C, 240 °C, 260 °C, 280 °C, 300 °C and 320 °C.
Carbon dioxide (to maintain the inert atmosphere) from the gas cylinder was used in the reactor
chamber (90 mL-min~!). The duration time of the torrefaction process was 60 min. The proposed
thermal processing of forestry biomass, its basic properties, and process conditions are shown in
Figure 4.

HEAT and GAS
(CARBON DIOXIDE)

2

TORREFACTION PROCESS
(ENDOTHERMIC PROCESS)

FORESTRY BIOMASS TORREFIED FORESTRY BIOMASS

ATMOSPHERIC PRESSURE

100% ENERGY TEMPERATURE 200°C TO 320°C = 90% ENERGY
PRE-HEATING RATE 50°C-MIN-1
100% MASS RRESPONSE TIME 60 MIN 70% MASS
HYDROPHILIC PROPERTIES l HYDROPHOBIC PROPERTIES
LOW HEATING VALUE HIGHER HEATING VALUE
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10% ENERGY
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Figure 4. Forestry biomass (horse chestnuts, oak acorns, spruce cones) processing in the
torrefaction process.

After the torrefaction process and cooling of the chamber, the samples were closed in an airtight
plastic bag (to protect the material from absorbing water from the air). The process was repeated
three times.

2.3. Proximate Analysis

The physical properties of the torrefied forestry biomass residues were determined to perform the
proximate analysis. All the samples were taken following the applied ISO Standards. The following
parameters were determined: ash content (AC), moisture content (MC), volatile matter content (VMC),
higher heating value (HHV), and fixed carbon content (FCC). The measures were repeated five times.

The moisture content was determined using a laboratory moisture analyzer SARTORIUS MA150
(Sartorius, Goettingen, Germany) (Figure 3e). In this test, the PN-EN ISO 18134-2:2017-03E standard
was applied [38]).

Ash content in the raw and torrefied forestry biomass was determined according to PN EN
ISO 18122:2015 [39] using the muffle furnace SNOL 8.2/1100 (SNOL, Utena, Lithuania) and the
following formula:

Ac = ATTC 4009, )
My —mc
where AC is the ash content in the material (%), 1,4 is the a mass of the crucible with ash after heating
(g), mc is the mass of the empty crucible (g), and m,, is the mass of the crucible with the material before
heating (g).
The volatile matter content (VMC) in the investigated materials was determined by applying
PN-EN ISO 18123:2016-01 standard [40]. The formula is as follow:

1 - (ms—mc)

VMC = - 100% @)

mpp
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where VMC is the content of volatile matter in the material (%), mg is the mass of the crucible with fuel
sample after heating (g), mc is the mass of the empty crucible (g), and 1, is the mass of the crucible
with fuel sample before heating (g).

To determine the higher heating value (HHV) of the material a calorimetric bomb IKA C200
(IKA, Lucknow, India) (Figure 3f) was used. The measurement was performed following PN-EN ISO
18125:2017-07 [41].

The fixed carbon content (the solid combustible residue) in the raw and torrefied forestry biomass
was determined following ASTM D-3172-73 [42] using the following formula:

FCC = (1-MC-AC-VMC) - 100% 3)

where FCC is the fixed carbon content in raw and torrefied forestry biomass (%), MC is the moisture
content in raw and torrefied forestry biomass (%), AC is the ash content in raw and torrefied forestry
biomass (%); and VMC is the volatile matter content in raw and torrefied forestry biomass (%).

2.4. Additional Analysis

The additional properties of the alternative fuel from horse chestnuts, oak acorns, and spruce
cones were also investigated by performing hydrophobicity tests, as well as the measurement of bulk
density (pp), specific density (ps), and porosity (¢). Mass yield (MY), the energy densification ratio
(EDR), and energy vield (EY) were determined based on the physical properties. The investigations
were repeated five times.

The hydrophobic properties were determined by the water drop penetration time (WDPT) test [43].
Raw and torrefied material weighing 5 g was spread (in a thin layer of 2 mm) on a laboratory slide
glass (Figure 3g). Next, the five drops of distilled water were put on the surface of the material.
The temperature of the distilled water was 20 °C. Then, the time it took the water drop to the penetrate
through the layer of the investigated material was measured with a stopwatch. The hydrophobic
properties were determined by comparing the values obtained for the drop penetration time to the
classification data (Table 1).

