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Abstract: Many recent studies focused on the research of thermal treated biomass in order to replace
fossil fuels. These studies improved the knowledge about pretreated lignocellulosics contribution
to achieve the goal of renewable energy sources, reducing CO2 emissions and limiting climate
change. They participate in renewable energy production so that sustainable consumption and
production patterns can by ensured by meeting Goals 7 and 12 of the 2030 Agenda for Sustainable
Development. To this end, the subject of the present study relates to the enhancement of the thermal
energy content of barley straw through torrefaction. At the same time, the impact of the torrefaction
process parameters, i.e., time and temperature, was investigated and kinetic models were applied
in order to fit the experimental data using the severity factor, R0, which combines the effect of the
temperature and the time of the torrefaction process into a single reaction ordinate. According to the
results presented herein, the maximum heating value was achieved at the most severe torrefaction
conditions. Consequently, torrefied barley straw could be an alternative renewable energy source as a
coal substitute or an activated carbon low cost substitute (with/without activation treatment) within
the biorefinery and the circular economy concept.

Keywords: barley straw; torrefaction; higher heating value; severity factor; sustainable development;
enhancement factor; energy yield

1. Introduction

Fossil fuels, such as oil, gas and coal, are the world’s primary energy sources. However, these
resources have limited reserves that will only be sufficient for the next 50 years [1,2]. Fossil fuels also
make a significant contribution to the environmental impact of carbon dioxide emissions. Reductions
in CO2 emissions through the use of renewable energy aim to reduce greenhouse gas emissions from
1990 to 2030 by 40% and reduce greenhouse gas emissions by 80%–95% by 2050 [3–6]. It is imperative
that we use natural resources to achieve the goals of the 2030 agenda so that the needs of the present
situation and the satisfaction of future ones will be covered [7].

The use of renewable energy sources and particularly, of biomass, is important due to the economic
factor, since the use of cheaper energy resources is more selective, enhancing the conservation of clean
environment, as natural, abundant and reusable means of producing thermal energy are mostly in
use [8]. Biomass is becoming more promising due to a set of features that allow fossil fuel substitution,
thereby reducing greenhouse gas emissions [9,10]. Biomass is one of the major sources of renewable
energy, accounting for about 10% of total primary energy and 78% of total renewable energy [11].
Thus, the need to utilize non-wood lignocellulosic biomass as a promising raw material for future
renewable fuels is widely recognized, since the latter is in abundance [12,13]. Lignocellulosic biomass,
while presenting several positive features, is, however, associated with various deficiencies, such as
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structural heterogeneity, non-uniform physical properties, low energy density, hygroscopic nature
and low bulk density. All of these features create difficulties in transport, handling, storage, and
conversion [14–18]. These features impede the use of biomass in the replacement of fossil fuels for
energy production. Therefore, biomass must be pre-treated before it can be used in any thermochemical
process. The torrefaction process is an appropriate such pretreatment method that removes many of
the above limitations associated with crude biomass. The torrefaction process is the partial pyrolysis of
the biomass which is carried out usually under atmospheric pressure over a small temperature range
of 200–300 ◦C and under an inert environment [19–21]. The process is usually performed at a low
heating rate, which gives a higher yield of solid product [22]. A great motivation for torrefaction is
the maximization of solid performance, which is not achieved with pyrolysis. During the torrefaction
process, three major phases, namely decomposition, rehabilitation and depolymerization, occur.
The process releases concentrated hydrocarbons, hydrogen, oxygen and some of the carbon content of
the biomass as carbon monoxide and carbon dioxide [23]. During the torrefaction process, drying is
considered to be the most destructive between the intramolecular hydrogen bonds, C–O and C–H [24].
This results in the significant emissions of hydrophilic and oxygenated pollutants, and hydrophilic and
oxygenated compounds, forming a black hydrophobic energy-dense product.

