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Abstract: The recognition of the effects of fossil fuel consumption resulted in several agreements,
legislation, and projects focusing on the minimization of impacts caused. Biomass is a versatile energy
source. Eucalyptus is a fast-growing crop, mainly used by the pulp and paper industry. Torrefaction
is a thermochemical conversion process that can improve biomass fuel properties, enabling its use
in the energy sector. However, correct management of biomass is crucial for the sustainability of
this process. Torrefaction can also be used to eliminate some elements that can hinder subsequent
conversion processes. One example is chlorine, which, during combustion or gasification processes,
can form hydrochloric acid that leads to corrosion of metal surfaces. In this context, this research
aimed to determine the temperature at which chlorine is eliminated during torrefaction process. For
this purpose, several tests were performed at different temperatures and residence times. All samples
were analyzed before and after the process, and were characterized by proximate and elemental
analysis, calorimetry, and chlorine titration. The analysis showed that, even for the lowest torrefaction
temperature used, chlorine content was already below the detection value, showing that, even at lower
temperatures, thermal treatment is an efficient technique for the elimination of chlorine from biomass.

Keywords: eucalyptus; biomass energy; torrefaction; chlorine content

1. Introduction

Humans have used energy derived from fossil fuels for a long time without thinking of the
consequences, and it is now increasingly clear that actions must be taken to rectify the situation [1].
Ever growing concentration of greenhouse gases (GHGs) in the atmosphere, the shortage of fossil fuel
reserves, and the rise in temperature are some of the main concerns presently faced by mankind, and
with each passing day new research provides different pathways to address these challenges, or at
least part of them [2]. Biomass is only one of the options, but it has an enormous potential [3].
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Biomass can be converted into usable forms of energy, such as heat and electricity [4]. It can be
obtained from several sources, including waste from forestry and agricultural operations, or from other
industries, such as pulp and paper, or textile industries [5]. This energy source has many advantages
if managed correctly. It is highly available, produces low levels of GHGs during its conversion, and
can result in many different energy forms, following actual energy grid needs [6]. However, wasteful
consumption without replacement, lack of treatment for secondary gaseous products, and even the
high costs of transportation make the use of biomass oftentimes unfeasible and environmentally
unfriendly [7].

In its natural form, the chemical and physical properties of biomass can hinder its use in some
energy applications [8]. Its low bulk density and heating value, along with its high moisture content
and poor grindability, make biomass a worse fuel than coal [9]. However, it is possible to pretreat
biomass before other conversion processes [10]. In the thermal energy sector, torrefied biomass can
have an important role in combustion applications, since it can be fired directly, either alone (as the
only source of fuel) or along with a primary fuel (co-firing) [11].

Torrefaction is a thermochemical conversion process that occurs in the temperature range of
220–320 ◦C, with oxygen shortage and under atmospheric pressure conditions [12]. It is based on the
molecular disintegration of hemicellulose, with small alterations in the structures of cellulose and
lignin [13]. As a result, the ability of biomass to acquire moisture and to rot decreases, simplifying
storage cautions [14]. Furthermore, during the process, there is a partial devolatilization that leads to
a decrease in mass, even though the initial energy content is mostly preserved, which means higher
energy density and lower transportation costs [15].

In Portugal, the potential of the available forest biomass is 2.2 × 106 tons per year, which
corresponds to approximately 20% of the country needs [16]. However, forest biomass is the main raw
material for several processes, particularly for the pulp and paper industry, which makes it a highly
competitive market [17]. For that reason, it is necessary to find alternatives for the most required types
of forest biomass in order to minimize production costs. Eucalyptus genus is native to Oceania, where
it is the dominant genus of flora. The genus includes more than 700 species, almost all originated in
Australia, with only a small number of species belonging to neighboring territories of New Guinea and
Indonesia, and one more species (the most northern) in the southern Philippines. The genus acquired
great importance due to its utilization as fiber raw material and for biomass production [18]. It is
also known for its high flammability and fire survivability, which may cause problems in dry-climate
locations [19]. The pulp and paper industry in Portugal use mainly older eucalyptus trees with
diameters larger than 10 cm. The possibility of using the remaining and disposed smaller eucalyptus
available for the production of torrefied biomass could guarantee lower production costs and reduce
the risk of wild fires [20].

The purpose of this research was to encourage the incorporation of eucalyptus trees with diameters
smaller than 10 cm into the biomass energy supply chain. This article presents the results obtained from
six samples of eucalyptus trees, ranging from 2 to 9 cm in diameter. The main focus was the analyses of
the amount of chlorine present in the biomass that could later damage the equipment during thermal
reactions. A set of analyses was performed for characterizing raw biomass. After torrefaction, a new
set of analysis took place to determine the remaining amount of chlorine. Torrefaction occurred at
three different temperatures and residence times, with the objective to determine at which temperature
chlorine would disappear and which combination would guarantee the best results.

2. State-Of-The-Art

2.1. Biomass

IUPAC (International Union of Pure and Applied Chemistry) defines biomass as a material
produced by the growth of microorganisms, plants, or animals, which can be used to produce
energy [21]. In 2017, total energy production worldwide was 14 Mtoe, being biomass responsible for
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10% of that value [22]. This source is extremely versatile since it is possible to generate power and heat
through direct burning, or converted into several different forms, e.g., bio-oil or syngas [23].

Biomass originates from the reaction of CO2, water, and sunlight, via photosynthesis, to produce
carbohydrates (or sugars) [24]. During photosynthesis, solar energy is stored in chemical bonds of the
structural components of biomass. Due to human activity, especially fossil-fuel burning, atmospheric
CO2 concentration increased. However, not all stays there, since part of it is used for photosynthesis,
ending up in several types of biomatter. Classification of biomass depends on the field, purpose, and
application [25].

