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Abstract: The paper presents the results of research aimed at evaluating the possibility of us-
ing selected biomass wastes to produce solid biofuels. In this work, the thermochemical prop-
erties of two lignocellulosic biomasses, namely, miscantshus (Miscanthus × Giganteus) and hops
(Humulus lupulus), and non-lignocellulosic biomass, namely, municipal solid waste, and their mix-
tures (micanthus + municipal solid waste and hops + municipal solid waste) were studied using
the torrefaction process as the main method for investigation. The effects of various torrefaction
temperatures (250, 300, and 350 ◦C) and times (30 and 60 min) were evaluated. Proximate and
ultimate analyses were performed on the torrefied samples. The following can be stated: as the
torrefaction temperature and time increased, mass and energy yields decreased while the higher
heating values (HHVs) and fuel ratios (FRs) increased, together with carbon contents (C). In addition,
energy on return investment (EROI) was studied; the maximum EROI of 28 was achieved for MSW
biochar at 250 ◦C for 30 min. The results of studying greenhouse gas emissions (GHGs) showed a
reduction of around 88% when using torrefied biochar as a substitute for coal. In sum, this study
shows that torrefaction pre-treatment can improve the physicochemical properties of raw biomasses
to a level comparable with coal, and could be helpful in better understanding the conversion of those
biomasses into a valuable, solid biofuel.
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1. Introduction

Rapid climate change and serious environmental issues today present an existential
threat to Europe and the rest of the world [1]. In December 2019, the European Commission
prepared and introduced an ambitious proposal called the European Green Deal to make
Europe the first climate-neutral continent by 2050 [2]. This target will be reached through
the European Climate Law [3] that sets climate neutrality into binding European legislation.
One of the main goals stated in the European Green Deal [2] is to reduce greenhouse gas
(GHGs) emissions to at least 50% by 2030. Fossils fuels (e.g., petroleum, natural gas, or
coal) are still the primary reason for the high total emissions of GHGs [4], and to minimize
their impact on the environment, the development of clean and renewable energy sources
(RES) is coming to the fore.

Much attention has already been given to analyzing the potential of wind, solar,
hydro, or geothermal energy sources, whereas energy derived from biomass is still under
investigation. Several reports have been published recently explaining the benefits of using
biomass-based energy sources [5,6]. For instance, Akhtar et al. [7] stated that biomass-based
fuels have a better sustainability footprint when compared to fossil fuels. The same was
confirmed by Kalak [8], who wrote a critical review based on the potential use of industrial
biomass waste as a sustainable energy source. According to the European Union’s strategy
on biofuels [9], new technologies for obtaining and using renewable energy fuels must be
developed, especially through the management of agricultural products and other wastes.
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General definition says that biomass is an organic material obtained from plants
growing through the process of photosynthesis [8]. Biomass is considered a carbon neutral
source that is almost always available; in addition, it is available in large quantities [10]. It is
believed that biomass energy has the potential for energy or power generation [11], despite
the fact that its direct application is not always feasible due to several discovered issues [12].
Raw biomass is characterized by a high moisture content, high hygroscopy, low bulk density,
low energy density, high ash content, low carbon content, and poor grindability [13]. Such
qualities may cause problems in the storage, handling, and transportation of biomass;
therefore, it must be processed before being used [14]. One effective way to overcome the
above-mentioned issues is the torrefaction process.

Torrefaction is a thermochemical process for upgrading biomass properties for further
energy applications [11], such as in thermochemical (pyrolysis, combustion, etc.), chemi-
cal (i.e., hydrolysis), or biochemical (fermentation, anaerobic digestion, etc.) conversion
routes [15]. The torrefaction process is carried out in the temperature range from 200 to
350 ◦C in inert or semi-inert atmospheres [16], with the obtained solid biochar being the
main product of the process. The torrefaction process is still not widespread on a commer-
cial scale [17], but there have been an enormous amount of studies on the torrefaction of
biomass published in the last decade. For example, torrefaction of lignocellulosic biomass
such as miscanthus [18], pine wood [19], or sawdust [20] has already been extensively taken
into consideration, together with non-lignocellulosic biomass, such as sewage sludge [21] or
algae [22]. Doddapaneni et al. [10] studied the properties of torrefied sludge from the pulp
industry. The torrefaction process was carried out at 250, 275, and 300 ◦C for 30 or 60 min,
respectively. Physicochemical properties were investigated. Different agro-forestry (e.g.,
pine wood) wastes were analysed via the torrefaction process by Nunes [23]. Proximate and
ultimate analyses were performed on the torrefied wastes, together with thermal analysis
and grindability tests. Chang et al. [24] studied the influence of the torrefaction process on
thermal degradation and chemical changes in oil palm waste through thermogravimetric
analysis (TGA) and Fourier transform infrared spectroscopy (FTIR). Based on these studies,
the following findings can be stated: when raw biomass undergoes the torrefaction process,
several reactions occur, leading to the obtaining of the torrefied biomass that has reduced
moisture content, increased heating value (HHV), increased carbon content, decreased
oxygen content, and improved grindability [25]. In addition, such a torrefied biomass is
hydrophobic [26]. With the increasing of the torrefaction temperature or torrefaction time,
mass and energy yield decrease in all cases.

Lately, much attention has also been paid to municipal organic wastes (MSW), such as
yard wastes, plastics, kitchen waste, paper, wood, rubber, textiles, or any other complex
components from the commercial [27], industrial [28], or residential sectors [29]. MSW
can cause numerous serious issues, including GHG emissions and energy instability, or
even environmental and public health problems [30]. The current global annual MSW
production is approximately 1.9 billion tons and it is estimated to rise up to 3.4 billion tons
per year by 2050 [31]. Raw MSW is characterized as a heterogeneous material, with a high
moisture content, low calorific value, and tenacious fibrous structure. Thermochemical
technologies are mentioned as possible ways to treat MSW for energy purposes, with
torrefaction being one of the most attractive ones [32].