The main motivation of torrefaction is to improve the quality of biomass fuels and make it more
suitable for energy use. The torrefied biomass can be applied in briquetting, pelletizing, gasification
and thermal energy cogeneration [5,25,26]. Biomass torrefaction destroys biomass strength and fibrous
structure and also increases energy density. Many studies have concluded that torrefied biomass can
avoid many constraints associated with crude biomass because it produces moisture-free hydrophobic
solid products [27], reduces the O/C ratio [13], decreases milling energy [15,28], increases energy
density [29], increases bulk density and simplifies storage and transport [30]. It also improves particle
size distribution [15], strengthens burning with less smoke [31], shifts the combustion zone to the high
temperature zone in a gasifier [32] and increases resistance to biological decomposition [33]. Therefore,
the torrefied biomass is more appropriate than the raw biomass for co-firing in the conventional coal
power plants due to many of these improvements, as mentioned above. In addition, torrefied biomass
is more appropriate than crude biomass for eligible fuel in conventional coal-fired power plants [20].
The removal of volatiles during torrefaction process leads to a decrease of the O/C ratio, and to an
increase the energy density of the biomass [34].

In the present study, the process of torrefaction caused by muffle furnace on barley straw under
different experimental conditions was studied, aiming at increasing the energy content of barley straw.
Barley straw was placed in a porcelain capsule and was heated using a muffle furnace for various
experiments with different sets of temperatures and residence times, allowing the critical parameters of
the combustion process to be identified and affecting the energy content of the material. Furthermore,
innovative kinetic models were applied to fit the experimental data using the severity factor (R0), which
combines the effect of temperature and time on the torrefaction process in a single reaction operator.

2. Materials and Methods

2.1. Material Development

Barley straw was collected from the Kapareli village of Thebes, Greece (38◦14′8“ N 23◦12′59” E)
and it was manually treated and prepared in small bunches. The specific fraction was considered to be
suitable because in this way, homogeneity could be achieved when the torrefaction procedure was
over. The untreated straw moisture was 6.0% w/w measured according to the procedure UNE-EN ISO
18134-1: 2015.

2.2. Torrefaction Process

The torrefaction process was applied to barley straw through a muffle furnace. The experimental
setup is presented in Figure 1. The muffle furnace temperature was in room temperature at zero
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torrefaction time. The heat increase curve was from 20 ◦C up to 300 ◦C. Each experiment had a different
reaction time. The time was increased by 2.5 min from 15 min to 50 min (see Table 1).
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Figure 1. Experimental setup of the torrefaction process: (a) Nuve Muffle Furnace (Internal dimensions:
210W × 300D × 110Hmm) equipped with electric heating and a nitrogen generator that uses molecular
sieves and (b) barley straw in a ceramic crucible placed in the cold furnace.

Table 1. Ranking, time, severity factor and logarithm of severity factor for barley straw torrefaction
design of experiments.

Count t (min) R0 LogR0

1 15 36,010 4.56
2 17.5 332,910 5.52
3 20 1,724,755 6.24
4 22.5 5,098,025 6.71
5 25 8,922,535 6.95
6 27.5 8,949,697 6.95
7 30 13,005,480 7.11
8 32.5 10,659,469 7.03
9 35 15,435,573 7.19

10 37.5 16,313,425 7.21
11 40 16,032,904 7.21
12 42.5 22,099,405 7.34
13 45 18,959,522 7.28
14 47.5 19,904,975 7.30
15 50 16,903,655 7.23

Therefore, barley straw was placed in a porcelain capsule and after the process was completed, it
was removed from the muffle furnace and finally, it was placed in a dryer for 15 min. Then, the char
weight in the capsule was measured. The higher heating value was measured experimentally using an
adiabatic bomb calorimeter, which measures the enthalpy change between reagents and products.
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2.3. Bomb Calorimeter

In order to take the necessary measurements, a Parr 1341 Plain Jacket Bomb Calorimeter was
used. In more detail, from the samples obtained after torrefaction for a given time, we accurately
weighed quantities of about 0.5 g. Then, the 0.5 g was placed in the oxygen container with the pressure
of 25 bar oxygen and a specific length of ignition wire. The combustion container was placed in the
calorimeter’s adiabatic tank, which contained 2000 g distilled water shaken at a steady speed while
the temperature was measured per minute. Accordingly, two ignition lead wires were pushed into
the terminal sockets on the bombs’ head, the cover was set on the jacket and the stirrer was turned
manually in order to ensure that it ran freely. Upon turning of the stirrer, the drive belt slipped onto
the pulleys and the motor started operating.

With regards to temperature indications, they were measured manually with the help of a 6775
Parr Digital Thermometer each minute for 5 min in order to achieve equilibrium into the calorimeter.
More specifically, at the start of the sixth minute, the ignition button was pushed and temperature
measurements were taken each minute until the temperature became stable again. As such, the
increase of the temperature was intense during the first minutes and slowed down when reaching the
stage equilibrium. The energy equivalent of the calorimeter was determined by its standardization
at 10,104 J/◦C. The energy equivalent due to the formation of nitric acid and sulfuric acid was not
included in the calculations while the moisture content of the samples was 6.0%.

