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Abstract: Agroforestry industries, such as sugar-alcohol, food, and logging, produce large quantities
of waste, used to generate energy from direct burning. The application of other processes, such as
torrefaction and briquetting, can increase the profits from the use of agro-industrial waste for energy
generation. Briquetting is an alternative for using these wastes, allowing the compaction of the
biomass, generating a biofuel with high energy density, and which is more homogeneous and easier to
store and transport. The objective of this study was to evaluate the physical and chemical properties of
four biomass types (wastes from sawed eucalypt and pine wood, coffee pruning wastes, and sugarcane
bagasse) torrefied at 300 ◦C and compacted (briquetting) at pressures of 6.21, 8.27, and 10.34 MPa.
The torrefaction increased the fixed carbon content, ash, and calorific value, and reduced the volatile
material content and hygroscopic equilibrium moisture of the biomasses. The volatile material content
was lower and the fixed carbon higher in the coffee pruning waste, the ash content higher in the
sugarcane bagasse, and the calorific value higher in the pine and eucalypt wood. The briquetting
and the torrefaction processes increased the biomass bulk density, and the useful calorific value,
respectively, and consequently the energy density of the briquettes produced with torrefied raw
material under high pressure. The mechanical properties of the briquettes produced with all materials
increased with the compaction pressure. Torrefaction and briquetting increased the energy potential
of the biomasses evaluated to produce energy from clean technology.

Keywords: agroforestry wastes; biofuel; biomass residues; energy density; heat treatment

1. Introduction

Biomass from urban green wastes and agroforestry industries, such as sugar and ethanol, grass,
food, and timber, are sources of renewable and sustainable energy [1–3]. Wastes of bark, straw, sawdust,
sugarcane bagasse, and wood shavings are important in tropical countries such as Brazil, and with
high commercial value and energy content [4,5]. The lignocellulosic wastes are used mainly for direct
combustion, for heating and power generation in boilers [6]. New treatments and technologies, such as
torrefaction [7–10] and briquetting improve the efficiency of these materials by reducing their negative
aspects, such as size variation, low density, and high moisture content [4].
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The briquetting compacts the lignocellulosic biomass wastes reducing their irregular granulometry
to geometric solids with a high density and burning potential [11–13]. The briquette can be used to
generate heat or steam, reducing the use of natural gas, charcoal and coal, firewood, or other fuels in
industrial processes [13,14].

The application of high temperatures makes the use of biomass for energy more feasible [15].
Torrefaction is a partial pyrolysis of the biomass in an environment with oxygen restriction, temperatures
from 200 to 300 ◦C, and atmospheric pressure for short periods, differing from the complete carbonization
to produce charcoal [16–18]. Torrefied biomasses are dark brown and this process produces condensable
gases rich in organics, and non-condensable ones as CO and CO2 [19–21]. This increases the relative
proportions of carbon and lignin [8–10] and the energy density, and decreases the biomass hygroscopicity
and attractiveness to xylophagous organisms [10,22,23].

Biomasses torrefied and converted into briquettes and pellets can reduce the use of fossil fuels
in thermal conversion processes such as gasification and energy cogeneration [16]. The torrefied
biomass briquettes have a shorter heating time and better combustion, handling, and storage, and can
replace coal [16]. In addition, the wastes are generated from industrial processes of other products;
therefore, they are purchased at low prices, ensuring the competitiveness and viability of the torrefied
briquettes [24].

Brazil is one of the largest producers of wood, coffee, and sugar cane in the world, and generates
a large amount of waste, which can be burned or to produce briquettes to generate energy. However,
the scarcity of studies reduces the production of torrefied briquettes.

Agro-industrial waste comes from raw materials with different characteristics and suitability
for the torrefaction and briquetting process. The objective of this study was to evaluate the physical,
chemical, and energetic properties of in natura and torrefied agro-industrial waste, and its use in the
production of briquettes.

2. Materials and Methods

2.1. Materials

Wastes of Eucalyptus spp. and Pinus spp. from sawmill process, Coffea arabica pruning; and sugarcane
bagasse, without residues of bark, leaves, or roots, were air-dried to a moisture content of, approximately,
20% (dry basis).

2.2. Biomasses Characterization

The biomass samples were ground in a Wiley knife mill with a 2 mm sieve opening,
passed through the 40 and 60 mesh sieve, and the energy content of the material retained was
evaluated. The granulometry of the sample particles ranged from 0.5 to 2 mm.

The content of volatiles, ash, and carbon fixed on a dry basis [25], and the higher calorific value of
the particles [26] were determined in an adiabatic calorimeter pump, model IKA 300.