The main aim of the study is to analyse the effects of torrefaction temperature (250,
300, and 350 ◦C) and residence time (30 and 60 min) on the physicochemical properties
of biochar obtained from different lignocellulosic (i.e., miscanthus and hops) and non-
lignocellulosic biomass wastes (i.e., municipal solid waste) that are typical in the Republic
of Slovenia. Mass and energy yields were evaluated, together with energy density and
heating values (HHVs). Moreover, energy return on investment (EROI), fuel ratios (FR),
and greenhouse gas (GHG) emissions were also evaluated to determine the sustainability
of the torrefied biochar. To date, only a few works have been published that describe the
properties of torrefied MSW and hops, and no works on the torrefaction process of MSW
mixed with miscanthus and hops have been published.
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2. Materials and Methods
2.1. Biomass Collection

Miscanthus (Miscanthus × Giganteus) (100%, M), hops (Humus lupulus) (100%, H), and
municipal solid waste (100%, MSW) were collected from different parts of the Republic
of Slovenia, respectively. The initial moisture contents of the miscanthus, hops, and
municipal solid waste were 10.58 wt.%, 12.01 wt.%, and 16.98 wt.% (wet basis), respectively.
Additionally, the following mixtures were used in the work: a mixture of miscanthus and
municipal solid waste (50:50%, M + MSW) and a mixture of hops and municipal solid
waste (50:50%, H + MSW). The initial moisture contents of the mixtures were 13.00 wt.%
and 14.33 wt.% (wet basis), respectively.

The raw materials were air-dried and pulverized or cut into similar sizes (up to 0.5 cm),
respectively, and stored before being prepared for further analysis. The characteristics of the
raw biomass materials, including proximate and ultimate analyses and HHVs, are summarized
in Table 1. The analyses were performed as described in the following Section 2.3.

Table 1. Characteristics of raw biomass samples.

Analysis M H MSW M + MSW H + MSW

Proximate analysis
(wt.%, dry basis)

Fixed carbon 3.89 3.01 6.69 4.25 4.54

Volatile matter 82.79 84.23 78.11 82.60 80.47

Ash content 2.83 4.18 3.12 3.37 3.65 ± 0.18

Moisture content
(wt.%, dry basis) 9.21 8.58 12.08 9.78 11.34 ± 0.57

Elemental analysis
(wt.%, dry basis)

C 45.11 42.12 43.20 44.12 43.97

H 3.71 4.54 8.10 6.19 6.42

N 0.80 3.49 0.78 1.02 2.33

O 50.33 49.82 47.89 48.65 47.25

S 0.05 0.03 0.03 0.02 0.03

Energy content
(wt.%, dry basis) HHV (MJ/kg) 18.91 16.56 24.27 21.37 20.23

2.2. Torrefaction Procedure

Figure 1 presents a schematic diagram of the torrefaction set-up studied in this work.
The torrefaction process was carried out in an electric lab-scale furnace, Bosio type EUP-K
6/1200, which is described in detail in the work of Jóźwiak et al. [33] and in our previous
papers [34]. The materials were torrefied at three different temperatures (250, 300, and
350 ◦C) and two different residence times (30 and 60 min), respectively. The torrefaction
temperatures and times were chosen based on the findings from our previous papers, which
obtained the optimal temperature [35], optimal time [36], and severe conditions [21]. The
semi-inert atmosphere was guaranteed by the lid, placed on the ceramic round crucibles
specifically to create an inert atmosphere [34]. For each experimental run, around 50 g of
sample was used. After torrefaction, the crucibles were removed from the furnace and
placed into desiccators to cool to room temperature [34]. The obtained biochar was then
collected and crushed, and again stored in hermetically sealed containers. To ensure the
repeatability of the results, all experiments were repeated two times, and average values
are used in the Discussion.
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Figure 1. Experimental set-up of the torrefaction process.

2.3. Analytical Methods
2.3.1. Proximate and Ultimate Analyses

The ultimate analyses was performed using the Perkin Elmer CHNS/O 2400 elemental
analyser (Billerica, MA, USA). The contents of C, H, N, and S were determined by the
following international standards: UNI EN 15104:2011 (“Solid biofuels-Determination
of total content of carbon, hydrogen, and nitrogen–Instrumental methods”) and UNI
EN 15289:2011 (“Solid biofuels-Determination of total content of sulfur and chlorine”),
respectively. The content of O was calculated by the difference, as presented in the following
Equation (1):

O (%) = 100% − C (%) − H (%) − N (%) − S (%) − Ash (%) (1)

The moisture content (MC), volatile matter (VM), ash content (Ash), and fixed car-
bon (FC) content were determined in accordance with the ASTM D7582:2015 (“Standard
Test Methods for Proximate Analysis of Coal and Coke by Macro Thermogravimetric
Analysis”) standard.

2.3.2. HHV, Mass Yield, Energy Density, and Energy Yield Analyses

The heating values (HHVs) were measured in an IKA C6000 adiabatic bomb calorime-
ter (Isoperibol; Staufen, Germany) according to the UNI EN 14918:2019 (“Solid biofuels-
Determination of calorific value”) and ASTM DIN 51900 ISO 1928 standards (“Determining
the gross calorific value of solid and liquid fuels”).

Mass yield (MY), energy density (ED), and energy yield (EY) were calculated using
Equations (2)–(4) to determine the impact of torrefaction.

MY (%) =
masstorrefied sample

massraw sample
·100 (2)

ED (− ) =
HHVtorrefied sample

HHVraw sample
(3)

EY (%) =

(
MY·

HHVtorrefied sample

HHVraw sample

)
= MY·ED (4)

Additionally, to evaluate decomposition characteristics of the torrefied biomass mate-
rials, the fuel ratios (FRs) were calculated using Equation (5) [10,37]. Contents of FC and
VM were obtained from the results of the proximate analysis. As stated in the work of Lin
and Zheng [38], the FR of the torrefied biomass material is usually higher than that of a
raw biomass sample due to the increased FC content and decreased VM content.

FR (− ) =
fixed carbon content

volatile matter content
(5)

2.3.3. Energy Returns on Investment Analysis

To determine the energy benefits of the obtained solid biochars, the energy return on
investment (EROI) was calculated from the ratio of the energy required during pre-drying
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and the torrefaction process and the energy produced by the biochar [39] (Equation (6)).
The EROI index is crucial for the evaluation of the potential energy benefit of fuel [4].