Table 1. Classification criterion of hydrophobic properties [10,44].

Classification Criterion

Time of the Penetration of a Drop of Water Hydrophobic Properties
<5s Hydrophilic
5-60 s Slightly hydrophobic
60-600 s Strongly hydrophobic
600-3600 s Severely hydrophobic
>3600 s Extremely hydrophobic

In the case where the penetration time of distilled water drop exceeded 1 h, the sample was
covered with the lids (to minimize the influence of the evaporation process) [43].
The bulk density of the material was determined according to PN-EN 1237:2000 standards [45]
using the following formula:
m;

ps = 7 - 100% 4)
1

where pp is the bulk density (kg-m_3), m; is the mass of the material in the container (kg), and V; is the
volume of the container (m?).
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The specific density of raw and torrefied material (ps) was determined using the gas pycnometer
HumicPyc (InstruQuest Inc., Boca Raton, USA) (Figure 3h) whereas, the porosity was calculated
according to PN-EN 1936:2010 [46] using the following formula:

e=(1-25) . 100% )
PB
where ¢ is the porosity of the material in the dry analytical state (%), pp is the bulk density of the
material in the dry analytical state (kg:m~2), and ps is the specific density of material in the dry
analytical state (kg-m~2).
Mass yield (MY) (using the thermogravimetric analyzer (Figure 3i), energy densification ratio
(EDR) and energy yield (EY) was determined using the following formulas [28,29,47]:

My = "€ . 100% ®)
mR
where MY is the mass yield (%), mc is the mass of dry torrefied material (g), and mp is the mass of raw

material (g).
HHV ¢

HHVR

where EDR is the energy densification ratio (-), HHV ¢ is the higher heating value of torrefied material
(kKJ'kg™!), and HHVT, is the higher heating value of raw material (k]J-kg™1).

EDR =

@)

EY = MY - EDR 8)

where EY is the energy yield (%), MY is the mass yield (%), and EDR is the energy densification ratio (-).

The results for the proximate analysis, the additional properties, and diagrams were developed
in statistical software STATISTICA (StatSoft-DELL Software, Texas, USA). The detailed results,
including standard deviations and coefficient of variation are available in the Supplementary Materials,
Tables 51-S5.

3. Results and Discussion

The first noticeable change in properties after torrefaction was the change in the color of the
torrefied materials (Figure 5). The raw materials were characterized by a bright brown color. However,
as the torrefaction process temperature increased, the color of the materials got darker (from brown to
dark brown to black). Horse chestnuts, oak acorns, and spruce cones torrefied at 300 °C and higher
were black in color and looked like fine coal. The change in color is a natural phenomenon during
torrefaction or roasting of the biomass materials. The occurrence of a similar change in color was also
observed by other researchers [48,49].

3.1. Results of the Proximate Analysis

The investigated raw materials were characterized by a moisture content of 30.5% for the horse
chestnuts, 30.6% for the oak acorns, and 10.2% for the spruce cones. After the torrefaction process,
the ash content in the tested materials increased as the temperature of the process increased (Figure 6).
For the chestnuts, the ash content was in the range from 2.3% (for raw material) to 6.1% (for torrefied
material 300/320 °C). For oak acorns and spruce cones, it ranged from 2.1% to 4.4% and from 0.9%
to 2.4%, respectively. The results showed that there was up to a three-fold increase in ash content
in the torrefied material. Such a significant increase in ash content in the final product is primarily
due to the weight loss in the form of volatile matters released during the thermal decomposition
under torrefaction conditions. Moreover, the higher the process temperature, the greater the volatile
matter loss. As a result, the percentage share of non-combustible substances (ash) remaining in the
material increases. An increase in ash content in the material after the torrefaction process has also been
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observed in other research, where the AC was higher for material torrefied at 300 °C in comparison to
material torrefied at 200 °C [10,16,50]. However, the increase of the ash content after torrefaction is not
a significant disadvantage of this process. For comparison, the AC in coal is ca. 25-35% [51], so an AC
of 4% or 6% in torrefied biomass residues is still competitive compared to coal. Alternative fuels from
typical untreated wooden/agricultural biomass in the form of a pellet, also had an ash content in the
range from 0.66% to 9.43%, depending on the type of material [52]. Interestingly, despite the increased
ash content, the torrefied forest residues were still within the range of values found for thermally

unprocessed biomass materials. This is a positive feature in the context of the materials studied in
this work.