2.3. Torrefaction Process

The torrefaction process was adapted from previous studies [17–20]. One kilogram of each
biomass was oven dried at 103 ± 2 ◦C until reaching 0% moisture content. Dry biomasses were torrefied
in a cylindrical metallic container inside an electric oven (muffle) laboratory in an atmosphere with
oxygen scarcity. The container was rotated to distribute the heat homogeneously between the particles
during the torrefaction process. The heating rate increase was 1.67 ◦C per minute until it achieved
the final temperature of 300 ± 10 ◦C, while the biomass remained at this temperature for ten minutes.
The torrefication yield was calculated according to the equation: Ty = Mt/Mm, where, Ty = torrefication
yield; Mt = mass of torrefied biomass produced; Mm = mass of fresh material used.
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2.4. Briquette Production

Five briquettes were made with 17 g of each biomass in a laboratory briquette machine, at a
temperature of 120 ◦C and compaction pressure of 6.21, 8.27, and 10.34 MPa (Figure 1). The pressing
period was five minutes, followed by six minutes of cooling in the briquette machine. The process had
no additives.
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Figure 1. Briquettes produced at 10.34 MPa pressure. (A) = Briquettes produced from fresh biomass,
left to right: bagasse, coffee, eucalyptus, and pine. (B) = Briquettes produced from torrefied biomass,
from left to right: coffee, eucalyptus, pine, and sugarcane bagasse.

2.5. Physical and Mechanical Briquette Properties

Ashes and volatile matter were determined according EN 14,775 [27] and EN 15,148 [28],
respectively, and the fixed carbon content calculated by subtracting the volatile matter and ash content
from 100 (100%-Volatile Matter-Ash), and the calorific value according to EN 14,918 [29].

The moisture content of the briquette samples was calculated in a dry basis; the wood samples
were placed in a climatic chamber at 20 ◦C and 65% relative humidity until a constant mass [30].
The calorific value of the biomass particles was determined with the following equations:

UHV = (LHV × (1 − (0.01 × U))) × (600 × 0.01 ×% moisture) (1)

and
LHV = HHV − (600 × 0.09 ×% hydrogen) (2)

where:

HHV: higher calorific value, dry basis, (kcal/kg);
LHV: lower calorific value, dry basis, (kcal/kg);
UHV: useful calorific value, wet basis, (kcal/kg);
U: humidity of the sample on the wet basis (%);
H: hydrogen content considered as 5.99% for the in natura material, and 2.99% for the torrefied one.

Apparent density was determined by the ratio between the sample mass and its volume [31],
and the energy density by multiplying the apparent density by the useful calorific value of the briquette.

The resistance to compression was performed in intact briquettes, without cracks, in a universal
mechanical test machine, model Losenhausen, by continuously compressing the material at constant
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speed of 4 mm·min−1 until rupture. The briquettes’ shape was cylindrical and, for this reason, the force
was applied parallel to its longest axis. The data were obtained with the aid of Pavitest software
coupled to the equipment.

2.6. Statistical Analysis

The experimental design was completely randomized with four biomasses (wastes of eucalypt
and sawed pine logs, coffee, and sugarcane bagasse wastes), five replications, eight treatments,
and 40 sample units. The data of the parameters measured were submitted to variance analysis
(ANOVA) at the 95% probability by the F test and, when significant, to the Tukey test (p ≤ 0.05) with
the STATISTICA 8.0 software [32].

3. Results

The calorific value of the wastes with different heat treatments was calculated, and overall,
the torrefaction process decreased the content of volatile materials in the wastes (Table 1). Torrefaction
decreased the volatile materials of the bagasse sugarcane, coffee pruning, and pinus and eucalyptus
sawdust wastes by 20.50, 16.06, 13.52, and 12.31%, respectively.

Table 1. Volatile materials, fixed carbon, ash content, calorific value, and torrefaction yield of the
sugarcane (SC), Coffea arabica (CO), Eucalyptus spp. (EU) and Pinus spp. (PI) biomasses wastes with
different heat treatments.

Material SC CO EU PI

Volatile materials
(%)

In natura 82.32 bA(0.695) 78.07 aA(1.342) 86.75 cA(1.272) 86.32 cA(1.002)

Torrified 65.42 bB(0.193) 65.53 bB(1.168) 76.07 bB(1.122) 74.65 bB(1.454)

Fixed carbon
(%)

In natura 12.73 bB(0.705) 19.37 aB(1.252) 12.93 bB(1.152) 13.50 bB(1.037)

Torrified 25.75 bA(0.234) 31.12 aA(1.203) 23.45 bA(1.457) 25.14 bA(1.451)

Ash content
(%)

In natura 4.95 aB(0.334) 2.56 bB(0.091) 0.32 cA(0.169) 0.18 cA(0.015)

Torrified 8.83 aA(0.409) 3.35 bA(0.240) 0.48 aA(0.409) 0.21 cA(0.006)

Calorific value
(kJ kg−1)

In natura 18,857 dB(224.9) 19,799 cB(74.01) 20,937 bB(216.1) 21,556 aB(59.21)

Torrified 20,966 cA(5.921) 20,560 dA(76.97) 21,619 bA(14.14) 22,033 aA(21.21)

Torrefaction yield
(%) Average 80.41 b 76.96 c 87.7 a 87.7 a

Means followed by the same lowercase, per line, or capital, per column, letter do not differ by the Tukey test
(p > 0.05). The values in parentheses represent the standard deviation.

The torrefaction increased the fixed carbon content of the sugarcane bagasse, coffee pruning waste,
eucalyptus and pinus torrefied by 102, 60, 81, and 86%, respectively.