EROI (− ) =
energy produced from biochar

energy required during the pre-drying and torrefaction process
(6)

The energy produced from the biochar was calculated by multiplying the mass of
the biochar by its HHV (Table 1) [40,41]. The energy required for drying and torrefaction
was calculated by multiplying the reaction time and the amount of power consumed at
each stage. The detailed description of the calculation method is written in the works of
Lin et al. [4,38,42].

2.3.4. GHG Emissions

Greenhouse gas emissions (GHGs), such as CO2 emissions, were also determined as
described in the works of Lin et al. [4,38,42]. GHG emissions achieved through substitution
of biochar for coal were determined through life cycle assessment (LCA), which primarily
considered the electricity consumed for pre-drying the biomass and torrefying the biochar
as a renewable energy [40,41]. The GHG emissions from the torrefaction process at each
life cycle stage can be used to evaluate the global warming potential (GWP) [43]. GWP was
quantified using characterization factors and a classified activity inventory (e.g., electricity
consumption). For the Republic of Slovenia, the characterization factor for average electric-
ity consumption was estimated to be 0.254 kg CO2 eq./kWh [43]. Electricity generation
efficiency is around 48% [44]. In the GWP assessment, biomass was assumed to be carbon
neutral and to have a minimal effect on the climate [40,41].

3. Results and Discussion
3.1. Effects of Torrefaction Temperature and Time on Obtained Biomaterial
3.1.1. Proximate and Ultimate Analyses

Firstly, Table 2 shows the results of the proximate analyses. The analyses were per-
formed on all torrefied biomasses, respectively. As the torrefaction temperature and
torrefaction time increased, the ash contents increased gradually. For miscanthus biochar,
the ash contents increased from 3.50 wt.% to 4.50 wt.% when torrefying it for 30 min,
and from 4.00 wt.% to 4.78 wt.% when torrefying it for 60 min. For hops biochar, the
ash contents increased from 4.80 wt.% to 6.01 wt.% (when torrefied for 30 min) and from
5.23 wt.% to 6.13 wt.% (when torrefied for 60 min), respectively. Similarly, for MSW biochar,
these values increased from 7.58 wt.% to 7.99 wt.% (when torrefied for 30 min) and from
7.05 wt.% to 7.99 wt.% (when torrefied for 60 min), respectively. Likewise, the ash contents
of biochar in the mixtures of miscanthus and MSW, and hops and MSW, also increased. For
the mixture of miscanthus and MSW, the ash contents increased from 4.56 wt.% to 5.85 wt.%
(when torrefied for 30 min) and from 4.78 wt.% to 6.18 wt.% (when torrefied for 60 min),
respectively, and for the mixture of hops and MSW, from 4.57 wt.% to 5.06 wt.% (when tor-
refied for 30 min) and from 6.50 wt.% to 7.63 wt.% (when torrefied for 60 min), respectively.
The fixed carbon contents of the torrefied biomass samples presented a comparable trend:
the contents increased with increasing the torrefaction temperature and torrefaction time.
The fixed carbon contents of miscanthus, hops, MSW, the mixture of miscanthus and MSW,
and the mixture of hops and MSW increased from 4.30 to 5.13 wt.%, 4.80 to 5.45 wt.%,
7.80 to 8.87 wt.%, 5.13 to 6.45 wt.%, and 4.93 to 5.06 wt.% for each biomass (when torrefied
for 30 min), respectively, and from 4.88 to 5.33 wt.%, 3.88 to 5.47 wt.%, 7.87 to 8.93 wt.%,
6.01 to 8.93 wt.%, and 5.00 to 6.02 wt.% for each biomass (when torrefied for 60 min), re-
spectively. On the contrary, as torrefaction temperature and time increased, volatile
matter contents and moisture contents decreased. Furthermore, the volatile matter con-
tents of the torrefied biomasses decreased from 82.20 to 81.56 wt.%, 82.80 to 80.01 wt.%,
76.45 to 74.88 wt.%, 81.24 to 79.03 wt.%, and 79.26 to 78.03 wt.% for each biomass (when tor-
refied for 30 min), respectively, and from 82.12 to 81.45 wt.%, 82.00 to 80.04 wt.%,
76.12 to 74.87 wt.%, 80.33 to 78.22 wt.%, and 78.09 to 77.22 wt.% for each biomass (when
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torrefied for 60 min), respectively. Similarly, moisture contents decreased as shown in
Table 2. In total, the obtained results were similar to those found in the literature for woody
biomass, herbaceous biomass [45], and municipal solid waste [46], whereas to date, no
studies on the torrefaction of mixtures of miscanthus and MSW and hops and MSW have
been published. It is believed that the obtained results could also be the reason for two
processes happening during the torrefaction process: devolatilization and carbonization [4].
In our previous works, it was also stated that an increase in the ash content may be a conse-
quence of the weight loss of volatile matters that are released during the process [34,35]. In
addition, the higher the torrefaction temperature, the greater the volatile release.

Table 2. Proximate and ultimate analyses of torrefied biomass samples.

Proximate Analysis
(wt.%)

Moisture
Content
(wt.%)

Elemental Analysis
(wt.%)

Energy
Content
(wt.%)

FC VM Ash C H N O S HHV
(MJ/kg)