RAW MATERIAL 200°C RAW MATERIAL 200°C RAW MATERIAL 200°C

220°C 240°C 220°C 240°C 220°C 240°C
260°C 280°C 260°C 280°C 260°C 280°C
300°C 320°C 300°C 320°C 300°C 320°C

(a) (b) (c)

Figure 5. Color change in the material depending on the torrefaction process temperature: (a) horse
chestnuts; (b) oak acorns; and (c) spruce cones.
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Figure 6. Ash content in the torrefied horse chestnuts, oak acorns, and spruce cones.
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An interesting phenomenon was observed in horse chestnuts torrified at a higher temperature
(320 °C). At this temperature, the ash content decreased remarkably. This trend can also be seen
in the case of oak acorns and spruce cones, although it is not as obvious. This is probably related
to the vaporization of alkali salts [53], mainly alkali halides of metals. At a certain temperature of
pyrolysis, these compounds move from a solid phase to the gas phase, thus the ash content may
decrease [54]. It may also be related to the inhomogeneous structure of materials [55]. This study used
whole materials, both shell and pulp, which can be characterized by different content of ash.

The volatile matter content in fuel (fossil or renewable) is directly related to the ease of ignition of
the fuel and its combustion stability. Volatile matter is the combustible part of the fuel. So, a material
characterized by a high content of volatile matter is easier to ignite and requires less energy for this
process. However, fuels with higher VMC emit less heat because a significant part of the mass is released
with volatiles to the atmosphere, and the coke (char) residue is the main source of heat/energy [56].

All of the tested forestry biomasses were characterized by decreasing volatile matter content after
the torrefaction process; the VMC change depended on the process temperature (Figure 7). The content
of volatiles in horse chestnuts was from 79.6% for raw biomass to 50.2% for material torrefied at 320 °C.
The VMC in oak acorns went from 82.9% in the raw material to 59.8% in the material torrefied at 320 °C.
The oak acorns had the highest content of volatiles in both the raw and torrefied material. In the case
of spruce cones, the VMC decreased from 70.9% to 55.3%.

100
95
90

—@— Horse chestnuts

—@—ak acorns

85 Spruce cones

Volatile matter content, %
1
o

105 200 220 240 260 280 300 320

Temperature, °C

Figure 7. Volatile matter content in the torrefied horse chestnuts, oak acorns, and spruce cones.

The obtained results and behavior trends are similar to those found by other researchers.
Tong et al. [57] determined the volatile matter content in raw biomass as being 75-85%. This is an
average value of the VMC in raw biomass (i.e., wood, straw, and forestry residues), and is in line with
the VMC in horse chestnuts, oak acorns, and spruce cones. Additionally, some similarities can be seen
in comparing the volatile matter content in torrefied horse chestnuts, oak acorns, and spruce cones.
As the temperature increased, the VMC decreased. Biomass like rice straw, pine sawdust, or other
straws are also characterized by volatiles at 40-50% after torrefaction at 300 °C [57,58]. The mean
content of volatiles in coal is 40% [56,59], so, torrefied forestry biomass starts to be very close to coal in
terms of volatile matter. However, volatiles are also related to volatile organic compounds (VOCs).
Biomass is characterized by the different content of VOCs. In biomass like wood or straw, over one
hundred types of VOCs have been identified that are toxic and polluting air [60]. This is important for
the forest product industry or bioenergy sector because it limits the biomass application options due to
environmental regulations.
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Fixed carbon is a solid combustible residue in the fuel. With a significant decrease in volatiles and
a slight increase in ash content, the total content of fixed carbon should increase in torrefied biomass
as the temperature rises. This is because the amount of lost carbon contained in volatile compounds
(i.e., light hydrocarbons) is low. This dependence was observed in the obtained results (Figure 8).
Fixed carbon content ranged from 18.1% to 44.7%, from 14.9% to 35.5%, and from 28.1% to 42.5%,
for horse chestnuts, oak acorns, and spruce cones, respectively. A higher content of FCC is beneficial
as it allows more heat to be generated from the material. Correia et al. [58] studied several biomass
materials (including straw) during torrefaction and obtained fixed carbon contents ranging from 9.9%
to 17.3% for raw biomass, and its content was higher when the torrefaction temperature was higher.
Similar amounts of FCC in the biomass before and after torrefaction was noted in other studies [10,61].
As a comparison, the mean fixed carbon content in coal is ca. 60% (dry ash-free state) [56].