Lignocellulosic biomass consists of an amorphous matrix that surrounds cellulose fibers, and
acts as a natural barrier, making the structure of the biomass more rigid and less reactive [26]. Some
key components of biomass are cellulose, hemicelluloses, lignin, starch, and proteins, although trees
mainly consist of cellulose, hemicelluloses, and lignin [27]. Cellulose is an organic compound, with
the formula (C6H10O5)n, derived from D-glucose units linked uniformly through β-glucosidic bonds.
Many properties of cellulose depend on its chain length or degree of polymerization, indicated by
n, which is the number of glucose units that make up one polymer molecule, which can range from
several thousand to several tens of thousands. It consists of crystalline and amorphous structures [28].
Hemicelluloses are a heterogeneous group of polysaccharides located in plant cell walls that have
β-(1→4)-linked backbones with an equatorial configuration, and the average molecular formula
is (C5H8O4)n. Its principal role is the contribution to the cell wall strength. Since the degree of
polymerization, n, is between 50 and 200, they are easier to break down than cellulose and generally
soluble in alkaline solutions [29]. Lignin is a constituent of all vascular plants, is the second most
common organic substance on Earth, and influences the transport of liquids in the plant, making
it possible for the plant to grow and compete for sunlight. Lignin is a three-dimensional polymer
composed of a structure based on phenylpropane and its derivates. Its molecular structure is incredibly
complex and hard to decompose. For that reason, its function is thought to confer mechanical strength
and protection [30]. Chemical composition of lignocellulosic biomass varies among species, but it
generally contains 10–25% lignin, which are non-sugar type molecules that act as a glue, uniting fibers,
and 75–90% carbohydrates or sugars, which are linked together to form long chains or polymers and a
small amount of ash and extractives [31].

Apart from the components previously discussed, there are a few other components that need
special attention concerning biomass and conversion processes leading its valorization. Moisture is
one of the main factors to consider. Wetter biomass has a lower calorific value, limiting the amount of
energy obtained from it. For example, moisture content can vary significantly from as low as 3% in
paper to 98% in sludge [32]. Ash is the non-combustible portion of the raw biomass. There are two
types of ash present in biomass, the part formed by salts that are chemically bonded to the carbon
structure, and the part composed by mineral soil particles gathered during growth or harvest and
transport. High ash content leads to fouling and slagging problems, especially if the ash is high in
alkali metals [33].

Carbon content is another crucial aspect to consider since heating value depends on the ratio of
elements, especially carbon, in the biomass. A higher carbon content in raw biomass means a higher
heating value. Coal consists of at least 60% carbon, while raw biomass only contains around 45% [5].
Hydrogen is the third major constituent of biomass, comprising typically 5–6% dry matter [34]. Its
impact is similar to carbon content, where higher percentages of hydrogen also lead to higher heating
values [35]. Nitrogen content varies from 0.2% to 1%, and it is directly related to NOx emissions.
For that reason, the lower is the amount present in the biomass, the better [36]. Sulfur content is
relatively low, especially when compared to coal, but it can have negative impacts on the environment.
Although this value is normally below 0.2%, its presence leads to the formation of SOx, which are
partly responsible for particulate matter pollution and acid rain [5].

Some nutrients, such as Ca, Mg, Na, K, and P, are fundamental to plants and can be obtained from
air or soil [37]. However, during biomass collection, these nutrients are removed from the soil, which
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can impair the possibility of new plants growing in that location. For that reason, it is crucial to find a
way to recycle those nutrients back [38]. A high chlorine concentration can cause severe impacts to the
process. High-temperature chlorine corrosion of superheaters is the worst of them since it leads to
higher maintenance costs [39].

2.2. Biomass Thermochemical Conversion

2.2.1. Torrefaction Process

Biomass conversion into an enriched product involves different biomass sources and varieties, and
the determination of the best conversion process for each situation depends on many factors, such as
the type and quantity of biomass, the desired product, environmental standards, economic conditions,
and available infrastructure [40]. The most common processes used today are of thermochemical
and/or biological nature, as shown in Figure 1.

Combustion is the primary process adopted worldwide to convert biomass into heat, mechanical
energy, or electricity, and it is also the oldest one [41]. During the process, flammable materials are
burned in the presence of air, or oxygen, to release heat [42]. To be feasible, this process requires
biomass with a moisture content lower than 50% [43]. Combining fossil fuels, such as coal or natural
gas, with biomass is known as co-firing, and it has several advantages since it reduces the amount of
GHGs emission and, depending on the ratio used, loses little efficiency [44].

Gasification is the partial oxidation of biomass above 800 ◦C with a controlled amount of
oxygen [45]. Molecules break down to produce syngas, which is a mixture of CO and H2 that can be
used for many applications [46]. Its higher efficiency makes it more desirable than direct combustion,
and there are many methods available, which are classified according to combinations of conditional
factors, such as pressure, temperature, gasifying agent, heating rate and gasifier type [47].

Pyrolysis is a thermochemical process where biomass heats up to approximately 500 ◦C in a scarce
or low-oxygen atmosphere, preventing total combustion but still causing changes in the chemistry
of the biomass [48]. Pyrolysis produces a hydrocarbon-rich gas mixture, an oil-like liquid, and a
carbon-rich solid residue, with proportions depending on process parameters [49]. Although the
expectation was to have low dioxin emission, high power generation efficiency, and the recycling of
molten slag, recent studies have shown that the process requires high consumption of auxiliary energy
and that slag recycling rate is low and not worth the cost [50].
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Figure 1. Main biomass conversion technologies available (adapted from [51]).

Torrefaction is a conversion process where biomass is heated in the range from 220 to 320 ◦C, at
atmospheric pressure and in the absence or scarcity of oxygen [52]. During the process, hemicellulose
is decomposed, while lignin and cellulose remain practically the same. It can be used as a pretreatment
since it improves several properties of raw biomass, making it a better fuel for other process, such as
combustion or gasification [53].

Fermentation is a biological process that happens at room temperature and pressure. During the
reaction, microorganisms convert organic material into simpler compounds in anaerobic condition. It
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is possible to produce ethanol from biomass-containing sugars, starch, or cellulose, but both starch
and cellulose require additional processing even though they are usually cheaper than sugar-based
sources [54].

Anaerobic digestion is the degradation of the carbonaceous matter in organic compounds through
bacterial action in the absence of oxygen. The decay of sewage and animal waste generates biogas, a
mixture of methane and carbon dioxide, with small quantities of other gases [55].

During torrefaction, biomass is decomposed at moderate temperatures in the absence of oxygen
and at atmospheric pressure. The lower temperature limit is related to the onset of decomposition
of hemicelluloses, and the second limit is related to the onset of decomposition of cellulose [56].
This temperature range guarantees that the main target of the decomposition, in the case of
lignocellulosic biomass, is hemicellulose, even though both lignin and cellulose may also suffer
some decomposition [57]. Several studies have proven the benefits of the biomass torrefaction
process [53,58–60]. As a result, it is possible to obtain a substantial increase in the performance
of biomass during co-combustion and gasification processes [61]. Apart from the improvements
mentioned above, there are many others: lower grindability and moisture, higher heating value and
hydrophobicity, and more homogeneous properties give torrefied biomass a more significant appeal
when compared to raw biomass [62]. These new characteristics simplify storage, reduce transportation
costs and energy consumption, and optimize energy production.