30 min

250 ◦C

M 4.30 83.20 3.50 9.00 50.61 4.00 0.50 44.88 0.01 19.80

H 3.45 82.80 4.80 8.95 46.35 4.10 2.80 46.74 0.01 17.12

MSW 7.80 76.45 6.78 8.97 48.11 7.23 0.84 43.54 0.28 24.58

M + MSW 5.13 81.24 4.56 9.07 50.71 6.78 0.84 41.46 0.21 21.45

H + MSW 4.93 79.26 4.57 11.24 49.78 6.52 2.11 41.36 0.23 20.45

300 ◦C

M 4.80 82.00 4.20 9.00 55.11 3.89 0.70 40.29 0.01 19.94

H 4.58 81.08 5.88 8.46 48.17 3.92 3.01 44.89 0.01 18.78

MSW 8.52 75.02 7.58 8.88 52.7 6.78 0.83 39.48 0.21 24.45

M + MSW 6.05 79.70 5.20 9.05 56.78 6.25 0.88 35.89 0.20 21.88

H + MSW 5.23 78.58 4.86 11.33 54.22 6.48 2.14 36.96 0.20 20.58

350 ◦C

M 5.13 81.56 4.50 8.81 61.80 3.52 0.78 33.89 0.01 19.70

H 5.45 80.01 6.01 8.53 55.89 3.84 3.24 37.02 0.01 17.65

MSW 8.87 74.88 7.99 8.26 53.78 6.23 0.86 39.12 0.01 24.78

M + MSW 6.45 79.03 5.85 8.67 60.00 5.98 0.95 32.89 0.18 21.78

H + MSW 5.58 78.03 5.06 11.33 59.89 6.01 2.33 31.59 0.18 20.74

60 min

250 ◦C

M 4.88 82.12 4.00 9.00 53.99 3.89 0.52 41.59 0.01 20.26

H 3.88 82.00 5.23 8.89 47.12 4.00 2.89 45.98 0.01 17.38

MSW 7.87 76.12 7.05 8.96 50.00 7.02 0.86 41.84 0.28 24.97

M + MSW 6.01 80.33 4.78 8.88 52.01 6.78 0.83 40.17 0.21 22.12

H + MSW 5.00 78.09 6.50 10.41 53.96 6.35 2.11 37.35 0.23 20.79

300 ◦C

M 4.90 81.77 4.60 8.73 55.78 3.65 0.71 39.85 0.01 20.30

H 5.35 81.16 5.13 8.36 48.00 3.92 3.01 45.06 0.01 20.90

MSW 8.52 75.78 7.58 8.12 51.52 6.88 0.88 40.51 0.21 25.02

M + MSW 6.78 78.74 5.60 8.88 56.78 6.35 0.92 35.75 0.20 22.19

H + MSW 5.10 78.60 6.61 9.69 54.01 6.08 2.29 37.42 0.20 20.64
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Table 2. Cont.

Proximate Analysis
(wt.%)

Moisture
Content
(wt.%)

Elemental Analysis
(wt.%)

Energy
Content
(wt.%)

FC VM Ash C H N O S HHV
(MJ/kg)

60 min

350 ◦C

M 5.33 81.45 4.78 8.44 57.10 3.5 0.75 38.64 0.01 20.32

H 5.47 80.04 6.13 8.36 55.89 3.84 3.28 36.98 0.01 19.18

MSW 8.93 74.87 7.99 8.21 54.00 3.74 0.93 41.32 0.01 25.18

M + MSW 6.99 78.22 6.18 8.61 60.00 6.12 0.97 32.73 0.18 22.36

H + MSW 5.99 78.22 6.63 9.16 56.08 6.03 2.34 35.37 0.18 21.03

Secondly, the ultimate composition of the torrefied biomass sample at various tem-
peratures for 30 and 60 min is also presented in Table 2. The increase in torrefaction
temperature from 250 to 350 ◦C (30 and 60 min, respectively) resulted in increases in carbon
content for each biomass sample, respectively. For miscanthus biochar, those values were
in the range from 55.11 to 61.80 wt.% (30 min) and 53.99 to 57.10 wt.% (60 min), for hops
biochar between 46.35 and 55.89 wt.% (30 min) and 47.12 and 55.89 wt.% (60 min), for
MSW biochar between 45.11 and 53.78 wt.% (30 min) and 50.00 and 54.00 wt.% (60 min),
for biochar obtained in the mixture of miscanthus and MSW between 50.71 and 60.00 wt.%
(30 min) and 52.01 and 60.00 wt.% (60 min), and for the mixture of hops and MSW between
49.78 and 59.89 wt.% (30 min) and 53.96 and 56.08 wt.% (60 min). The nitrogen and sul-
phur contents remained relatively low when the torrefaction temperature and time were
increased. In total, the nitrogen contents were between 0.50 and 3.24 wt.% (30 min) and
between 0.52 and 3.28 wt.% (60 min), whereas sulphur contents varied up to 0.28 wt.%
(30 min and 60 min, respectively). The oxygen and hydrogen contents, on other hand,
decreased when the torrefaction temperature and time increased. The oxygen contents
decreased from 44.88 to 33.89 wt.% (30 min) and from 41.59 to 28.64 wt.% (60 min) for
miscanthus biochar. Similarly, the values also decreased for biochars of hops, MSW, and all
the studied mixtures (Table 2). The hydrogen contents were between 3.52 and 7.23 wt.%
(30 min) and between 3.65 and 7.02 wt.% (60 min). Such a decline could be the result of the
thermal decomposition of organic compounds in the samples, such as acids and alcohols,
during the torrefaction process [47]. Similar results were found in other works [48,49],
together with the obtained O/C and H/C atomic ratios. Lastly, both the O/C and H/C
ratios decreased as the torrefaction temperature increased. This is due to moisture and
volatile removal from the samples that contain more hydrogen and oxygen content than
carbon content [35].

According to the aforementioned results, both torrefaction temperature and time
have a remarkable impact on the biochar produced from all the studied biomasses. Upon
obtaining these results from the proximate and ultimate analyses, O/C and H/C atomic
ratios could be calculated, which show that the studied feedstock presents a suitable
material for producing renewable solid biofuels.

3.1.2. HHVs

Additionally, Table 2 shows the HHVs of the torrefied biomass samples as a function
of temperature and time. Results are also graphically presented in Figure 2. During the
torrefaction process, the HHV is increased, as a result of a decrease in oxygen content and
increase in carbon and fixed carbon contents [34]. In addition, the higher the content of
volatile matter, the lower the calorific value in torrefied biomass and the more reactive the
fuel [34]. On the contrary, the higher the fixed carbon content, the higher the calorific value
of the torrefied biomass and the less reactive the fuel [50]. In this work, as the torrefaction
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temperature increased from 250 to 350 ◦C, the HHVs of the miscanthus, hops, MSW, and
mixtures of biochars increased from the minimum values obtained at 250 ◦C and 30 min
(i.e., 19.20 MJ/kg, 17.12 MJ/kg, 24.58 MJ/kg, 21.45 MJ/kg, and 20.45 MJ/kg, respectively)
to the maximum values obtained at 300 ◦C and 60 min (i.e., 20.32 MJ/kg, 19.18 MJ/kg,
25.18 MJ/kg, 22.36 MJ/kg, and 21.03 MJ/kg, respectively), respectively. The raw HHVs
of the studied biomasses were 18.91 MJ/kg, 16.56 MJ/kg, 24.27 MJ/kg, 21.37 MJ/kg, and
20.23 MJ/kg, respectively. The minimum HHV observed in this work was for the hops
biomass sample (17.12 MJ/kg torrefied at 200 ◦C for 30 min), whereas the maximum
observed HHV was for the MSW biomass sample (25.18 MJ/kg at 350 ◦C for 60 min). As
already said, to date, no study on the torrefaction of hop biomass has been published
elsewhere, whereas miscanthus has already been studied globally [51]. Similar HHVs for
MSW were reported in other works [32,52].
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Figure 2. HHVs of torrefied biochars of miscanthus, hops, MSW, and their mixtures (from (left) to
(right), (top) to (bottom)).