50

—8— Horse chestnuts

45
—@— Oak acorns /.
40

Spruce cones

Fixed carbon content, %

105 200 220 240 260 280 300 320

Temperature, °C
Figure 8. Fixed carbon content in the torrefied horse chestnuts, oak acorns, and spruce cones.

The higher heating value provides basic information about a fuel and its properties. If the
HHYV is higher, more energy can be obtained from the material during its combustion. The higher
heating values for the dry horse chestnuts, oak acorns, and spruce cones ranged from 18.2 MJ-kg~! to
19.6 MJ-kg~! (Figure 9), which is comparable to other types of biomass, like straw or sawdust [52,57,62].
For the forestry biomass, an increase in the HHV due to thermal conversion was observed. Potential
deviations from the upward trend probably result from the heterogeneous structure/composition of
the investigated material. For example, the horse chestnut possesses a shell and pulp, whose share
in the material is not the same. Besides, the measurement error associated with the method of HHV
determination can also slightly influence the final result. Horse chestnuts were characterized by an
HHV = 26.5 MJ-kg~! after torrefaction at 320 °C. Oak acorns and spruce cones, at the same temperature,
reached 25.6 MJ-kg™! and 24.7 MJ-kg~!, respectively. The values of the HHV were much higher after
torrefaction than in the raw material. The impact of torrefaction on the higher heating value of biomass
has also been confirmed by other researchers [10,57,58,63] who found an increase in the HHV from
18.2 M]-kg_1 to 28.5 M]-kg_1 for waste biomass [10], an increase from 15.9 M]-kg_1 to21.4 M]~kg‘1 for
straw [57,58], and from 18.2 M}kg‘1 to 23.2 M]-kg_1 for wooden sawdust [63].
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Figure 9. Higher heating value of the torrefied horse chestnuts, oak acorns, and spruce cones.

3.2. Results of Additional Analysis

Beyond the proximate analysis, which is required for the fuels, additional analysis can also
provide valuable information about the properties of new, alternative fuels. One of these analyses is
the hydrophobicity test. It was observed that the torrefaction process results in the biomass obtaining
better hydrophobicity properties compared to the raw material. Thermal processing of biomass
allows the decomposition of hydroxyl groups, which are responsible for binding the moisture in the
material [64,65]. Thanks to this, biomass after pyrolysis at a lower temperature is characterized by
hydrophobic properties, in contrast to the hydrophilic properties of the raw material. The graphical
illustration of these properties is shown in Figure 10. It can be observed that drops of distilled water
sink into raw material (Figure 10a), but persist on torrefied biomass at 300 °C (Figure 10b).

(a) (b)

Figure 10. Type of hydrophobic properties of torrefied biomass: (a) hydrophilic (105°C); (b) extremely
hydrophobic (300 °C).