The torrefaction process can be divided into five main stages, which guarantee the optimization
of torrefaction by taking into account changes that occur throughout the process. Bergman [63] came
up with the following definitions that are now the basis for defining these temperature–time stages:

• Initial heating: The temperature of the biomass starts to increase and moisture starts to evaporate
in the end.

• Pre-drying: It occurs at approximately 100 ◦C and, during this stage, free water present in biomass
evaporates at a constant rate.

• Post-drying and intermediate heating: The temperature of the biomass increases to 200 ◦C. At
this stage, biomass releases water present in its chemical bonds, practically eliminating all the
moisture. Due to the evaporation of light organic compounds, some mass loss can occur.

• Torrefaction: This is the stage where the biomass is torrefied. It happens during the time in which
the temperature is superior to 200 ◦C, or 220 ◦C as previously mentioned, and consists of a heating
period, a constant temperature period, and a cooling period. Mass loss starts during the first and
stops after the latter. The maximum constant temperature reached is known as the torrefaction
temperature (TTor).

• Solids cooling: The torrefied biomass cools further until it reaches room temperature.

2.2.2. Torrefaction Parameters

The following parameters have been proven to affect torrefaction process and final products [64]:

• Temperature and residence time: They are crucial to understand how the exposure of biomass to
high temperatures affects its structure since it generally results in mass loss. The temperature
attained and its duration influence the degree of thermal degradation. Regarding residence time,
previous studies commented the importance of replacing this term with reaction time since the
former mainly influences the degradation of hemicellulose, while the latter affects the cellulose
mass loss [65,66]. As mentioned, the torrefaction process has several heating stages, even before
torrefaction starts. Therefore, residence time does not represent biomass exposure to torrefaction.
When comparing the effects of temperature and residence time on the characteristics of the final
product, it is important to mention that both are connected and dependent on each other, even
though temperature has a more significant influence since it defines the kinetics of the reaction.

• Heating rate: The heating rate (◦C/min) chosen during torrefaction affects solid, liquid, and
gaseous portions in the final product, since it influences secondary degradation reactions. The use



Resources 2020, 9, 54 6 of 25

of high heating rates reduces parallel reactions, which impacts the distribution of the products.
A recent study suggested that the effects of heat and mass transfer in the particles decrease by
increasing the heating rate [67].

• Atmosphere composition: The torrefaction process can be affected by the gas flow used during
the process due to the secondary interactions between the gases. Carbon monoxide is the main
gas released in the process, occurring through a secondary reaction as the temperature increases.
Furthermore, the longer is the residence time, the lower is the CO2/CO ratio. There are no
substantial changes in biomass reactivity or in the solid reaction products depending on the
presence of O2 in the atmosphere.

• Reactor type: Besides being a relatively new technology, there are several reactors available in the
market [68,69]. Reactor design is the main difference between the technologies, each one with its
heat transfer method and mixing pattern, determining product quality. The most commonly used
technologies are the rotatory drum kiln, which is indirectly heated (through the reactor wall) and
the rotary drum reactor, which is directly heated [70].

2.2.3. Torrefied Biomass Properties

As mentioned above, the purpose of torrefaction is to transform natural biomass into a product
with better fuel characteristics by altering some of its properties. Although this process influences
several biomass attributes, it presents most of its alterations in the following features [71]:

• Moisture content: Before torrefaction process, moisture content in raw biomass ranges from 10%
to 50%, but, by the end, it reaches 1–3% due to the high temperatures obtained during the process.
This reduction contributes to many improvements, such as a lower transportation cost since
there is no unwanted water in the product, simplified storage, transportation given by its new
hydrophobicity, and better performance during the subsequent conversion process due to a higher
heating value.

• Energy and bulk density: The torrefaction process results in loss of mass in different states,
which leads to an increase in biomass porosity. As a result, both volumetric and bulk densities
decrease, even though several studies have shown a substantial increase of more than 50% in
energy density [72].

• Grindability: Biomass is naturally fibrous and tenacious. During torrefaction, structural changes
decrease the length of the fibers, making it weaker. This modification favors the utilization of
biomass alongside coal in processes such as co-firing and co-gasification, since solid fuel is now
easily ground. Apart from that, energy consumption during grinding decreases significantly, with
some studies observing reductions of 70–90% [73].

• Heating value: The torrefaction process increases the carbon content, while the oxygen and
hydrogen content of the biomass decrease with increasing temperature. The amount of carbon
lost during the process is lower than the loss of other components, which leads to a higher heating
value when compared to raw biomass. This increase results in better combustion characteristics
and approaches properties of torrefied biomass to those of coal.

As mentioned above, the purpose of this study was to determine the temperature at which
chlorine elimination occurs during torrefaction. Therefore, the equipment used for torrefaction is not
particularly relevant in this case. The choice of a reactor did not follow the conventional path, and the
decision was to use a laboratory-scale high-temperature furnace, or ceramic muffle, as proposed by
Ribeiro et al. [74], and already followed by other researchers in recently published works [75]. The
generation of heat occurs through electrical resistance spread across the interior of the furnace, making
it possible to reach the different heating stages needed in the process, such as a conventional reactor.
This methodology was proven to be similar to other technologies available, and for research purposes
it can be cheaper and more straightforward than the alternatives [74].
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2.3. Soil and Nutrient Depletion

Biomass contains several macro- and micronutrients that are absorbed from air or soil, even
though the proportions of each may vary among different species, ages, and locations [76]. There are
17 indispensable elements and substances responsible for the completion of the normal lifecycle of a
plant. However, those are not always beneficial. When in excess, some of them can lead to soil, water,
and air contamination, and even to death of the plant [77].

During their growth, trees accumulate heavy metals of anthropogenic origin, and these metals
tend to accumulate in the ashes after the conversion processes, along with the nutrients [78]. The
problem here is that, generally, ashes are returned to soil so that they can replace previously extracted
nutrients, and heavy metals hinder recirculation of these nutrients, maximizing negative environmental
impacts. The presence of heavy metals can contaminate soil and water, which can become a severe
environmental problem. Therefore, the application of a separation technique could be extremely
favorable [79].