Additionally, two ignition lead wires were pushed into the terminal sockets on the bombs’ head,
the cover was set on the jacket, and the stirrer was turned manually in order to ensure that it ran freely.
Upon turning of the stirrer, the drive belt slipped onto the pulleys and the motor started operating.
In this context, the diagram of Figure 2 depicts the temperature profile and how the latter is affected
during the different stages described earlier.
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value of combustion.

2.4. Ultimate Analysis

Proximate and ultimate analysis provided information on the major categories that are important
for the thermal conversion of biomass such as moisture, Volatile Matter (VM), ash, carbon etc.
The moisture content of the samples was measured by drying according to the procedure UNE-EN
ISO 18134-1: 2015; the nitrogen, carbon and hydrogen percentages were determined according to the
UNE-EN ISO 16948: 2015 standard, the VM by the UNE-EN ISO 18123: 2015, the sulfur by UNE-EN
ISO 16994: 2015, and the oxygen by difference. The measurement was conducted by the Centre for
Research & Technology Hellas/Chemical Process and Energy Resources Institute (CERTH/CPERI),
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Athens branch. The proximate and ultimate analysis data for untreated and torrefied barley straw are
presented in Table 2. The torrefaction conditions were for the optimal heating value.

Table 2. Composition of untreated and torrefied barley straw.

Percentages
(% wt. Dry Basis) Untreated Barley Straw Torrefied Barley

Straw Analytical Method

Proximate analysis (wt. %)
Moisture Content 6.0 3.5 ISO 18134-1

Volatile Matter 74.3 62.5 ISO 18123
Ash 8.4 16.1 ISO 18122

Ultimate analysis (wt. %)
Carbon 45.5 57.5 ISO 16948

Hydrogen 5.5 4.1 ISO 16948
Nitrogen 0.99 1.6 ISO 16948
Oxygen 47.9 36.4 by difference
Sulfur 0.11 57.5 ISO 16994

2.5. Scanning Electron Microscopy

The observation the surface morphology pattern changes of the untreated and torrefied barley
straw was conducted by scanning electron microscopy (SEM) at the Institute of Nanoscience
and Nanotechnology, National Centre for Scientific Research “Demokritos”, Athens, using an FEI
INSPECT SEM equipped with an EDAX super ultra-thin window analyzer for energy-dispersive X-ray
spectroscopy (EDS).

3. Results and Discussion

The kinetics of higher heating value combustion of untreated and torrefied barley straw have
been extensively studied using ISO 1716:2018 [35]. To this end, the well-known higher heating value of
combustion equation is shown below:

Hg = (tW − e1 − e2 − e3)/m (1)

where Hg represents the higher heating value of combustion, “m” stands for the mass of the sample in
grams, e1 refers to a correction coefficient concerning calories for heat of formation of nitric acid, e2 to a
correction coefficient concerning calories for heat of formation of sulfuric acid and e3 to a correction
coefficient for calories or heat of combustion of fuse wire. For the given case, both e1 and e2 are taken
as being equal to zero since neither nitric acid nor sulfuric acid were used. Moreover, W is the energy
equivalent of the calorimeter, which is determined under standardization and t is the net-corrected
temperature increase, with equations following further analyzing the above variables.

t = tc − ta − r1(b − a) − r2(c − b) (2)

e3 = 2.3lf (3)

W = 10,104 J/°C (4)

To this end, a stands for the time of firing, b for the time when the temperature reaches 60% of
the total rise and c for the time at the beginning of period in which the rate of temperature change is
constant. Next, ta corresponds to the temperature at firing time and tc the temperature at time c, r1 is
the rate at which the temperature was rising until firing and r2 is the rate at which the temperature is
rising during the 5 min period after the time c. Finally, lf is the size of the fuse wire consumed during
the firing.