Torrefaction increased the ash content by 78.38, 30.85, 50.00, and 16.67% for sugarcane bagasse,
coffee pruning, eucalyptus and pinus wastes, respectively. The ash content was highest in the torrefied
sugarcane bagasse, followed by that of the coffee pruning waste, and with the lowest concentrations in
the pine and eucalypt sawdust wastes.

The calorific value of all biomasses increased with the torrefaction process, by 11.18, 3.85, 3.25,
and 2.21% for the sugarcane bagasse, coffee, eucalyptus and pinus wastes, respectively. The calorific
value in the eucalyptus and pine sawdust wastes was highest.

Torrefaction decreased the gravimetric yield of bagasse (76.96%), coffee pruning (80.41%),
eucalyptus (87.70%), and pine waste (87.70%). The gravimetric yield of the torrefaction process
was directly proportional to the volatile material content.

The briquetting process increased the apparent density with increasing compaction pressure
(Table 2). The apparent density of briquettes made with torrefied sugarcane bagasse and pruning
coffee wastes were lower than those with pine and eucalyptus wastes. The differences between the
apparent density of the briquettes in natura and torrefied of the other biomasses were lower at higher
pressures, without interaction between them. The torrefaction process reduced the biomass moisture
content to 5.12 and 6.66%, compared to 7.43 and 9.09% for the in natura ones.
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The energy density and heat capacity of torrefied biomass briquettes was higher (17.3 to
23.2 MJ·m−3) than that of the in natura ones (16.8 to 21.5 MJ·m−3) (Table 2). The energy density
of the briquettes increased with the compaction pressure, without relation to the apparent density
(Table 2). The energy density of torrefied briquettes from pinus and eucalyptus residue was higher,
regardless of the pressure. The parameter was highest for pinus briquettes produced with 10.34 MPa
compaction pressure.

The resistance to compression was higher at a pressure of 10.34 MPa for all biomasses, with a
higher value for the briquettes with pine in natura and torrefied. The resistance of the briquettes
produced with sugarcane bagasse was lower, regardless of the compaction pressure.

Table 2. Apparent density (g.cm−3), hygroscopic equilibrium moisture (%), useful calorific value
(MJ·kg−1), energy density (MJ·m−3), and resistance to compression (N) as a function of pressure (MPa),
and the heat treatment effect on briquettes made of sugarcane (SC), Coffea arabica (CO), Eucalyptus spp.
(EU) and Pinus spp. (PI).

In Natura Torrefied

BI
Compaction Pressure (MPa)

6.21 8.27 10.34 6.21 8.27 10.34

Apparent density (g.cm−3)

SC 1.09 bA0.0138 1.15 aA0.0052 1.15 aA0.0218 * 0.99 bC0.0026 * 1.03 aC0.0127 * 1.06 aC0.0191

CO 0.94 bC(0.0161) 0.96 bD(0.0106) 1.04 aC(0.0262) * 0.90 cD(0.0111) ns 0.98 bD(0.0105) ns 1.05 aC(0.0219)

EU 1.03 cB(0.0045) 1.06 bC(0.0032) 1.11 aB(0.0123) * 1.05 bB(0.0105) ns 1.07 abB(0.0106) ns 1.09 aB(0.0221)

PI 1.06 bA(0.0224) 1.09 bB(0.0075) 1.12 aB(0.0234) * 1.09 bA(0.0059) * 1.12 abA(0.0193) ns 1.14 aA(0.0062)

Hygroscopic equilibrium moisture (%)

SC 8.86 aA(0.3527) 8.71 abA(0.1650) 8.43 bB(0.0283) * 5.79 aA(0.0451) * 5,67 aA(0.1320) * 5,89 aA(0.2762)

CO 7.69 aB(0.0650) 7.43 aB(0.2194) 7.43 aC(0.5093) * 5.22 aA(0.1159) * 5.35 aA(0.1401) * 5.21 aA(0.1015)

EU 8.81 abA(0.6451) 9.07 aA(0.3568) 8.48 bB(0.4234) * 6.01 aB(0.2858) * 6.13 aB(0.2686) * 6.25 bB(0.0945)

PI 8.99 aA(0.1002) 9.04 aA(0.1212) 9.09 aA(0.0493) * 6.54 aB(0.0929) * 6.34 bB(0.1504) * 6.66 aB(0.0100)

Briquettes useful calorific value (MJ·kg−1)

SC 15.9 aA(0.0162) 15.9 aA(0.0089) 15.9 aA(0.0107) * 19.0 aA(0.0032) * 19.1 aA(0.0031) * 19.0 aA(0.0012)

CO 16.9 aB(0.0089) 16.9 aB(0.0042) 16.9 aB(0.0008) * 18.8 aA(0.0016) * 18.7 aA(0.0055) * 18.8 aA(0.0128)

EU 17.8 aC(0.0011) 17.7 aC(0.0033) 17.8 aC(0.0069) * 19.6 aB(0.0029) * 19.6 aB(0.0035) * 19.5 aB(0.0026)

PI 18.3 aC(0.0072) 18.3 aD(0.0068) 18.3 aD(0.0024) * 19.9 aB(0.0030) * 19.9 aB(0.0038) * 19.8 aB(0.0003)