3.1.3. Mass Yield, Energy Yield, and Energy Density

Furthermore, Figure 3 displays the mass yield, energy yield, and energy density of
miscanthus, hops, MSW, and the mixtures of biochars, respectively, as a function of temper-
ature and time. Several research works have stated that torrefaction temperature is a more
important parameter during the torrefaction process than time and may affect mass yield,
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energy yield, energy density, and also HHVs [15,47,53]. When the torrefaction temperature
was increased from 250 to 350 ◦C, the mass yields of the miscanthus, hops, MSW, and
mixtures decreased continually from 79.37 to 32.91 %, 68.28 to 46.81 %, 80.87 to 57.36 %,
78.33 to 52.38, and 82.34 to 52.76 %, for each biomass, respectively (when torrefied for
30 min). Similarly, mass yields decreased when torrefying biomass for 60 min: from
75.41 to 32.10 %, 65.46 to 45.85 %, 77.10 to 56.29 %, 77.97 to 51.37 %, and 77.89 to 46.46 %
for each biomass, respectively. It is believed that such a decrease is a result of the partial
decomposition of volatile compounds, especially in the lignocellulosic biomass [34].
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Figure 3. Mass yield, energy yield, and energy density of torrefied biochars of miscanthus, hops,
MSW, and their mixtures (from (left) to (right), (top) to (bottom)).

The energy yield followed the same trend as mass yield: with increasing the torrefac-
tion temperature and torrefaction time, energy yield decreased. The minimum energy yield
was observed when the miscanthus biomass sample was torrefied at 350 ◦C for 30 and
60 min. The obtained energy yields were 34.28 % and 34.49 %, respectively, whereas the
maximum energy yield was observed for the mixture of miscanthus and MSW at 250 ◦C,
both for 30 and 60 min. The obtained energy yields were 82.65 % and 80.62 %, respectively.
The decrease in energy yield was smaller than the decrease in mass yield, because the
increased torrefaction temperature helped to improve the energy density of the torrefied
biomass samples [34].

Furthermore, energy density was calculated following Equation (3). In our previous
work [21], it was stated that the energy (ED) reflects the change in HHV during the
torrefaction process. The results of the ED calculated in this work are listed in Table 2. The
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results showed that ED increased as torrefaction temperature and time increased, which
means that HHV values also improved during the torrefaction process.

3.1.4. FR Results

Figure 4 presents the fuels ratios (FRs) from this study. The FRs were calculated as
shown in Equation (5) for the raw and torrefied biomass samples at various temperatures
and reaction times. As stated in the work of Lin et al. [4], high fixed carbon content and
low volatile matter content increase the combustibility of biochar obtained during the
torrefaction process. In this work, fuel ratios increased when torrefaction temperature and
time were increased. For example, FR for miscanthus increased from 0.05 to 0.06 (torrefied
30 min), for hops from 0.04 to 0.07 (torrefied 30 min), for MSW from 0.10 to 0.12 (torrefied
30 min), for the mixture of miscanthus and MSW from 0.06 to 0.08 (torrefied 30 min), and
for the mixture of hops and MSW from 0.06 to 0.07 (torrefied 30 min). Similar results were
obtained for all biomasses when the torrefaction time was set to 60 min (Figure 3). From
the results, it was observed that the fuel ratios were especially high during torrefaction
at 350 ◦C and 60 min. From this, it could be stated that the extreme conditions set during
the torrefaction process (350 ◦C and 60 min) can enhance the combustibility of the studied
biomass samples (biochars).

3.2. EROI Results

The EROI values were calculated as explained in Section 2.3.4 and with Equation (6).
The calculation of EROI values followed exactly the same procedures described in the
works of Lin et al. [4,38,42]. The EROI values of pre-dried biochar of miscanthus, hops,
MSW, and their mixtures torrefied at various temperatures and times were calculated
using the information presented in Table 3. Figure 5 shows the obtained EROI values.
For the torrefied biomasses, EROI values decreased when both torrefaction temperature
and time were increased, respectively. The minimum EROI, 7, was observed for the mis-
canthus biomass sample (torrefied at 350 ◦C for 60 min), whereas the maximum observed
EROI, 28, was for the MSW biomass sample (torrefied at 250 ◦C for 30 min). As stated in
the work of Lin et al. [4], the EROI values obtained for all biomass samples in this study
are higher than the minimum EROI proposed for a sustainable society. Therefore, tor-
refaction of these biomass samples could be a promising method of biochar production
for practical application.

Table 3. Calculation details of the EROI of torrefied miscanthus, hops, MSW, and their mixtures.

Energy Required

Pre-drying

Temperature 105 ◦C

Power of heating processes 2700 W (6 min)

Power of torrefaction process 600 W (10 min)

Torrefaction

Temperature 250, 300, 350 ◦C

Time 30, 60 min

Power of heating processes 2700 W (6 min)

Power of torrefaction process 600 W (30 and 60 min)

Energy Produced

Weight of biochar obtained
4.8 kg (air-dried material) × MY of each biochar

HHV of each biochar torrefied at specific torrefaction temperature and time



Energies 2023, 16, 3694 11 of 15

Energies 2023, 16, x FOR PEER REVIEW 10 of 16 
 

 

  

 

Figure 3. Mass yield, energy yield, and energy density of torrefied biochars of miscanthus, hops, 

MSW, and their mixtures (from (left) to (right), (top) to (bottom)). 