A severity factor was used in order to integrate the effects of reaction times and temperature into a
single variable during torrefaction. In this context, a ‘combined severity factor’ for isothermal reactions
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was based on the ‘P’ factor, first introduced at 1965 by Brasch and Free [36], for the prehydrolysis-Kraft
pulping of pinus radiata, and then at 1987 (under the name ‘reaction ordinate’) applied by Overend and
Chornet [37] in the case of fractionation of lignocellulosics by steam-aqueous pretreatments (like wet
torrefaction). The ‘P’ factor had units of time and was as follows:

(‘P’ factor) = [exp(T − 100)/14.75]·t (5)

where t is the reaction time in min and T is the reaction temperature in degrees Celsius.
Moreover, in the case of torrefaction for high energy density solid fuel of fast-growing tree species,

the following severity factor was used [38]:

SF = log
[
t·e

Th−TR
14.75

]
(6)

where t is the reaction time of the torrefaction in min, Th the reaction temperature and TR the reference
temperature, both in degrees Celsius.

In addition to the above, a combined severity factor for non-isothermal reaction conditions was
also introduced in the case of the batch autohydrolysis of wheat straw [39],

R∗0 = 10−pH
·

∫ t

0
e

Tθ−100
14.75 dt (7)

where Tθ is the reaction temperature in degrees Celsius.
At this point, it should be noted that since, in this work, the main variables used are time

and temperature, pH was removed from the equation, with the simplified severity factor used for
non-isothermal reaction conditions given in the following equation:

R0 =

∫ t

0
e

Tθ−100
14.75 dt (8)

A similar severity factor was used by Aguado et al. [40] for wet torrefaction of almond-tree
pruning. On the other hand, a severity index was used by Zhang et al. [41] for spend coffee grounds
and microalga residue torrefaction. Several torrefaction severity reporting methods were reported by
Campbell et al. [42], while the dry mass yield was suggested as an indicator for severity presuming
that was the most reliable singular severity indicator for bench and pilot scale work.

Consequently, in the present work, the severity factor values according to Equation. (8) and for
each of the experiments carried out are provided in Table 1. Therefore, the gradual reduction of the test
sample mass from starting time (m0) until the end of each experiment (mt) is used, with the parameter
of solid residue yield showing the percentage of the mass loss over torrefaction time.

In this context, the diagram of Figure 3 depicts the temperature profile and how the latter is
affected during the time stages described earlier. An example of temperature profiles at different
times of the muffle furnace during torrefaction of 300 ◦C is shown in this Figure. The preheating time
in the case of 300 ◦C was around 25 min, because the initial temperature in the furnace was about
30 ◦C, i.e., the furnace was cold (not preheated). Similar temperature measurements were done at each
torrefaction time for the muffle furnace.
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Moreover, in Figure 4 the percentage of loss of mass during the torrefaction procedure following
illustrates the impact of the time (Figure 4a), severity factor (Figure 4b), and logarithm of severity factor
(Figure 4c) on the solid residue yield percentage decrease, with the latter showing a rapid reduction
for small severity factor values which is gradually almost stabilized for higher severity factor values.
Increased weight loss occurs when torrefaction temperature is also increased due to moisture removal
and hemicellulose breakdown which produced H2O, CO, CO2 and other hydrocarbons. Finally, the
following equations describe the exponential relation between the yield (y) and the time (t) or the
severity factor (R0 or logR0), with the equation parameters given in Table 3.

Model A1: y = ye + (y0 − ye)exp(−kt) (9)

where ye is the value for y at infinite time, y0 is the value for y at zero time, and k is the pseudo-first
order kinetic constant.

Model A2: y = ye + (y0 − ye)exp(−kR0) (10)

Table 3. The parameters and standard error of estimate (SEE) of the three models for the solid residue
yield (% w/w) of barley straw torrefaction.

Model A1 Model A2 Model A3

y0 101.10 80.23 70.58
k 0.0450 1.739·10–7 7.778·10–8

ye 36.76 45.32 38.35
SEE 3.637 7.183 2.596
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It must be mentioned Model A3 is described by the same Equation (10) as Model A2, but its
parameters were estimated without taking into account the experimental value for y at zero time.
The standard error of estimate (SEE) values for these tree models are presented in Table 3, showing
that the best fitting to the experimental data was for Model A3. The fitting of these three models is
illustrated in Figure 4a,b and c for Model A1, A2 and A3, respectively.