Energy density (MJ·m−3)

SC 18.1 bC(0.2486) 19.9 aB(0.0912) 19.2 aC(0.3768) * 19.4 cC(0.0508) * 20.2 bC(0.2594) * 20.6 aC(0.3808)

CO 17.1 bD(0.2939) 16.8 bC(0.1903) 17.9 aD(0.4834) * 17.3 cD(0.2189) * 18.7 bD(0.2106) * 20.2 aC(0.4373)

EU 18.7 bB(0.0707) 19.2 bB(0.0701) 20.5 aB(0.2406) * 20.8 bB(0.2174) * 21.6 bB(0.2268) * 22.7 aB(0.4603)

PI 19,3 bA(0.4495) 20.4 bA(0.1479) 21.5 aA(0.4667) * 22.9 bA(0.1235) * 22.4 abA(0.4048) * 23.2 aA(0.1307)

Resistance to compression (N)

SC 758 aA(147.09) 1032 bA(50.869) 1245 cA(13.687) * 694 aA(19.404) * 934 bA(60.435) * 1099 cA(44.176)

CO 1505 aC(66.112) 1775 bC(58.639) 2045 cC(111.58) * 1222 aB(148.77) * 1470 bB(57.179) * 1672 cB(47.039)

EU 1077 aB(191.44) 1300 bB(21.005) 1417 cB(168.56) * 1387 aC(117.58) * 1544 bB(9.7673) * 1704 cB(13.652)

PI 1699 aD(85.536) 1894 bD(27.392) 2282 cD(130.08) * 1680 aD(193.26) * 1948 bC(51.842) * 2260 cC(51.676)

Means followed by the same capital letter per line, or lowercase letter, per column, do not differ by Tukey test
(p > 0.05). * Significant and ns non-significant.

4. Discussion

The decrease in volatile materials of the pruning waste was related to chemical compounds with
high oxygen content and weak chemical bonds, such as extractives and holocellulose, with a faster
burning and release of large quantities of energy during combustion [17,33]. The hemicelluloses,
cellulose, and polar extractives of these biomasses are rich in oxygen and degrade at temperatures
lower than those of the lignin and lipophilic extractives [34]. The reduction of these volatile components
causes the proportional concentration of fixed carbon, increasing the calorific value of the biomasses
and the energetic properties of the briquettes [9,35,36].
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The increase in the fixed carbon content of all torrefied biomasses was due to the proportional
concentration of lignin during treatment [20,37,38]. Moreover, the lignin remains in the biomass in a
larger proportion than the holocellulose and polar extractives, increasing the fixed carbon content,
and the energy expenditure during combustion and the burning time [17,25]. The high proportion of
fixed carbon in torrefied biomass is due to its proportion of lignin with high thermal stability [20,28].
Chemical changes in agro-industrial wastes improve their potential for bioenergy, while the quality of
the raw material improves them for other purposes, such as biochar [39,40].

The increase of the ash content in all biomasses was, probably, due to the degradation of less
stable molecules at low temperatures, such as polar extracts and holocellulose [20]. The higher
ash content in the torrefied sugarcane bagasse was probably due to its high silicon dioxide content
(83.70%) [41], which can reduce the energy generation and cause the wear of machinery [28]. The high
ash content in the sugarcane bagasse agrees with that reported for the grasses Dendrocalamus brandisii
and Pennisetum purpureum, with levels 9.1–11.6% and 10.5% [42] higher than those found in this paper
for sugarcane bagasse (8.83%) [43] ash, respectively. The high ash content of the coffee pruning waste
was, probably, due to the bark in this biomass, higher by 3.5% compared to the <0.3% in the wood, and
may explain the ash content in the briquettes produced with this material [29,44]. The ash content of
pine and eucalypt wastes agrees with reports that this parameter is, generally, lower than 1% in these
materials [45].

The variable increase in the calorific value of the biomasses was due to their chemical composition,
mainly lignin and extractive content, with greater aromatic ring content and, therefore, a greater
number of carbon double bonds that released more energy during burning [20]. The greater calorific
value of the eucalypt and pine wood is explained by their lower ash content, as each 1% of ash reduced
the calorific value of the biomass of Eucalyptus spp. in 47.8 Kcal·Kg−1 [20].

Lower gravimetric yield of bagasse wastes and coffee pruning wastes was probably due to the
greater surface area of their particles, improving contact between them, and distributing thermal
energy evenly [8]. The gravimetric yield was directly proportional to the volatile material content
of the biomass, and the lower yield of the torrefied biomass compared to in natura was due to the
degradation of nitrogen and hydrogen based compounds, such as holocellulose and extracts [46].

The increase in the apparent density with the increase of the compaction pressures was due to the
reduction of empty spaces during the compaction, improving the cohesion between the compacted
particles [47]. The lower apparent density of coffee pruning wastes and sugarcane bagasse briquettes
agreed with results from 0.96 to 1.03 g·cm−3 for those made with 26 years old coffee Arabica plant
materials [36]. The reduction of the biomass apparent density by the torrefaction process facilitated the
pressing [9]. The high density of the torrefied briquettes was due to the non-use of additives, and to
the changes in the lignin structure of the biomass torrefied at 300 °C influencing the binding properties
of this agent [48]. This is important because the durability and the density of briquettes are directly
correlated [39,49].