2.4. Forest Typology of Mainland Portugal

In 2010, Portugal had a forest area that represented 35.4% of its territory. Since 1995, there was a
reduction of almost 5% in the national forest area, which can be explained by an increase in urban
area. However, this trend shifted in 2015, with an increment of 59,000 ha (1.9%), when compared to
the previous assessment [80]. The 6th National Forest Inventory (IFN6) also concluded that, in 2005
and 2015, Portugal had the same amount of wood in growth (172 Mm3). These data prove that forest
production has been sustainable during this period and that it can remain sustainable if a balance
among forest growth, logging, and losses from fire or pests prevails. The following four broad groups,
or forest formations, make up the Portuguese mainland forest: pine forests, evergreen broadleaf,
deciduous broadleaf, and industrial broadleaf forest [80,81].

• Pine forests are the second largest forest formation, but had a more considerable reduction in the
occupied area.

• Evergreen broadleaves are cork oak and holm oak and represent about 1/3 of the forest.
• Deciduous hardwoods composed of oaks, chestnut trees, and others are the least representative

forest formation concerning the occupied area.
• Industrial broadleaf forests are composed by eucalyptus, which showed an increment in occupied

area over the last 50 years, representing about 26% of the mainland forest.

Eucalyptus is distributed in Portugal mainly in the north and center regions, with predominance
for the lowest quotas and in areas closer to the coast. However, some areas of the interior of the country
have also extensive plantations of eucalyptus, mainly next to the large water courses, where large
factories for the production of pulp have also been installed.

2.5. Eucalyptus

Eucalyptus globulus Labill., shown in Figure 2 (left), belongs to the Myrtaceae family and is
originally from Australia [82]. In Portugal, E. globulus was introduced in the 19th century [19]. This
species combines fast growth with high productivity, which makes it appealing for forest producers [83].
E. globulus has thick leaves, Figure 2 (right), which simplifies the light capture. Moreover, its form
allows it to avoid stress caused by excessive light and to cool down through perspiration with air
movement. All these factors, coupled with good biochemical defense against high temperatures,
optimize photosynthesis during the entire year [83]. Despite that, eucalyptus is an exotic species that
may present invasive behavior if not controlled and properly managed. Its advantage against others
can lead to drastic consequences to the biodiversity in Portuguese forests, and its high flammability is
a dangerous disadvantage, especially during dry season. At this moment, pulp and paper industry are
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the primary eucalyptus consumer in Portugal. However, there is still potential for the energy sector to
explore this species and to minimize its adverse impacts on the Portuguese forest.Resources 2020, 9, 54 8 of 25 
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Traditionally, pulp industry only accepts rolls with diameters greater than 10 cm. Thus, all lower
diameters are discarded and not recovered. Its use in other supply chains, such as those in the biomass
pellets industry, has neglected this source of biomass, since its properties as a fuel are not the best due
to a set of disadvantages common to other forms of residual biomass, namely its low density, high
moisture content, and the presence of elements such as chlorine, which during the combustion process
can cause damage to the metal surfaces of combustion equipment.

3. Materials and Methods

3.1. Materials

Six different samples of Eucalyptus globulus were collected, with diameters ranging from 2 to
9 cm. The samples were cut, debarked, dried, ground, and analyzed prior to torrefaction as well as
after. For the analysis performed before torrefaction process, eucalyptus samples were divided into
trunks, barks, and leaves, and weighed separately, which led to knowledge of the percentage that each
portion represents in the collected trees. Since the two smaller tree samples were not big enough for
all analyses performed, they were mixed for the torrefaction step and subsequent steps. A weighted
average was used for the following calculations.

3.2. Torrefaction Process

3.2.1. Sample Selection and Preparation

As mentioned above, E. globulus was the selected biomass source. Diameters were measured
before cutting to ensure that sizes varied within chosen range. Following the selection, the trees were
cut, debarked, and prepared for analysis and torrefaction. The samples that were analyzed before the
torrefaction process were divided as previously described, and then dried and ground to comply with
the standards. The samples that followed for torrefaction, only the trunks, were dried, cut into smaller
pieces, ground, and then wrapped in conventional aluminum foil.
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Equipment used for drying and grinding were an ECOCELL forced air oven and a RETSCH
(model SM300) blade mill. Before torrefaction, a 10-mm diameter sieve was used to homogenize the
samples, while a 2-mm diameter sieve was used for grinding before the analysis. Since Trees 1 and 2
were mixed before the torrefaction process, there were five samples for each torrefaction test.

3.2.2. Torrefaction Procedure

For this study, the equipment of choice was a BARRACHA (model K-3) high-temperature furnace,
which uses electrical resistances for the generation of heat. This furnace also presents a built-in thermal
controller that enables programming four temperature stages with respective residence times. The
preparation of the samples was made with the aid of conventional aluminum paper used to wrap
the material into a cylindrical shape. Because the aluminum paper has two distinct sides, it should
be noted that the opaque part of the sheet must be directed towards the outside so that during the
torrefaction process the heat is not reflected.

The definition of optimal temperature stages and a scheme of the programmable stages are
presented in Table 1, where T1 is approximately 100 ◦C and T2 is the torrefaction temperature.

Table 1. Scheme of the furnace’s programmable stages according to the temperature and residence time.

Stages Torrefaction Steps Temperature (◦C) Residence Time (min)

1 Initial heating/pre-drying Troom–T1 t1
2 Post-drying and intermediate heating T1–T2 t2
3 Torrefaction T2 t3
4 Solids cooling T2–50 ◦C t4

3.2.3. Torrefaction Parameters

As mentioned above, torrefaction process was repeated several times with a variation in two
parameters. Different temperatures and residence times were chosen, and each torrefied product
was analyzed to ensure that the best combination of the two would lead to the desired result. When
compared to the previously specified steps, it is important to highlight that Steps 1 and 2 were
combined and that temperatures of the stages did not follow the definitions mentioned by Bergman [63].
Temperatures were chosen based on the torrefaction temperature range, as defined by Nunes (2020) [70],
while the residence times were selected based on the study by Ribeiro et al. [74]. Table 2 presents the
parameters used in each one of the tests performed along with their identification.