In accordance with the water drop penetration time test for determining hydrophobic properties,
material that reaches the value over the 3600 s time period is recognized as extremely hydrophobic
material (Table 1). As can be seen in Figure 11, horse chestnuts, oak acorns, and spruce cones obtained
extremely hydrophobic properties at different temperatures of torrefaction. For the horse chestnuts,
it was 260 °C, and for the oak acorns it was 220 °C. The obtained results are satisfying because
hydrophobic properties were achieved at low torrefaction temperatures. Food waste biomass like
nuts shells or fruit peels and seeds are characterized by extremely hydrophobic properties at a similar
range of temperature. Orange peels are extremely hydrophobic at 240 °C, walnut shells at 220 °C,
and pumpkin seeds at 260 °C [10]. The favorable effect of torrefaction on the hydrophobicity of the
biomass was also noticed by Alvarez et al. [66] and Pouzet et al. [67]. However, a very interesting
result was obtained for spruce cones, which were already extremely hydrophobic in the untreated
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state (raw material). This probably arises from the internal multilayer structure of the spruce cones
and the content of resin. There are studies about the content of resin acids in dependence on the
type of tree. Coniferous trees (e.g., pine or spruce) are characterized by a higher content of resin
acids than deciduous trees (i.e., beech or oak) [68]. The specific content of resin acids in different
parts of the tree was also determined by Eberhardt et al. [69]. This is important from a practical
point of view because it means that they can be stored in the open air without any cover or roofing.
The hydrophobic properties of torrefied biomass can be used in furniture production (garden, kitchen,
bathroom) where water-resistance of the final product is crucial. However, it should be checked that
the thermal processing of the material does not adversely affect its other material properties.
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- 80,000
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= 70,000
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-9 60,000
"5, 50,000
<
2. 40,000
-
+ 30,000
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0 I o

105 200 220 240 260 280 300 320

Temperature, °C

Figure 11. Hydrophobic properties of the raw and torrefied forestry biomass.

Considering the bulk density (pp) of the forestry biomass, it can be seen that it decreases as the
temperature of torrefaction increases (Figure 12). The bulk density of horse chestnuts ranged from
0.581 g~cm‘3 (raw material) to 0.365 g-cm‘3 (320 °C). For the oak acorns, the pg was from 0.544 g-cm‘3
to 0.369 g-cm~2 and for the spruce cones it ranged from 0.483 g-cm™ to 0.327 g-cm™3, for the raw
material and torrefied at 320 °C, respectively. A slight increase in the specific density (ps) of the tested
materials was noticed after the torrefaction (Figure 12). Forestry biomass residues torrefied between
200 °C and 300 °C did not show a change in the specific density. The specific density only increased
significantly at 320 °C. This may be associated with a further release of bound moisture and increased
thermal decomposition of the substance. This translates into an increase in pores in torrefied products
and further concentration of heavier compounds in the specific volume of the material. As can be
seen in Figure 13, torrefaction causes an increase in the material’s porosity. The porosity of the raw
material was 59.6% (horse chestnuts), 66.1% (oak acorns) and 68.0% (spruce cones). With increasing
temperature, the porosity reached 81.2%, 83.8%, and 85.1%, respectively. The highest increase in
porosity was observed between 300 °C and 320 °C. The relationship between bulk density, porosity,
and the torrefaction process has also been described by Nhuchhen et al. [70] and Bach et al. [71]. In their
studies, torrefaction caused a decrease in the bulk density of biomass, while the porosity index tended
to grow.
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Figure 12. Specific and bulk density of the raw and torrefied forestry biomass.
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Figure 13. Porosity of the raw and torrefied forestry biomass.

As is well-known, thermal processing causes a mass loss of the treated material. This is associated
with both moisture evaporation and the release of volatile substances from the material. Mass yield
(mass remaining after torrefaction) depends on the moisture, ash, carbon, and volatile matter content in
the biomass. In Figure 14, the mass yield of the tested forestry biomass residues is shown. The highest
mass yield (after torrefaction at 320 °C) was 70.6% (mass loss 29.4%), which was observed for the horse
chestnuts. For the oak acorns the mass yield was 76.8% (mass loss 23.2%) and for spruce cones it
was 84.4% (mass loss 15.6%). A similar process was also observed in other studies. The mass loss for
torrefied wood at 280 °C was ca. 37%, and was higher than for horse chestnuts, oak acorns, and spruce
cones [72]. The higher mass loss at higher temperatures was also observed for fruit residues [55].
For torrefied oil palm empty fruit bunches at 300 °C, the mass yield amounted to 56% (mass loss
at 440/0).
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Figure 14. Mass yield of the torrefied forestry biomass.