3.1.4. FR Results 

Figure 4 presents the fuels ratios (FRs) from this study. The FRs were calculated as 

shown in Equation (5) for the raw and torrefied biomass samples at various temperatures 

and reaction times. As stated in the work of Lin et al. [4], high fixed carbon content and 

low volatile matter content increase the combustibility of biochar obtained during the tor-

refaction process. In this work, fuel ratios increased when torrefaction temperature and 

time were increased. For example, FR for miscanthus increased from 0.05 to 0.06 (torrefied 

30 min), for hops from 0.04 to 0.07 (torrefied 30 min), for MSW from 0.10 to 0.12 (torrefied 

30 min), for the mixture of miscanthus and MSW from 0.06 to 0.08 (torrefied 30 min), and 

for the mixture of hops and MSW from 0.06 to 0.07 (torrefied 30 min). Similar results were 

obtained for all biomasses when the torrefaction time was set to 60 min (Figure 3). From 

the results, it was observed that the fuel ratios were especially high during torrefaction at 

350 °C and 60 min. From this, it could be stated that the extreme conditions set during the 

torrefaction process (350 °C and 60 min) can enhance the combustibility of the studied 

biomass samples (biochars).  

  

0.00

0.20

0.40

0.60

0.80

1.00

1.20

1.40

30

40

50

60

70

80

90

100

250 °C 300 °C 350 °C

E
n

er
g

y
 d

en
si

ty
 [

-]

M
as

s 
(M

Y
) 

o
r 

en
er

g
y

 (
E

Y
) 

[%
]

MY 30 min MY 60 min EY 30 min EY 60 min ED 30 min ED 60 min

0.00

0.20

0.40

0.60

0.80

1.00

1.20

1.40

30

40

50

60

70

80

90

100

250 °C 300 °C 350 °C

E
n

e
rg

y
 d

e
n

si
ty

 [
-]

M
as

s 
(M

Y
) 

o
r 

en
e

rg
y

 (
E

Y
) 

[%
]

MY 30 min MY 60 min EY 30 min EY 60 min ED 30 min ED 60 min

0.00

0.20

0.40

0.60

0.80

1.00

1.20

1.40

30

40

50

60

70

80

90

100

250 °C 300 °C 350 °C

E
n

e
rg

y
 d

e
n

si
ty

 [
-]

M
as

s 
(M

Y
) 

o
r 

en
e

rg
y

 (
E

Y
) 

[%
]

MY 30 min MY 60 min EY 30 min EY 60 min ED 30 min ED 60 min

0.00

0.02

0.04

0.06

0.08

0.10

250 °C 300 °C 350 °C

F
u

el
 r

at
io

 (
-)

30 min 60 min

0

0.02

0.04

0.06

0.08

0.1

250 °C 300 °C 350 °C

F
u

el
 r

at
io

 (
-)

30 min 60 min

Energies 2023, 16, x FOR PEER REVIEW 11 of 16 
 

 

 
 

 

 

Figure 4. Fuel ratios of torrefied miscanthus, hops, MSW, and their mixtures at different torrefac-

tion temperatures and times (from (left) to (right), (top) to (bottom)). 

3.2. EROI Results 

The EROI values were calculated as explained in Section 2.3.4. and with Equation (6). 

The calculation of EROI values followed exactly the same procedures described in the 

works of Lin et al. [4,38,42]. The EROI values of pre-dried biochar of miscanthus, hops, 

MSW, and their mixtures torrefied at various temperatures and times were calculated us-

ing the information presented in Table 3. Figure 5 shows the obtained EROI values. For 

the torrefied biomasses, EROI values decreased when both torrefaction temperature and 

time were increased, respectively. The minimum EROI, 7, was observed for the miscan-

thus biomass sample (torrefied at 350 °C for 60 min), whereas the maximum observed 

EROI, 28, was for the MSW biomass sample (torrefied at 250 °C for 30 min). As stated in 

the work of Lin et al. [4], the EROI values obtained for all biomass samples in this study 

are higher than the minimum EROI proposed for a sustainable society. Therefore, torre-

faction of these biomass samples could be a promising method of biochar production for 

practical application. 

Table 3. Calculation details of the EROI of torrefied miscanthus, hops, MSW, and their mixtures. 

Energy Required 

Pre-drying  

 Temperature 105 °C 

 Power of heating processes 2700 W (6 min) 

 
Power of torrefaction pro-

cess 
600 W (10 min) 

Torrefaction  

 Temperature 250, 300, 350 °C 

0

0.02

0.04

0.06

0.08

0.1

0.12

0.14

250 °C 300 °C 350 °C

F
u

el
 r

at
io

 (
-)

30 min 60 min

0

0.02

0.04

0.06

0.08

0.1

250 °C 300 °C 350 °C

F
u

el
 r

at
io

 (
-)

30 min 60 min

0

0.02

0.04

0.06

0.08

0.1

250 °C 300 °C 350 °C

F
u

el
 r

at
io

 (
-)

30 min 60 min

Figure 4. Fuel ratios of torrefied miscanthus, hops, MSW, and their mixtures at different torrefaction
temperatures and times (from (left) to (right), (top) to (bottom)).
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30 min; (right): torrefaction time 60 min).
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3.3. GHG Emissions

The GHG emissions of the torrefied miscanthus, hops, MSW, and their mixtures at
different torrefaction temperatures and reaction times are shown in Figure 6. The param-
eters and all calculations were determined as described in the work of Lin et al. [4,38,42].
For producing 1 kg of biochar, the amount of GHGs released was 0.06–0.20 kg CO2 eq. for
torrefied miscanthus, 0.07–0.15 kg CO2 eq. for torrefied hops, 0.06–0.12 kg CO2 eq. for
torrefied MSW, 0.06–0.13 kg CO2 eq. for the torrefied mixture of miscanthus and MSW,
and 0.06–0.13 kg CO2 eq. for the torrefied mixture of hops and MSW. Similarly, emissions
for kilowatt-hour electricity generated were around 0.005–0.0174 kg CO2 eq. for torrefied
miscanthus, 0.0074–0.0129 kg CO2 eq. for torrefied hops, 0.0053–0.0080 CO2 eq. for torrefied
MSW, 0.0051–0.0099 kg CO2 eq. for the torrefied mixture of miscanthus and MSW, and
0.0051–0.0109 kg CO2 eq. for the torrefied mixture of hops and MSW. The GHG emissions
of torrefied biomass were similar to those found in the works of Lin et al. [4,38,42].
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released per kg CO2 eq.; (below): GHGs released per kWh; (left): torrefaction time 30 min; (right):
torrefaction time 60 min).