Table 2. Chosen torrefaction parameters.

Torrefaction tR (min) T1 (◦C) T2 (◦C)

Tor 1 60
150 240Tor 2 90

Tor 3 120

Tor 4 60
175 280Tor 5 90

Tor 6 120

Tor 7 60
200 320Tor 8 90

Tor 9 120

3.3. Laboratorial Characterization of the Samples

3.3.1. Initial Moisture Content

As soon as the samples were cut, a small piece of each portion (trunk, bark, and leaves) was used
to determine the initial moisture content of each tree. The pieces were weighed, put in a container,
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and placed in a forced-air oven. Every 3 h, each piece was weighed until all moisture had evaporated.
Lastly, Equation (1) was applied to obtain the initial moisture content (M1):

M1(%) =

(
winitial−wfinal

winitial

)
×100, (1)

where winitial is the initial mass and wfinal is the final mass, and was only analyzed before torrefaction.

3.3.2. Chlorine Content

Chlorine is usually present in biomass in low concentrations [84,85]. However, during combustion,
hydrochloric acid is formed, which can lead to corrosion in the furnace [86–88]. Therefore, it is crucial
to determine the torrefaction temperature that will eliminate that component. Chloride titration was
the method chosen to determine the chlorine content, and the equipment used was a TITROLINE 7000
titrator from SI Analytics. For this procedure, sample preparation involves previous digestion of the
sample, performed in a SINEO MDS-6G microwave, since titration requires a liquid sample. Chlorine
content determination is achieved by potentiometric titration. This method consists of measuring the
potential difference while the titrant, in this case, AgNO3, is added. Equation (2) presents the redox
reaction that occurs:

Cl− (aq.) + AgNO3 (aq.)→ AgCl (s) + NO−3 (aq.), (2)

As the next step, software creates a spreadsheet with the potential difference and titrant volume
variation over time. The first derivative can then be calculated through Equation (3) and the equivalence
point can be determined as the volume corresponding to the maximum of the first derivative:

f′(x) =
∆U
∆V

=
Ui− Ui−1

Vi− Vi−1
, (3)

where ∆U is the potential difference variation (mV) and ∆V is the volume variation (mL).
Chlorine content on a dry basis (wCl,db) is then determined by Equation (4), in compliance with

the European standard EN15289:

wCl,db (%) =
(C−C0) × V

m
× 100×

100
100−Mad

, (4)

where C is the concentration of chloride in the solution (mg/L), C0 is the concentration of chloride in
the blank solution (mg/L), V is the volume of the solution (L), m is the mass of the test portion used in
the digestion (mg), and Mad is the moisture content in the analysis test sample (%).

3.3.3. Major and Minor Elements Analysis

Inductively coupled plasma atomic emission spectroscopy (ICP-AES), also known as inductively
coupled plasma optical emission spectrometry (ICP-OES), is an analytical technique which produces
excited atoms and ions that emit electromagnetic radiation at different wavelengths and is used for the
determination of trace elements. The main advantages are its multi-element capability, broad dynamic
range, and effective background correction [89]. For preparation of the samples, microwave digestion
was once again necessary to ensure that the capillaries did not get obstructed. The model used for the
analysis was a THERMO SCIENTIFIC (iCAP 6000 series). A peristaltic pump delivered the digested
samples to an analytical nebulizer and introduced into the plasma flame that breaks down the samples
into charged ions, releasing radiation with specific wavelengths. In the end, software generates a
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spreadsheet with the results. Equations (5) and (6) were used to calculate the content of each element
in the sample on a dry basis (wi,db), in compliance with standards EN15289, EN15290, and EN15297:

wi,db =

(
mg
kg

)
=

(C− Ci,0) × V
m

×
100

100− Mad
, (5)

where Ci is the concentration of the element in the diluted sample digest (mg/L), Ci,0 is the concentration
of the element in the solution of the blank experiment (mg/L), V is the volume of the diluted sample
digest solution (mL), m is the mass of the test portion used (g), and Mad is the moisture content in the
analysis test sample (%).

wS,db (%) =
(C− C0)× V

m
× 0.3338 × 100 ×

100
100− Mad

, (6)

where Ci is the concentration of sulfate in the solution (mg/L), Ci,0 is the concentration of sulfate in the
solution of the blank experiment (mg/L), V is the volume of the diluted sample digest solution (mL), m
is the mass of the test portion used (g), 0.3338 is the stoichiometric ratio of the relative molar masses of
sulfur and sulfate, and Mad is the moisture content in the analysis test sample (%).

3.3.4. Elemental Analysis

Elemental analysis was performed in a LECO CHN628. The operational principle consists of
weighing a sample in a tin foil that is later placed in the autoloader. The sample is then introduced
into the primary furnace containing only pure oxygen, which results in fast and complete combustion.
Carbon, hydrogen, and nitrogen present in the sample are oxidized to CO2, H2O, and NOx, respectively,
and are swept by the oxygen carrier gas through a secondary furnace for further oxidation and
particulate removal. Detection of H2O and CO2 occurs through separate, optimized, non-dispersive
infrared cells, while the NOx gases are reduced to N. Lastly, N2 is detected when the gas passes
through a thermal conductivity cell. After the analysis is complete, moisture content obtained through
thermogravimetric analysis is introduced into the software and the CHN contents are automatically
calculated. Following that, it is possible to estimate the oxygen content on a dry basis (wO,db) from
Equation (7):

wO,db (%) = 100 −wC,db −wH,db −wN,db −wS.db −wCl,db, (7)

where wC,db is the carbon content on a dry basis (%), wH,db is the hydrogen content on a dry basis (%),
wN,db is the nitrogen content on a dry basis (%), wS,db is the sulfur content on a dry basis (%), and
wCl,db is the chlorine content on a dry basis (%).

3.3.5. Proximate Analysis

The proximate analysis consists in the determination of ash, moisture, fixed carbon, and volatile
matter content, which makes it crucial for the thermal conversion of biomass [90]. These values can
affect not only the combustion behavior, but also plant design since high moisture content decreases
heating value, and the presence of ash influences corrosion and slag formation [91]. Proximate analysis
by thermogravimetry enables study of mass loss of the sample in a controlled environment as a function
of the temperature [92].