Moreover, Figure 5 demonstrates the Higher Heating Value (Hg) of barley straw combustion
vs. torrefying reaction time (Figure 5a), severity factor (Figure 5b), and logarithm of severity factor
(Figure 5c). To this end, according to the experimental results obtained, the optimal time that gives the
maximum output (Hg = 21.3 MJ.kg) was 47.5 min, where Hg increases by 21.7%. On the other hand,
the gross heat of combustion for the untreated barley straw was measured a total of three times, with
the average value found to be 17.5 MJ/kg and the standard deviation 0.17 (1.0%). Therefore there is an
increase of Hg during conditions intensification. After all, the following equations describe the relation
between the Hg and the time (t) or the severity factor (R0 or logR0) with the equation parameters given
in Table 4.

Model B1: Hg = Hge − [(Hge − Hg0)−1 + k1t]−1 (11)

where Hge is the value for Hg at infinite time, Hg0 is the value for Hg at zero time, and k1 is the
pseudo-second order kinetic constant.

Model B2: Hg = Hge − [(Hge − Hg0)−1 + k1R0]−1 (12)
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Table 4. The parameters and standard error of estimate (SEE) of the three models for the Higher
Heating Value (MJ/kg) of the combustion of the torrefied barley straw.

Model B1 Model B2 Model B3

Hg0 17.11 17.53 17.55
k1 0.0006334 1.020·10–7 1.000·10–7

Hge 30.87 21.18 21.19
SEE 0.6182 0.3344 0.3479

It must be mentioned the Model B3 is described by the same Equation (12) as Model B2, but its
parameters were estimated without taking into account the experimental value for Hg at zero time.
The SEE values for these tree models are presented in Table 4, showing that the best fitting to the
experimental data was for Model B2. The fitting of these three models is illustrated in Figure 5a–c for
Models B1, B2 and B3, respectively.

Figure 6 illustrates the relation between the Higher Heating Value of barley straw combustion and
the material’s mass loss percentage due torrefaction. The theoretical curve was estimated using Models
A1 and B1 in combination. Moreover, Models A2 and B2 could successfully fit the experimental data.
The maximum Higher Heating Value of the barley straw combustion is expected to be at the maximum
material’s mass loss percentage, i.e., at the most severe torrefaction conditions. Moderate torrefaction
conditions could be chosen to reduce barley straw’s mass loss but with a lower Higher Heating Value
of the material combustion.



Energies 2020, 13, 736 10 of 15
Energies 2020, 13, x FOR PEER REVIEW 11 of 15 

 

 
Figure 6. Torrefied barley straw Higher Heating Value of combustion vs. the mass loss percentage. 

 

Figure 7. Torrefied barley straw (a) Enhancement Factor (EF) and (b) Energy yield (EY) vs. the mass 
loss percentage. 

Figure 6. Torrefied barley straw Higher Heating Value of combustion vs. the mass loss percentage.

In Figure 7, the torrefied barley straw Enhancement Factor (EF) and Energy yield (EY) vs. the
mass loss percentage are presented. The Enhancement Factor (EF) is given by

(EF) = Hgt/Hgu (13)

where Hgt is the HHV for torrefied straw and Hgu is the HHV for untreated straw. The Energy yield
(EY) is given by the following equation:

(EY) = (EF)·y (14)
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according to the same above-described Models A1 and A2, and Equations (10) and (12), respectively.
There was no need for re-estimation of the models’ parameters.

In Figure 8 are shown the Scanning Electron Microscopy (SEM) images of the untreated barley
straw at (a) × 750, (c) × 7500 and (e) × 20,000 magnification, and torrefied barley straw (at optimal
conditions) at (b) × 750, (d) × 7500 and (f) × 20,000 magnification. We observe that the effect of the
torrefaction on the straw surface topology is the roughening of the surface. The effect might facilitate
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the use of torrefied barley straw for the production of adsorbents (low-cost activated carbon substitute).
This could be an alternative use to the torrefied straw as energy production material (coal substitute).Energies 2020, 13, x FOR PEER REVIEW 12 of 15 
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In Table 5, the Higher Heating Value of combustion, the Solid residue yield, the Enhancement
factor and the Energy yield for some untreated and torrefied lignocellulosic residues according to the
recent literature are presented.
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Table 5. Higher Heating Value of combustion, Solid residue yield, Enhancement factor and Energy
yield for some untreated and torrefied lignocellulosic residues.

Materials HHV (MJ/kg)
Solid Residue

Yield,
y (% wt.)