4. Conclusions

In this study, the torrefaction process was investigated for two different lignocellulosic
biomasses and non-lignocellulosic mixed solid wastes; additionally, their mixtures were
also analysed. The torrefaction process was performed at the temperatures ranging from
250 to 350 ◦C and with time ranging from 30 to 60 min, respectively. Several analytical
methods were used to determine the effects of torrefaction temperatures and times for
miscanthus, hops, municipal solid waste, and mixtures of municipal solid waste with
miscanthus and hops. The results showed that as the torrefaction temperature increased,
the mass and energy yield decreased, while HHVs increased. Additionally, energy den-
sity increased. The same was observed when the torrefaction time increased for all the
studied biomasses. Energy on return investment (EROI) showed the minimum value,
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7, for miscanthus biochar (torrefied at 350 ◦C for 60 min), whereas the maximum EROI
value, 28, was observed for MSW biochar (torrefied at 250 ◦C for 30 min). Additionally,
results of studying the greenhouse gas emissions (GHGs) showed a reduction of around
88% when using torrefied biochar as a substitute for coal. According to the results, it
can be confirmed that the torrefaction process improves the properties of all the studied
biomass samples; therefore, adding a lignocellulosic biomass to the non-lignocellulosic
samples is recommended.

In our future research, the kinetics of pyrolysis of the same materials will be evaluated,
together with thermodynamic parameters, activation energy, and pre-exponential factors.
Two iso-conversional methods will be used for this purpose (the Kissinger–Akahira–Sunose
and Friedman methods). TGA will be performed under N2 atmosphere in the temperature
range of up to 800 ◦C at three different heating rates.

Author Contributions: Conceptualisation, methodology, software, validation, investigation, formal
analysis, and writing—original draft: M.I.; methodology, validation, formal analysis, writing—review
and editing, and supervision: D.U.; supervision: D.G. All authors have read and agreed to the
published version of the manuscript.

Funding: This research received no external funding.

Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.

Abbreviations

ED Energy density
EF Enhancement factor
EU European Union
EY Energy yield
EROI Energy return on investment analysis
FC Fixed carbon
FR Fuel ratio
GHG Greenhouse gas emissions
HHV High heating value (MJ kg−1)
MC Moisture content
MSW Municipal solid waste
MY Mass yield
RES Renewable energy sources
SURS Statistical Biro of Slovenia
VM Volatile matter content
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33. Jóźwiak, P.; Hercog, J.; Kiedrzyńska, A.; Badyda, K. CFD Analysis of Natural Gas Substitution with Syngas in the Industrial
Furnaces. Energy 2019, 179, 593–602. [CrossRef]

34. Ivanovski, M.; Goricanec, D.; Krope, J.; Urbancl, D. Torrefaction Pretreatment of Lignocellulosic Biomass for Sustainable Solid
Biofuel Production. Energy 2021, 240, 122483. [CrossRef]

35. Ivanovski, M.; Petrovic, A.; Ban, I.; Goricanec, D.; Urbancl, D. Determination of the Kinetics and Thermodynamic Parameters of
Lignocellulosic Biomass Subjected to the Torrefaction Process. Materials 2021, 14, 7877. [CrossRef] [PubMed]

https://doi.org/10.3390/en16041783
https://energy.ec.europa.eu/topics/renewable-energy/bioenergy/biofuels_en
https://energy.ec.europa.eu/topics/renewable-energy/bioenergy/biofuels_en
https://doi.org/10.3390/en14102774
https://doi.org/10.3390/en15145284
https://doi.org/10.3390/en15176175
https://doi.org/10.3390/en16031104
https://doi.org/10.1016/j.joei.2022.10.016
https://doi.org/10.1016/j.biortech.2020.122737
https://doi.org/10.1016/j.scitotenv.2020.144213
https://www.ncbi.nlm.nih.gov/pubmed/33418252
https://doi.org/10.3390/en11071641
https://doi.org/10.1016/j.jenvman.2021.112611
https://doi.org/10.1016/j.biortech.2010.08.028
https://doi.org/10.1016/j.biortech.2017.07.097
https://www.ncbi.nlm.nih.gov/pubmed/28780261
https://doi.org/10.3390/app122312210
https://doi.org/10.1016/j.renene.2019.04.068
https://doi.org/10.3390/cleantechnol2030018
https://doi.org/10.1016/j.matpr.2021.11.214
https://doi.org/10.1016/j.fuel.2022.124663
https://doi.org/10.1016/j.jaap.2021.105429
https://doi.org/10.3390/thermo3010004
https://doi.org/10.1016/j.jpowsour.2020.227794
https://doi.org/10.1016/j.mset.2021.06.005
https://doi.org/10.1016/j.biortech.2022.126967
https://www.ncbi.nlm.nih.gov/pubmed/35272035
https://www.worldbank.org/en/topic/urbandevelopment/brief/solid-waste-management
https://www.worldbank.org/en/topic/urbandevelopment/brief/solid-waste-management
https://doi.org/10.1016/j.energy.2021.120157
https://doi.org/10.1016/j.energy.2019.04.179
https://doi.org/10.1016/j.energy.2021.122483
https://doi.org/10.3390/ma14247877
https://www.ncbi.nlm.nih.gov/pubmed/34947472


Energies 2023, 16, 3694 15 of 15

36. Simonic, M.; Goricanec, D.; Urbancl, D. Impact of Torrefaction on Biomass Properties Depending on Temperature and Operation
Time. Sci. Total Environ. 2020, 740, 140086. [CrossRef]

37. Liu, S.; Li, Z.; Dai, B. Energy, Economic and Environmental Analyses of the CO2 Heat Pump System Compared with Boiler
Heating System in China. Energy Procedia 2017, 105, 3895–3902. [CrossRef]