The reduction of the biomass moisture content by the torrefaction was due to the destruction
of hygroscopic components, such as hemicelluloses and cellulose, reducing water adsorption [50].
This reduction decreased the energy necessary to evaporate the water [12,51], which is desirable for
energy purposes by increasing the useful calorific value. The torrefaction and briquetting of biomass
reduces the transportation cost of briquettes due to the lower mass of water transported and the
increase of their useful calorific value [39].

The higher energy density of the briquettes with torrefied biomass was mainly related to their
useful calorific value [5,52]. The increase in this parameter was due to the degradation of components
with low heating power, such as hemicelluloses, increasing the fixed carbon content and reducing
the hygroscopicity [53]. The increase in the energy density of the briquettes with the compaction
pressure, in relation to the apparent density, was due to the greater amount of biomass per unit of
volume of the briquette [44]. The energy density, or heat quantity per unit volume (Gcal·m−3 or Gj·m−3),
are important because they allow the evaluation of the performance of the biomass as fuel, summating
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the physical and chemical characteristics between these parameters [5]. The highest apparent density
and the calorific power of the briquettes produced with eucalypt and pine wood wastes explain the
highest values of energy density of these biomasses.

The greater resistance to compression of the briquettes produced with a pressure of 10.34 Mpa
was due to greater compaction, reducing voids and, consequently, increasing the cohesion between
the particles, with an increase in the apparent density and resistance to compression [39]. The greater
resistance to compression of in the natura and torrefied pine briquettes was due to their low density,
as the particles are subjected to lower resistance during compaction, reducing empty spaces and
consequently fissures that decrease the resistance to compression [54]. The lowest resistance values to
compression for the briquettes produced with sugarcane bagasse was probably due to their higher ash
content, which hindered the cohesion between the particles [55]. Briquettes produced with biomass
with a higher lignin content were generally more durable and stable [46]. The maximum breaking load
for compressive strength determines the resistance to storage, handling and transport, and is therefore
important for the quality of the briquettes [39,56].

Torrefaction altered the chemical composition of the agro-industrial waste, improving its quality
for power generation, with an emphasis on reducing hygroscopicity and increasing fixed carbon.
The raw material represents the main cost to produce briquettes, therefore, the use of low cost waste
from renewable sources generates economic and environmental gains. The briquetting of the torrefied
material increased the energy density. These two processes combined are important to increase the
economic viability of using agro industrial waste for energy generation.

5. Conclusions

Comparing materials without torrefaction, the Coffea arabica residue had a higher fixed carbon
content, while the Pinus spp. residue had a higher calorific value; interesting characteristics for energy
use. The non-torrefied briquettes produced with this latter material showed good compaction, resulting
in high energy density and resistance to compression. The high fixed carbon and calorific values for
the Coffea arabica and Pinus spp. residues, respectively, are desirable for energy production

The volatile material content was lower and the fixed carbon content higher for briquettes
produced with the coffee pruning wastes, and the ash content higher for those with sugarcane bagasse.
Torrefaction increased the calorific value and fixed carbon content, and the ash reduced the volatile
material content of the biomasses, improving the quality of the raw material for energy generation.
The process reduced the hygroscopicity and increased the calorific value of all biomasses. Therefore,
torrefaction has potential as a pre-treatment for biomass fuel improvement.

The increase in the compression pressure increased the apparent density of the briquettes.
The higher density of the biomass of pine and bagasse was due to their lower compaction resistance.
The energy density of the torrefied and compressed briquettes at 10.34 MPa was higher for all biomasses,
with higher values for those with Pinus. These results indicate its potential as a valuable raw material
for biomass supply.

Briquetting and torrefaction are important for allowing the use of agro-industrial wastes to
generate energy.

Author Contributions: Conducted the experiment and statistical analyses G.R.P., V.R.d.C. and J.G.; Analyzed
the results P.G.S.; Resources, A.d.C.O.C., V.R.d.C. and S.d.O.A.; Supervision, S.d.O.A.; Writing—original draft,
A.J.V.Z., J.C.Z., P.G.S., and S.d.O.A.; Writing—review & editing G.R.P., V.R.d.C., J.C.Z., A.J.V.Z., P.G.S., J.G. and
S.d.O.A. All authors have read and agreed to the published version of the manuscript.

Funding: The authors would like to thank the Brazilian agencies Conselho Nacional de Desenvolvimento
Cientifico e Tecnológico (CNPq), Coordenação de Aperfeiçoamento de Pessoal de Nível Superior (CAPES-Finance
Code 001) Fundação de Amparo à Pesquisa do Estado de Minas Gerais (FAPEMIG), Ciência e Tecnologia (FCT)
through funding of the Forest Research Centre (UIDB/00239/2020). The author Solange Araújo acknowledge
funding from FCT for her research contract, respectively DL 57/2016/CP1382/CT0018.

Acknowledgments: The authors wish to thank the Federal University of Viçosa and the Instituto Superior de
Agronomia for general assistance. The authors are thankful to the farmers for the sample donation.