Enhancement
Factor, EF

Energy Yield,
EY (%) References

Almond-tree pruning 17.6 [28]
Almond-tree pruning

pretreated by wet
torrefaction

24 57.1 1.36 77.9 [28]

Barley straw 17.7 [11]
Barley straw torrefied 21.5 44.1 1.21 53.6 [11]

Barley straw 17.5 This study
Barley straw torrefied 21.3 49.9 1.22 60.7 This study

Eucalyptus grandis 20.1 [43]
Eucalyptus grandis

torrefied 25.0 65.2 1.24 81.0 [43]

Herbal medicine wastes 19 [44]
Herbal medicine wastes

torrefied 20.3 82.1 1.07 87.7 [44]

Microalga residue 12.7 [41]
Microalga residue

torrefied 17.3 68.0 1.36 92.6 [41]

Spent coffee grounds 21.8 [41]
Spent coffee grounds

torrefied 29.8 72.4 1.37 98.9 [41]

Spruce 20.3 [42]
Spruce char 21.2 91.5 1.04 95.6 [42]
Wheat straw 17.8 [11]

Wheat straw torrefied 20.5 64 1.15 73.7 [11]
Wheat straw 19 [42]

Wheat straw char 20.1 84.8 1.06 89.7 [42]
Willow 20.1 [42]

Willow char 21.2 87.1 1.05 91.9 [42]

These HHV values are comparable to the values found in the present study with regards
to untreated and torrefied barley straw [34], but there are significant differences when another
lignocellulosic material was used. Moreover, the EF value of torrefied barley straw [11] was similar to
the findings of the present work, while the EY value [11] was lower compared to that of the present
work. On the other hand, most of the other lignocellulosic materials presented in Table 5 have higher
EY values (73.7–98.9%) compared to the 60.7% found herein. The high EY values were found due to
high EY and/or high solid residue yield.

The higher heating values (HHV) of the barley straw samples in the present work can be calculated
from their C, H and N contents (see Table 2) in a dry basis, using the following expression, as derived
by Friedl et al. [45] for biomass from plant origin:

HHV = 3.55C2
− 232C − 230H + 51.2C·H + 131N + 20600 (15)

The values calculated according to Equation (15) for untreated and torrefied barley straw of this
work were 18.1 and 22.4 MJ/kg, respectively. This is very close to the experimental values shown in
Table 5. The EF was 1.24 very close to 1.22, i.e., the experimental one.

Lignocellulosic biomass torrefaction (dry or wet, in the absence of oxygen or not, under atmospheric
pressure or not) is a pretreatment process used to overcome the disadvantages of using biomass
as a fuel such as low energy density, high moisture, and oxygen contents [46,47]. The torrefaction
increases energy density, hydrophobicity, and reduces grinding energy requirement of biomass.
The environmental and economic aspects of the torrefaction process and torrefied product, and
various applications of torrefaction products have been taken into account by various researchers.
The cost competitiveness of torrefied materials is one of the major concerns of the torrefaction process.
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Integrating the torrefaction with other processes makes it economically more viable than as a standalone
process [47].

4. Conclusions

Torrefaction of biomass is a promising process for improving the characteristics of biomass, as an
alternative renewable energy source over the use of fossil fuels. This process provokes the interest of
investors in this sector. From this perspective, the potential development of biomass heat conversion
technologies, such as combustion, is promising as far as the use of new forms of biomass is concerned,
i.e., more eco-friendly, more abundant and more economical, as is the case of barley straw. The fact
that publications on this topic have significantly increased indicates the strong academic relevance and
industrial interest in this subject in recent years. In the current study, torrefaction conditions were
investigated for increasing the Higher Heating Value of combustion for barley straw. An integrated
methodology was applied to this end, with the main focus given on the impact of the temperature
and time parameters and with the results presented herein eventually indicating that severe treatment
conditions are the optimum ones in order to maximize the heating value of barley straw combustion.
According to these experimental results, the optimal time that gives the maximum output equal to
21.3 MJ/kg was 47.5 min where Hg increases by 21.7%., for R0 = 1.99·107 and consequently logR0 = 7.3.
On the other hand, according to the developed models, the maximum Higher Heating Value of the
barley straw combustion is expected to be at the maximum material’s mass loss percentage, i.e., at the
most severe torrefaction conditions. More or less, moderate torrefaction conditions could be chosen to
reduce barley straw’s mass loss but with enhanced Higher Heating Value of the material combustion
compared to the untreated material but lower value compared to the optimal one.
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