38. Lin, Y.L.; Zheng, N.Y. Torrefaction of Fruit Waste Seed and Shells for Biofuel Production with Reduced CO2 Emission. Energy
2021, 225, 120226. [CrossRef]

39. Hall, C.A.S.; Lambert, J.G.; Balogh, S.B. EROI of Different Fuels and the Implications for Society. Energy Policy 2014, 64, 141–152.
[CrossRef]

40. Huang, Y.F.; Syu, F.S.; Chiueh, P.T.; Lo, S.L. Life Cycle Assessment of Biochar Cofiring with Coal. Bioresour. Technol. 2013, 131,
166–171. [CrossRef]

41. Chen, W.H.; Lin, B.J.; Lin, Y.Y.; Chu, Y.S.; Ubando, A.T.; Show, P.L.; Ong, H.C.; Chang, J.S.; Ho, S.H.; Culaba, A.B.; et al. Progress
in Biomass Torrefaction: Principles, Applications and Challenges. Prog. Energy Combust. Sci. 2021, 82, 100887. [CrossRef]

42. Lin, Y.L.; Zheng, N.Y.; Hsu, C.H. Torrefaction of Fruit Peel Waste to Produce Environmentally Friendly Biofuel. J. Clean. Prod.
2021, 284, 124676. [CrossRef]

43. European Environment Agency (EEA). GHG Emissions Factors for Electricity Consumption. Available online: https://data.jrc.ec.
europa.eu/dataset/919df040-0252-4e4e-ad82-c054896e1641 (accessed on 25 March 2023).

44. European Environemntal Agency (EEA). Efficiency of Conventional Thermal Electricity and Heat Production in Europe. Available
online: https://www.eea.europa.eu/data-and-maps/indicators/efficiency-of-conventional-thermal-electricity-generation-4/
assessment-2 (accessed on 25 March 2023).

45. Niu, Y.; Lv, Y.; Lei, Y.; Liu, S.; Liang, Y.; Wang, D.; Hui, S. Biomass Torrefaction: Properties, Applications, Challenges, and
Economy. Renew. Sustain. Energy Rev. 2019, 115, 109395. [CrossRef]

46. Rago, Y.P.; Collard, F.X.; Görgens, J.F.; Surroop, D.; Mohee, R. Torrefaction of Biomass and Plastic from Municipal Solid Waste
Streams and Their Blends: Evaluation of Interactive Effects. Fuel 2020, 277, 118089. [CrossRef]

47. Ong, H.C.; Chen, W.H.; Singh, Y.; Gan, Y.Y.; Chen, C.Y.; Show, P.L. A State-of-the-Art Review on Thermochemical Conversion of
Biomass for Biofuel Production: A TG-FTIR Approach. Energy Convers. Manag. 2020, 209, 112634. [CrossRef]

48. Doddapaneni, T.R.K.C.; Kikas, T. Advanced Applications of Torrefied Biomass: A Perspective View. Energies 2023, 16, 1635.
[CrossRef]

49. Monteiro, E.; Ferreira, S. Biomass Waste for Energy Production. Energies 2022, 15, 5943. [CrossRef]
50. Gan, Y.Y.; Ong, H.C.; Ling, T.C.; Chen, W.H.; Chong, C.T. Torrefaction of De-Oiled Jatropha Seed Kernel Biomass for Solid Fuel

Production. Energy 2019, 170, 367–374. [CrossRef]
51. González Martínez, M.; Dupont, C.; Anca-Couce, A.; da Silva Perez, D.; Boissonnet, G.; Thiéry, S.; Meyer, X.m.; Gourdon, C.

Understanding the Torrefaction of Woody and Agricultural Biomasses through Their Extracted Macromolecular Components.
Part 2: Torrefaction Model. Energy 2020, 210, 118451. [CrossRef]

52. Urbancl, D.; Zlak, J.; Anicic, B.; Trop, P.; Goricanec, D. The Evaluation of Heat Production Using Municipal Biomass Co-
Incineration within a Thermal Power Plant. Energy 2016, 108, 140–147. [CrossRef]

53. Wilk, M.; Magdziarz, A. Hydrothermal Carbonization, Torrefaction and Slow Pyrolysis of Miscanthus Giganteus. Energy 2017,
140, 1292–1304. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1016/j.scitotenv.2020.140086
https://doi.org/10.1016/j.egypro.2017.03.803
https://doi.org/10.1016/j.energy.2021.120226
https://doi.org/10.1016/j.enpol.2013.05.049
https://doi.org/10.1016/j.biortech.2012.12.123
https://doi.org/10.1016/j.pecs.2020.100887
https://doi.org/10.1016/j.jclepro.2020.124676
https://data.jrc.ec.europa.eu/dataset/919df040-0252-4e4e-ad82-c054896e1641
https://data.jrc.ec.europa.eu/dataset/919df040-0252-4e4e-ad82-c054896e1641
https://www.eea.europa.eu/data-and-maps/indicators/efficiency-of-conventional-thermal-electricity-generation-4/assessment-2
https://www.eea.europa.eu/data-and-maps/indicators/efficiency-of-conventional-thermal-electricity-generation-4/assessment-2
https://doi.org/10.1016/j.rser.2019.109395
https://doi.org/10.1016/j.fuel.2020.118089
https://doi.org/10.1016/j.enconman.2020.112634
https://doi.org/10.3390/en16041635
https://doi.org/10.3390/en15165943
https://doi.org/10.1016/j.energy.2018.12.026
https://doi.org/10.1016/j.energy.2020.118451
https://doi.org/10.1016/j.energy.2015.07.064
https://doi.org/10.1016/j.energy.2017.03.031

	Introduction 
	Materials and Methods 
	Biomass Collection 
	Torrefaction Procedure 
	Analytical Methods 
	Proximate and Ultimate Analyses 
	HHV, Mass Yield, Energy Density, and Energy Yield Analyses 
	Energy Returns on Investment Analysis 
	GHG Emissions 


	Results and Discussion 
	Effects of Torrefaction Temperature and Time on Obtained Biomaterial 
	Proximate and Ultimate Analyses 
	HHVs 
	Mass Yield, Energy Yield, and Energy Density 
	FR Results 

	EROI Results 
	GHG Emissions 

	Conclusions 
	References