The thermogravimetric analyzer used was an ELTRA THERMOSTEP model. One gram of each
sample was introduced into crucibles and placed inside an oven, along with an empty reference
crucible. As temperature increased, crucibles were weighed on a precision scale. Moisture, volatiles,
and fixed carbon content were determined in this order throughout the heating process. Lastly, the
final residue represents the ash content.
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3.3.6. Heating Value

Heating value, also known as the calorific value, defines the energy content of biomass fuel [93].
This parameter can be described in two ways: higher heating value (HHV) or gross calorific value
refers to the heat released from fuel combustion along with the vaporization energy from water, while
lower heating value (LHV) or net calorific value is based on steam as the product, which means its
vaporization energy is not considered heat [35].

The heating value of biomass, both higher and lower, can be determined experimentally by
employing an adiabatic bomb calorimeter. The model used in this project was the 6400 Automatic
Isoperibol Calorimeter by PARR INSTRUMENT. After each procedure, the equipment provides the
corrected temperature increase that is later used for the determination of the heating value. Due to the
nitrogen- and oxygen-rich atmosphere inside the calorimeter, nitric acid and sulfuric acid are formed,
respectively, and the heat of formation of both acids must be disregarded. For HNO3, the wash water
for the pump was titrated with NaOH (0.1 M) and Equation (8) was applied, while for H2SO4, knowing
the sulfur content, Equation (9) can be applied:

QN,S = 1.43 × VNaOH, (8)

where QN,S is the heat contribution relative to nitric acid formation (cal) and VNaOH is the volume of
NaOH used in the titration of the wash water of the pump (mL).

QS,add = 13.61 ×wS,db, (9)

where QS,add is the additional contribution relative to sulfur dioxide formation and wS,db is the sulfur
content on a dry basis (%).

With this information, Equation (10) can be applied to obtain the gross calorific value, or high
heating value, at a constant volume, qV,gr (J/g):

qV,gr =

(
ε × θ − Qthread − QN,S

m
− QS,add

)
× 4.1868, (10)

where ε is the calorific capacity of the calorimeter (previously determined) (cal/◦C), θ is the corrected
temperature increase (◦C), Qthread is the heat contribution relative to the thread combustion (cal), QN,S

is the heat contribution relative to nitric acid formation (cal), QS,add is the additional contribution
relative to sulfur dioxide formation (cal), and m is the mass of the sample (g).

Equation (11) was used to calculate the gross calorific value at constant volume on a dry basis,
qV,gr,db (J/g):

qV,gr,db= qV,gr ×
100

100 − Mad
, (11)

where qV,gr,db is the gross calorific value at constant volume (J/g) and Mad is the moisture content in
the analysis test sample (%). Lastly, the net calorific value at constant pressure on a dry basis, qp,net,db

(J/g), can be calculated through Equation (12):

q p,net,db= qV,gr,db – 212.2 ×wH,db − 0.8 × (w O,db+wN,db

)
, (12)

where qV,gr,db is the gross calorific value at constant volume on a dry basis (J/g), wH,db is the hydrogen
content on a dry basis (%), wO,db is the oxygen content on a dry basis (%), and wN,db is the nitrogen
content on a dry basis (%). It should be noted that the oxygen content used in Equation (12) is not
the same as that calculated in Equation (13). According to the European standard EN14918, (wO,db +

wN,db) is obtained from Equation (13):

(wO,db + WN,db) = 100− wA,db − wC,db − wH,db − wS,db, (13)
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where wA,db is the ash content on a dry basis (%), wC,db is the carbon content on a dry basis (%), wH,db

is the hydrogen content on a dry basis (%), and wS,db is the sulfur content on a dry basis (%).

3.3.7. Energy Density and Mass and Energy Yield

Lastly, parameters such as the energy densification ratio (EDR), mass yield ratio (MYR), and
energy yield (EY) were analyzed. The calculations were made using Equations (11)–(13), according to
Grigiante and Antolini (2014) [94]:

EDR =
HHVdried torrefied biomass

HHVdried raw biomass
, (14)

where HHVdried torrefied biomass is the high heating value of the dried torrefied biomass and
HHVdried raw biomass is the high heating value of the dried raw biomass.

MYR (%) =
wdried torrefied biomass

wdried raw biomass
× 100, (15)

where wdried torrefied biomass is the mass of the dried torrefied biomass and wdried raw biomass is the mass
of the dried raw biomass.

EY (%) = MYR × EDR, (16)

where MYR is the mass yield ratio (%) and EDR is the energy densification ratio.

4. Results and Discussion

4.1. Mass Distribution and Initial Moisture Content

As mentioned above, the first task was to divide trees into trunks, bark, and leaves. All samples
were weighed as soon as they were separated, and a portion of each sample followed to the forced
air oven for initial moisture content determination. An example of the material before and after the
procedure is presented in Figure 3.Resources 2020, 9, 54 13 of 25 
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Figure 3. Example of the pieces before (left) and after (right) moisture evaporation.

The contribution of each section to the total mass of the tree can be seen in Figure 4. It is possible
to observe that Trees 5 and 6 have a more significant contribution from the trunks, which is expected
since it is denser. From that, it can be concluded that the older is the tree, the higher is the trunk
contribution. All this information is vital since the focus of the pulp and paper industry are the trunks;
the bark and leaves are important biomass components that should be used for other applications,
such as to produce thermal or electric energy.
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Figure 4. Mass distribution of non-dried biomass.

Initial moisture content is another essential factor, especially for energy purposes. Table 3 presents
obtained results. Torrefaction process can be implemented as a pretreatment to improve this property
for subsequent conversion processes.

Table 3. Initial moisture content by section.

Tree Trunk (%) Bark (%) Leaves (%)

1 54.71 63.75 47.30
2 54.71 63.75 47.30
3 41.74 55.27 41.10
4 45.51 52.01 40.88
5 50.08 63.23 49.63
6 53.32 62.50 51.52

4.2. Chlorine Content

Determination of the temperature at which chlorine disappears is the main focus of this project
and this the first study conducted on this subject. The original chlorine content for E. globulus was
approximately 0.04%, depending on its location, which agrees with the values obtained in previous
studies [95,96]. As mentioned above, torrefaction processes were performed in nine different conditions
for subsequent analysis. Table 2 presents the temperature stages for tests Tor 1 to Tor 9, and the chlorine
content variation for the process is presented in Tables 4–13.

Table 4. Elemental analysis results, as well as sulfur and chlorine content results.