The energy densification ratio (EDR) in the horse chestnuts, oak acorns, and spruce cones increased
as the temperature of the process also increased (Figure 15). This is related to the much higher HHV of
the torrefied materials compared to the raw biomass. For the horse chestnuts and oak acorns torrefied
at 320 °C, the EDR has the same value of 1.4. The HHYV of these materials after torrefaction at 320 °C
was 40% higher than the HHV of its raw material. For the spruce cones, the EDR amounted to 1.26.
The increase in the EDR testifies to the increase in the HHV. The impact of torrefaction on higher HHV
has been determined in many studies. Increases in HHYV after torrefaction was observed for food
wastes (EDR = 1.57) [10], leaves (EDR = 1.37) [61] and wood (EDR = 1.26) [63].
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Figure 15. Energy densification ratio in the torrefied forestry biomass.

Based on the mass yield and energy densification ratio, energy yield was determined (Figure 16).
The energy yield increased with the process temperature, but reached a maximum at 280 °C. Above this
temperature, the EY fell. Forestry biomass torrefied at 320 °C was characterized by the lowest energy
yield, even lower than in the raw material, although, the EDR for this temperature was the highest.
This can be explained by the fact that energy yield depends on the mass loss, which was the lowest at
this temperature. The energy yield factor indicates which temperature of the torrefaction process is
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the most favorable in terms of energy properties. In analyzing other studies, some differences were
observed in energy yield. For torrefied wood and bark, the EY decreased already at the minimal
temperature of the process. Energy yield for wood at 280 °C was ca. 11%, and for bark it was 20% [72].
For food wastes (i.e., vegetables, grains, or meats), an initial increase of energy yield was observed,
however, at the higher temperature (300 °C) there was a significant decrease in EY. Energy yield
between 250 °C and 350 °C decreased from 80% to 40% [73].
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Figure 16. Energy yield of the torrefied forestry biomass.
4. Conclusions

This study proposes thermal processing (torrefaction) of forestry biomass residues (horse chestnuts,
oak acorns, and spruce cones) as an initial treatment and a means of preparing alternative fuels or
substrates for other applications. The torrefaction process allows for obtaining better fuel properties of
raw biomass. Based on the results it can be concluded that horse chestnuts, oak acorns and spruce cones
are good organic materials for producing alternative fuel. After the torrefaction process, the tested
materials were characterized by very good hydrophobic properties, higher heating value, and higher
energy densification. These properties improve the attractiveness of using these materials as fuel.
Taking into account many physical and chemical parameters, such as volatile matters content, higher
heating value, and fixed carbon content, forestry biomass resembles hard coal after torrefaction, but
still remains biomass, which is recognized as an ecological and environmentally friendly source of
energy. However, the selection of the torrefaction temperature should be preceded by analysis of the
fuel properties. This will help to properly design a valorization process and to save energy inputs as
well as financial expenses.

This research provides a starting point for further analysis of horse chestnuts, oak acorns,
and spruce cones, which could focus on a more detailed explanation of the different properties and
behaviors of these organic matters during thermal processing including, for example, thermogravimetric
analysis (TGA), derivative thermogravimetric (DTG) analysis or differential scanning calorimetry
(DSC) analysis. Also, from a practical point of view, it is worth examining/determining all the costs
involved in the entire logistics chain (harvesting, milling, the torrefaction process, compaction, storage,
transport). Furthermore, the utilization of these residues as substrates for other applications (specific
chemicals, additives, etc.) would also be interesting from a scientific point of view.

Supplementary Materials: The following are available online at http://www.mdpi.com/1996-1073/13/10/2468/s1,
Table S1. Analysis of ash content, volatile matter content, and higher heating value with standard deviation,
and coefficient of variation.; Table S2. Analysis of fixed carbon content, and moisture content with standard
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deviation, and coefficient of variation; Table S3. Analysis of bulk density, specific density, and porosity with
standard deviation, and coefficient of variation; Table S4. Analysis of mass yield, energy densification ratio,

and e

nergy yield with standard deviation, and coefficient of variation; Table S5. Analysis of hydrophobic properties

with standard deviation, and coefficient of variation.
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Abbreviations

AC ash content

DSC differential scanning calorimetry
DTG derivative thermogravimetry
EDR energy densification ratio

EU European Union

EY energy yield

FCC fixed carbon content

HHV higher heating value

MC moisture content

MY mass yield

RES renewable energy sources
TGA thermogravimetric analysis
WDPT water drop penetration time
VMC volatile matter content

VOC volatile organic compound
PB bulk density

Ps specific density

£ porosity
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