Forests 2020, 11, 1272 8 of 10

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

References

1. International Energy Agency. Bioenergy Project Development and Biomass Supply; International Energy Agency:
Paris, France, 2018.

2. Maroušek, J. Economically oriented process optimization in waste management. Environ. Sci. Pollut. Res.
2014, 21, 7400–7402. [CrossRef] [PubMed]

3. Maroušek, J.; Zeman, R.; Vaníčková, R.; Hašková, S. New concept of urban green management. Clean Technol.
Environ. Policy 2014, 16, 1835–1838. [CrossRef]

4. Protásio, T.P.; Alves, I.C.N.; Trugilho, P.F.; Silva, V.O.; Baliza, A.E.R. Compactação de biomassa vegetal
visando à produção de biocombustíveis sólidos. Pesqui. Florest. Bras. 2011, 31, 273–283. [CrossRef]

5. Pinheiro, G.F.; Rendeiro, G.; Pinho, J.T. Densidade energética de resíduos vegetais. Biomassa Energ. 2005, 2,
113–123.

6. Röder, M.; Thornley, P. Waste wood as bioenergy feedstock. Climate change impacts and related emission
uncertainties from waste wood based energy systems in the UK. Waste Manag. 2018, 74, 241–252. [CrossRef]

7. Dufourny, A.; Van De Steene, L.; Humbert, G.; Guibal, D.; Martin, L.; Blin, J. Influence of pyrolysis conditions
and the nature of the wood on the quality of charcoal as a reducing agent. J. Anal. Appl. Pyrolysis 2019, 137,
1–13. [CrossRef]

8. He, C.; Tang, C.Y.; Li, C.H.; Yuan, J.H.; Tran, K.Q.; Bach, Q.V.; Qiu, R.L.; Yang, Y.H. Wet torrefaction of
biomass for high quality solid fuel production: A review. Renew. Sustain. Energy Rev. 2018, 91, 259–271.
[CrossRef]

9. Silva, C.M.S.; Carneiro, A.C.O.; Vital, B.R.; Figueiró, C.G.; Fialho, L.F.; Magalhães, M.A.; Carvalho, A.G.;
Cândido, W.L. Biomass torrefaction for energy purposes—Definitions and an overview of challenges and
opportunities in Brazil. Renew. Sustain. Energy Rev. 2018, 82, 2426–2432. [CrossRef]

10. Wang, L.; Barta-Rajnai, E.; Skreiberg, Ø.; Khalil, R.; Czégény, Z.; Jakab, E.; Grønli, M. Effect of torrefaction
on physiochemical characteristics and grindability of stem wood, stump and bark. Appl. Energy 2017, 227,
137–148. [CrossRef]

11. Chen, D.; Zheng, Z.; Fu, K.; Zeng, Z.; Wang, J.; Lu, M. Torrefaction of biomass stalk and its effect on the yield
and quality of pyrolysis products. Fuel 2015, 159, 27–32. [CrossRef]

12. Whittaker, C.; Shield, I. Factors affecting wood, energy grass and straw pellet durability—A review. Renew.
Sustain. Energy Rev. 2017, 71, 1–11. [CrossRef]

13. Boschetti, W.T.N.; Carvalho, A.M.M.L.; Carneiro, A.C.O.; Santos, L.C.; Poyares, L.B.Q. Potential of kraft
lignin as an additive in briquette production. Nord. Pulp Paper Res. J. 2019, 34, 147–152. [CrossRef]

14. Araújo, S.; Boas, M.A.V.; Neiva, D.M.; Carneiro, A.C.; Vital, B.; Breguez, M.; Pereira, H. Effect of a
mild torrefaction for production of eucalypt wood briquettes under different compression pressures.
Biomass Bioenergy 2016, 90, 181–186. [CrossRef]

15. Mardoyan, A.; Braun, P. Analysis of Czech subsidies for solid biofuels. Int. J. Green Energy 2014, 12, 405–408.
[CrossRef]

16. Van Der Stelt, M.J.C.; Gerhauser, H.; Kiel, J.H.A.; Ptasinski, K.L. A review of biomass densification system
to develop uniform feedstock commodities for bioenergy application. Biofuels Bioprod. Biorefin. 2011, 35,
3748–3762. [CrossRef]

17. Peng, J.H.; Bi, X.T.; Sokhansanj, S.; Lim, C.J. Torrefaction and densification of different species of softwood
residues. Fuel 2013, 111, 411–421. [CrossRef]

18. Phanphanich, M.; Mani, S. Impact of torrefaction on the grindability and fuel characteristics of forest biomass.
Bioresour. Technol. 2011, 102, 1246–1253. [CrossRef]

19. Bergman, P.C.A.; Boersma, A.R.; Kiel, J.H.A.; Prins, M.J.; Ptasinski, K.J.; Janssen, F.J.J.G. Torrefaction for
entrained-flow gasification of biomass. ECN Biomass 2005, 67, 1–50.