Test Sample CHN (%)
S (%) Cl (%) O (%)

C H N

Raw
biomass

1 56.93 5.76 0.39 0.01 0.05 36.86
2 57.87 5.88 0.23 0.00 0.03 35.99
3 57.75 5.85 0.19 0.01 0.04 36.17
4 58.03 5.88 0.15 0.00 0.03 35.91
5 56.62 5.78 0.22 0.00 0.03 37.35

Table 5. Elemental analysis results, as well as sulfur and chlorine content results.

Test Sample CHN (%)
S (%) Cl (%) O (%)

C H N

Torr 1

1 65.08 5.18 0.26 0.00 0.00 29.48
2 62.49 5.23 0.16 0.00 0.00 32.12
3 64.04 5.25 0.19 0.00 0.00 30.52
4 62.73 5.28 0.15 0.00 0.00 31.84
5 65.02 5.14 0.16 0.00 0.00 29.68
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Table 6. Elemental analysis results, as well as sulfur and chlorine content results.

Test Sample CHN (%)
S (%) Cl (%) O (%)

C H N

Torr 2

1 72.27 4.95 0.28 0.00 0.00 22.50
2 67.59 5.12 0.19 0.00 0.00 27.10
3 69.56 5.06 0.20 0.00 0.00 25.18
4 67.48 5.19 0.19 0.00 0.00 27.14
5 68.92 5.03 0.20 0.00 0.00 25.85

Table 7. Elemental analysis results, as well as sulfur and chlorine content results.

Test Sample CHN (%)
S (%) Cl (%) O (%)

C H N

Torr 3

1 72.30 5.02 0.34 0.00 0.00 22.34
2 68.31 5.32 0.20 0.00 0.00 26.17
3 72.37 5.05 0.19 0.00 0.00 22.39
4 69.35 5.25 0.16 0.00 0.00 25.24
5 74.25 4.84 0.21 0.00 0.00 20.70

Table 8. Elemental analysis results, as well as sulfur and chlorine content results.

Test Sample CHN (%)
S (%) Cl (%) O (%)

C H N

Torr 4

1 64.48 5.20 0.26 0.00 0.00 30.06
2 62.10 5.30 0.16 0.00 0.00 32.44
3 64.41 5.16 0.17 0.00 0.00 30.26
4 63.20 5.29 0.13 0.00 0.00 31.38
5 64.18 5.22 0.15 0.00 0.00 30.45

Table 9. Elemental analysis results, as well as sulfur and chlorine content results.

Test Sample CHN (%)
S (%) Cl (%) O (%)

C H N

Torr 5

1 72.97 4.99 0.30 0.00 0.00 21.74
2 64.06 5.48 0.14 0.00 0.00 30.32
3 66.93 5.29 0.18 0.00 0.00 27.60
4 66.12 5.43 0.16 0.00 0.00 28.29
5 66.87 5.29 0.18 0.00 0.00 27.66

Table 10. Elemental analysis results, as well as sulfur and chlorine content results.

Test Sample CHN (%)
S (%) Cl (%) O (%)

C H N

Torr 6

1 78.42 4.22 0.35 0.00 0.00 17.01
2 68.64 5.05 0.19 0.00 0.00 26.12
3 72.04 4.95 0.19 0.00 0.00 22.82
4 70.25 4.95 0.16 0.00 0.00 24.64
5 70.62 5.01 0.20 0.00 0.00 24.17
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Table 11. Elemental analysis results, as well as sulfur and chlorine content results.

Test Sample CHN (%)
S (%) Cl (%) O (%)

C H N

Torr 7

1 92.76 2.72 0.39 0.00 0.00 4.13
2 89.95 2.75 0.29 0.00 0.00 7.01
3 89.94 2.74 0.25 0.00 0.00 7.07
4 90.19 3.00 0.24 0.00 0.00 6.57
5 90.94 2.85 0.24 0.00 0.00 5.97

Table 12. Elemental analysis results, as well as sulfur and chlorine content results.

Test Sample CHN (%)
S (%) Cl (%) O (%)

C H N

Torr 8

1 94.31 2.70 0.47 0.00 0.00 2.52
2 91.05 2.57 0.22 0.00 0.00 6.16
3 93.07 2.74 0.23 0.00 0.00 3.96
4 91.44 2.34 0.16 0.00 0.00 6.06
5 92.40 2.56 0.24 0.00 0.00 4.80

Table 13. Elemental analysis results, as well as sulfur and chlorine content results.

Test Sample CHN (%)
S (%) Cl (%) O (%)

C H N

Torr 9

1 93.61 2.85 0.39 0.00 0.00 3.15
2 96.40 2.44 0.29 0.00 0.00 0.87
3 92.59 2.96 0.33 0.00 0.00 4.12
4 91.04 2.75 0.24 0.00 0.00 5.97
5 91.58 2.52 0.24 0.00 0.00 5.66

From the data, it is noticeable that chlorine content is undetectable for most of the samples. A
possible explanation for some residual chlorine is that during the tests, the element remained attached
to the aluminum foil that wrapped the samples, which would not happen in an industrial procedure.
Once the chlorine content was already zero for the less intense torrefaction, Tor 1, it was not possible to
determine the temperature at which chlorine disappears. This observation is of particular importance,
as it allows to deduce that it is possible to eliminate chlorine at lower temperatures than those used
during torrefaction process. That is, most likely, it will be possible to eliminate chlorine in more intense
drying processes, thus avoiding damages caused by chlorine in the torrefaction equipment, such as
those reported by Nunes (2020) [70]. However, this aspect must be confirmed by new research, since it
is also necessary to determine whether if, in addition to temperature, residence time also has a direct
influence on the chlorine elimination process, or if it is capable, as an alternative to the increment in
temperature, to contribute to the acceleration of the process. Thus, considering the use of an industrial
scale process, after measuring the temperature, it may be sufficient to subject the materials to be treated,
to a longer residence time.

4.3. Elemental Analysis

Elemental analysis was performed in a CHN elemental analyzer. However, for calculation of
the oxygen content, sulfur and chlorine content were also used, as stated in Equation (7). Prior
to torrefaction, sulfur content was obtained through ICP-OES since it was not possible to perform
this analysis afterwards and the initial content was already low. A behavior similar to chlorine was
assumed for calculation purposes. Chlorine content was obtained through chloride titration both
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before and after torrefaction. Carbon content increased with torrefaction and was intensified with
higher temperatures, while hydrogen content displayed the opposite response.