20. Nhuchhen, D.R.; Basu, P.; Acharya, B.A. Comprehensive review on biomass torrefaction. Int. J. Renew.
Energy Biofuels 2014, 2014, 1–56. [CrossRef]

21. Dhyani, V.; Bhaskar, T. A comprehensive review on the pyrolysis of lignocellulosic biomass. Renew. Energy
2018, 129, 695–716. [CrossRef]

http://dx.doi.org/10.1007/s11356-014-2688-z
http://www.ncbi.nlm.nih.gov/pubmed/24584590
http://dx.doi.org/10.1007/s10098-014-0736-5
http://dx.doi.org/10.4336/2011.pfb.31.68.273
http://dx.doi.org/10.1016/j.wasman.2017.11.042
http://dx.doi.org/10.1016/j.jaap.2018.10.013
http://dx.doi.org/10.1016/j.rser.2018.03.097
http://dx.doi.org/10.1016/j.rser.2017.08.095
http://dx.doi.org/10.1016/j.apenergy.2017.07.024
http://dx.doi.org/10.1016/j.fuel.2015.06.078
http://dx.doi.org/10.1016/j.rser.2016.12.119
http://dx.doi.org/10.1515/npprj-2018-0002
http://dx.doi.org/10.1016/j.biombioe.2016.04.007
http://dx.doi.org/10.1080/15435075.2013.841163
http://dx.doi.org/10.1016/j.biombioe.2011.06.023
http://dx.doi.org/10.1016/j.fuel.2013.04.048
http://dx.doi.org/10.1016/j.biortech.2010.08.028
http://dx.doi.org/10.5171/2014.506376
http://dx.doi.org/10.1016/j.renene.2017.04.035


Forests 2020, 11, 1272 9 of 10

22. Atreya, A.; Olszewski, P.; Chen, Y.; Baum, H.R. The effect of size, shape and pyrolysis conditions on the
thermal decomposition of wood particles and firebrands. Int. J. Heat Mass Transf. 2017, 107, 319–328.
[CrossRef]

23. Shang, L.; Ahrenfeldt, J.; Holm, J.K.; Bach, L.S.; Stelte, W.; Henriksen, U.B. Kinetic model for torrefaction of
wood chips in a pilot-scale continuous reactor. J. Anal. Appl. Pyrolysis 2014, 108, 109–116. [CrossRef]

24. Vochozka, M.; Maroušková, A.; Váchal, J.; Straková, J. Reengineering the paper mill waste management.
Clean Technol. Environ. Policy 2015, 18, 323–329. [CrossRef]

25. Associação Brasileira de Normas Técnicas (ABNT). NBR 8112: Carvão Vegetal—Análise Imediata; Associação
Brasileira de Normas Técnicas (ABNT): Rio de Janeiro, Brazil, 1983.

26. Associação Brasileira de Normas Técnicas (ABNT). NBR 8633: Carvão Vegetal—Determinação do Poder Calorífico;
Associação Brasileira de Normas Técnicas (ABNT): Rio de Janeiro, Brazil, 1984.

27. Deutsches Institut Für Normung (DIN). DIN EN 14775 Determination of Ash Content; Deutsches Institut Für
Normung (DIN): Berlin, Germany, 2012.

28. Deutsches Institut Für Normung (DIN). DIN EN 15148 Solid Biofuels—Determination of the Content of Volatile
Matter; Deutsches Institut Für Normung (DIN): Berlin, Germany, 2010.

29. Deutsches Institut Für Normung (DIN). DIN EN 14918 Determination of Calorific Value; Deutsches Institut Für
Normung (DIN): Berlin, Germany, 2010.

30. Associação Brasileira de Normas Técnicas (ABNT). NBR 9484: Compensado—Determinação do Teor de Umidade;
Associação Brasileira de Normas Técnicas (ABNT): Rio de Janeiro, Brazil, 1986.

31. Associação Brasileira de Normas Técnicas (ABNT). NBR 11941: Madeira—Determinação da Densidade Básica;
Associação Brasileira de Normas Técnicas (ABNT): Rio de Janeiro, Brazil, 2003.

32. Statsoft Inc. Statistica Data Analysis System Version 8.0; Statsoft Inc.: Tulsa, Oklahoma, 2007.
33. Mckendry, P. Energy production from biomass (part 1): Overview of biomass. Bioresourc. Technol. 2002, 83,

37–46. [CrossRef]
34. Mészáros, E.; Jakab, E.; Várhegyi, G. TG/MS, Py-GC/ MS and THM-GC/MS study of the composition and

thermal behavior of extractive components of Robinia pseudoacacia. J. Anal. Appl. Pyrolysis 2007, 79, 61–70.
[CrossRef]

35. Park, J.; Meng, J.J.; Lim, K.H.; Rojas, O.J.; Park, S. Transformation of lignocellulosic biomass during
torrefaction. J. Anal. Appl. Pyrolysis 2013, 100, 199–206. [CrossRef]

36. Pereira, B.L.C.; Carneiro, A.C.O.; Carvalho, A.M.M.L.; Colodette, J.L.; Oliveira, A.C. Influence of chemical
composition of eucalyptus wood on gravimetric yield and charcoal properties. BioResources 2013, 8, 4574–4592.
[CrossRef]

37. Almeida, G.; Brito, J.O.; Pedro, P. Alterations in energy properties of eucalyptus wood and bark subjected
to torrefaction: The potential of mass loss as a synthetic indicator. Bioresour. Technol. 2010, 101, 9778–9784.
[CrossRef]

38. Cai, J.; He, Y.; Yu, X.; Bank, S.W.; Yang, Y.; Zhang, X.; Yu, Y.; Liu, R.; Bridgwater, A.V. Review of physicochemical
properties and analytical characterization of lignocellulosic biomass. Renew. Sustain. Energy Rev. 2017, 76,
309–322. [CrossRef]

39. Maroušek, J.; Vochozka, M.; Plachy, J.; Zak, J. Glory and misery of biochar. Clean Technol. Environ. Policy
2017, 19, 311–317. [CrossRef]

40. Maroušek, J.; Strunecký, O.; Stehel, V. Biochar farming: Defining economically perspective applications.
Clean Technol. Environ. Policy 2019, 21, 1389–1395. [CrossRef]

41. Xu, Q.; Ji, T.; Gao, S.J.; Yang, Z.; Wu, N. Characteristics and applications of sugar cane bagasse ash waste in
cementitious materials. Materials 2019, 12, 39. [CrossRef] [PubMed]

42. Jara, A.A.; Razal, R.A.; Migo, V.P.; Acda, M.N.; Calderon, M.M.; Florece, L.M. Chemical composition of
Bambusa vulgaris shoots as influenced by harvesting time and height. Philipp. J. Crop Sci. 2018, 43, 1–9.

43. Garcia, D.P.; Caraschi, J.C.; Ventorim, G.; Vieira, F.H.A.; Protásio, T.P. Comparative energy properties of
torrefied pellets in relation to pine and elephant grass pellets. BioResources 2018, 13, 2898–2906. [CrossRef]

44. Zerbinatti, O.E. Briquetagem de resíduos de cafeeiro conduzido no sistema safra zero. Ciênc. Agrár. 2014, 35,
1143–1152. [CrossRef]

45. Bach, Q.; Skreiberg, Ø. Upgrading biomass fuels via wet torrefaction: A review and comparison with dry
torrefaction. Renew. Sustain. Energy Rev. 2016, 54, 665–677. [CrossRef]

http://dx.doi.org/10.1016/j.ijheatmasstransfer.2016.11.051
http://dx.doi.org/10.1016/j.jaap.2014.05.010
http://dx.doi.org/10.1007/s10098-015-1012-z
http://dx.doi.org/10.1016/S0960-8524(01)00118-3
http://dx.doi.org/10.1016/j.jaap.2006.12.007
http://dx.doi.org/10.1016/j.jaap.2012.12.024
http://dx.doi.org/10.15376/biores.8.3.4574-4592
http://dx.doi.org/10.1016/j.biortech.2010.07.026
http://dx.doi.org/10.1016/j.rser.2017.03.072
http://dx.doi.org/10.1007/s10098-016-1284-y
http://dx.doi.org/10.1007/s10098-019-01728-7
http://dx.doi.org/10.3390/ma12010039
http://www.ncbi.nlm.nih.gov/pubmed/30583562
http://dx.doi.org/10.15376/biores.13.2.2898-2906
http://dx.doi.org/10.5433/1679-0359.2014v35n3p1143
http://dx.doi.org/10.1016/j.rser.2015.10.014


Forests 2020, 11, 1272 10 of 10

46. de Castro, V.R.; de Castro Freitas, M.P.; Zanuncio, A.J.V.; Zanuncio, J.C.; Surdi, P.G.; Carneiro, A.D.C.O.;
Vital, B.R. Resistance of in natura and torrefied wood chips to xylophage fungi. Sci. Rep. 2019, 9, 11068.
[CrossRef]

47. Silva, R.T.; Sette Junior, C.R.; Ferreira, A.; Chagas, M.P.; Tomazello Filho, M. Wood and briquette density
under the effect of fertilizers and water regimes. Floresta Ambiente 2019, 26, e20160471. [CrossRef]

48. Li, Y.; Cui, D.; Tong, Y.; Xu, L. Study on structure and thermal stability properties of lignin during
thermostabilization and carbonization. Int. J. Biol. Macromol. 2013, 62, 663–669. [CrossRef]

49. Avelar, N.V.; Rezende, A.A.P.; Carneiro, A.C.O.; Silva, C.M. Evaluation of briquettes made from textile
industry solid waste. Renew. Energy 2016, 91, 417–424. [CrossRef]

50. Waters, C.L.; Janupala, R.R.; Mallinson, R.G.; Lobban, L.L. Staged thermal fractionation for segregation of
lignin and cellulose pyrolysis products: An experimental study of residence time and temperature effects.
J. Anal. Appl. Pyrolysis 2017, 126, 380–389. [CrossRef]

51. Li, M.F.; Chen, L.X.; Li, X.; Chen, C.Z.; Lai, Y.C.; Xiao, X.; Wu, Y.Y. Evaluation of the structure and fuel
properties of lignocelluloses through carbon dioxide torrefaction. Energy Convers. Manag. 2016, 119, 463–472.
[CrossRef]
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