Tables 4–13 present the results obtained for CHN, including the calculated oxygen content. From
the results, it was possible to calculate the H/C and O/C ratios to be used in the van Krevelen diagram,
presented in Figure 5.Resources 2020, 9, 54 17 of 25 
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Figure 5. Van Krevelen diagram representation of the raw and torrefied materials comparatively to
traditional biomass forms and coal products.

Through the analysis of Figure 5, it is possible to see that samples that were torrefied at 320 ◦C
are close to the Coal zone of the diagram, as expected. During torrefaction, oxygen and hydrogen are
removed from the samples, leading to a solid product with lower O/C and H/C ratios. Samples that
went through less intense torrefaction at 280 and 240 ◦C, showed an improvement when compared to
initial raw biomass, even though H/C and O/C ratios were still high when compared to coal.

4.4. Proximate Analysis

As torrefaction severity increases, both fixed carbon and ash content present in biomass also
increase. However, volatile content presents an opposite behavior. Ash content has a significant
impact on the process, especially in terms of operating costs. Studies have shown that high ash
content leads to fouling and slagging phenomena, which can damage the equipment used in the
process. From the results presented in Figure 6, it is possible to confirm that ash content increases with
torrefaction at higher temperatures, and fixed carbon increases and volatiles decrease with an increment
in temperature. Moreover, it is noticeable that the two properties presented opposite behavior.
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4.5. Heating Value

Heating value of the samples was obtained through calorimetry. Results are presented in Figure 7.
Due to the high values of HHV for the torrefied samples, the calorimeter presented some problems.
Although the analysis was performed in triplicate, only the two closest results were used in accordance
with the European standard. In Figure 7, it is possible to see that, even though most of the samples
presented the expected results, not all of them did. When compared to raw biomass, an increment in
HHV of 58% after torrefaction is in accordance with Chew et al. (2011) [97].



Resources 2020, 9, 54 19 of 25

Resources 2020, 9, 54 18 of 25 

Figure 6. Results for the mass fraction of ash, volatiles, and fixed carbon contents. 

4.5. Heating Value 

Heating value of the samples was obtained through calorimetry. Results are presented in Figure 

7. Due to the high values of HHV for the torrefied samples, the calorimeter presented some 

problems. Al

Figure 7. Results for higher heating value (MJ/kg). Figure 7. Results for higher heating value (MJ/kg).

4.6. Energy Density and Mass and Energy Yield

From the values obtained through calorimetry for the HHV before and after the torrefaction
process, it was possible to calculate the energy densification ratio, which is presented graphically in
Figure 8.
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In Equation (14), the energy densification ratio is related to the HHV. Therefore, it is expected
that samples with a higher HHV have a higher EDR. The series of torrefaction processes carried out at
320 ◦C gave the expected results. However, the series performed at 280 and 240 ◦C should be more
easily distinguished. All samples were weighed before and after torrefaction. Following Equation (15),
it was possible to use these values to calculate the mass yield ratio of each sample, which is presented
in Figure 9.

In the figure, it is possible to notice that all samples presented mass loss and that this is more
prominent as the intensity of the process increases. The samples that went through Tor 7 displayed
mass losses of approximately 25%, which is quite low, considering that the torrefaction temperature
was 320 ◦C, even if the residence time was only 60 min. According to Bergman [63], there is a direct
relationship between the mass loss and the increase in energy density. That cannot be said for the
samples from Tor 7 but is in accordance with the remaining results presented. Lastly, from Equation (16),
the energy yields were calculated for all samples, and they are displayed in Figure 10.
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It was expected that, as torrefaction severity increased, energy yield would decrease. This can be
explained by the fact that, even though there is an increase in the energy density, the mass loss caused
by torrefaction renders samples less energy efficient. Once more, results from Tor 7 disagree with
the expectations and display higher values to those from the raw biomass. It should be noted that,
since the equipment used for these tests was a ceramic muffle, it was not possible to guarantee that
temperature was uniform in the entire furnace since it depends on the performance of each resistance.
Therefore, variations in the torrefaction degree could explain some unexpected results.

5. Conclusions

The search for alternative energy sources that can minimize environmental impacts of fossil
fuels has been a concern for some time. Due to its versatility and high availability, biomass has great
potential for the energy sector, mainly because it can be converted into different forms of energy,
and thus can be used as an alternative to fossil fuels. Furthermore, unlike what happens with other
renewable sources, biomass does not have the problem of intermittent supply, as with wind or sun,
thus it can be used as a backup and reserve source. In Portugal, the ever-growing Eucalyptus globulus
forest is mainly used by the pulp and paper industry; however. this research studied the incorporation
of eucalyptus biomass with diameters of less than 10 cm in the biomass energy recovery supply chain.

Summarizing, six samples of eucalyptus trees were selected and characterized before the
torrefaction process for later comparison. Torrefaction was carried out nine times for three temperatures
and three residence times, and, following torrefaction, a new series of analyses took place. As the
research demonstrated, moisture content decreased and the HHV increased when higher torrefaction
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temperatures were used, in accordance with the reviewed literature. Carbon content is another
important parameter that, according to the results obtained, followed the expected behavior, increasing
with higher torrefaction temperatures.

This study successfully determined that at 240 ◦C the chlorine content of eucalyptus trees in
the selected range was already nonexistent. This new knowledge can contribute to the reduction of
operating costs due to the possibility of performing torrefaction at lower temperatures without further
concerns related with equipment damaging caused by corrosion.

Since this was the first study conducted on this subject, the selected parameters and the chlorine
quantification technique can be improved in future research. Focus on lower temperature ranges,
between 220 and 240 ◦C, or even lower and out of the usually assumed torrefaction temperature range,
220–320 ◦C, with narrower intervals, and the use of quantification methods, such as gas chromatography
(GC) or X-ray fluorescence (XRF), may help to determine the exact temperature at which the chlorine is
eliminated, and how the process occurs. However, due to the results obtained, which can be considered
preliminary, the use of thermal methods to improve the combustibility conditions of residual biomass
can be considered as very promising. This possibility opens the door to the use of types of biomass
that until now are mostly outside the biomass supply chains for energy, but which, when introduced,
will allow the reduction of production costs with the acquisition of raw materials, ones that do not
compete with the circuits already installed to supply industry.
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