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Abstract: Forest residues have been gaining interest as a source of renewable fuels due to their
availability and the risks they represent for increasing forest fires. A major drawback for their
removal and processing is the cost of transportation, which can be overcome through densification
procedures, e.g., torrefaction. To optimize the torrefaction parameters, Cistus ladanifer residues
from the Portuguese forest were torrefied for 30 min in a lab-scale reactor at 250 and 350 °C. The
quality of the torrefied material was assessed, and its energy and mass yields were determined
through thermal analysis. The changes in morphological structure occurring during torrefaction
were analysed through scanning electron microscopy. When compared to the original biomass, the
charcoal obtained at 350 °C had a substantial increase in energy density accompanied by a significant
mass reduction. Increasing the mass in the reactor had a positive effect on the energy yield. For the
highest mass tested, a mass reduction of around 30% was obtained and a char with no loss in energy
content (with a cumulative heat flow (CHF) of 9.0 M]/kg compared to 5.8 M]/kg of the original
biomass). Modelling of the reactor allowed the analysis of the heat profile required for torrefaction.
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1. Introduction

In the drive to produce energy from renewable sources, biomass is already a major
contributor to renewable energy in Europe [1] and around the world. In the overall energy
scenario, the importance of biomass-derived fuels is likely to continue to rise in the context
of the decrease in fossil fuels, in the effort to decarbonize [2]. Portugal has a very large
potential for the use of biomass as an energy source, in particular of forestry residues, given
the large areas of forest plantations and the important forest industries. The removal of
forestry wastes is crucial in the context of fire prevention, which is a pending threat, namely
during the summer period. According to a study carried out in 2017 [3], the Portuguese
forested surface comprises 37.5% of woody areas, 56.1% of shrubs and open woodland, and
6.4% of grazing lands. Shrublands have been increasing, partially due to forest fires and
lack of management. Among shrubs and understory vegetation, rock rose (Cistus ladanifer)
is one of the most important and spreads with an invasive nature. It is a highly combustible
material and its flammability makes it a significant fuel for wildland fires, particularly in
dry and hot weather conditions.

Although forest management for fire prevention is well established and, in certain
cases, mandatory, this task is often not adequately carried out, namely by small holders.
Financial incentives for forest residue collection as well as their conversion into valuable
solid fuels or to biochar to be used as soil amendment would contribute to improving
forest management.

Lignocellulosic biomass is characterized by low bulk density, poor grindability, low
calorific value, high moisture content, and poor biological stability. These characteristics
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make it difficult and expensive to collect, transport over long distances, and process, in
particular for energy production. A way to ensure greater efficiency for transportation and
use is the utilization of densification techniques to reduce the volume of material to be trans-
ported while retaining its calorific value [4]. Torrefaction is a technology that has been used
throughout the ages and is suitable for this purpose since it allows for making the biomass
denser, less hygroscopic, and more brittle, among other advantages, without significantly
losing the energy content associated with the original biomass. This technique is mainly
intended to improve the fuel characteristics of the biomass by altering its physicochemical
properties and improving its applicability in thermal conversion processes [5].

Torrefaction is a mild form of pyrolysis consisting of the slow heating of biomass in an
inert atmosphere, usually at relatively low temperatures, ranging from 200 °C to 300 °C,
and relatively long residence times (torrefaction duration), usually 30-60 min or longer [6].
Upon torrefaction, biomass is converted into charcoal, which has a high energy content,
comparable to that of coal, and can be used as a substitute for coal, for example in thermal
power plants, to generate electricity and heat [7,8]. During the process of torrefaction, the
biomass components (hemicelluloses, cellulose, and lignin) undergo thermal decomposi-
tion. In this process, most of the hemicelluloses are thermally degraded, but the extent of
decomposition of lignin and cellulose is highly dependent on the temperature and duration
at which torrefaction is carried out. The usually accepted decomposition temperature
ranges for hemicelluloses, cellulose, and lignin are 200-315 °C, 315400 °C, and 160-900 °C,
respectively [9]. After torrefaction, the moisture (M) and the volatile material (VM) contents
of biomass are decreased, whereas its fixed carbon (FC) is increased. Several studies have
been conducted on torrefaction using different types of biomass, but the focus has been on
woody biomass and on the effect of process conditions on mass loss and the final properties
of torrefied biomass for further thermal conversion applications [6,9]. Studies on loblolly
pine wood showed that an increase in the torrefaction temperature (250-300 °C) will result
in an increase in energy densification of the torrefied biomass, leading to the production of
a solid with increased carbon content and a decrease in oxygen and volatiles [10]. In pre-
liminary studies performed on the torrefaction of Cistus multiflorus branches, we observed
that an increase in torrefaction temperature (200-350 °C) and reaction time (30-90 min)
led to a reduction in both mass and energy yields, but, since the energy yield reduction
was much lower than that of the mass yield, a very significant increase in energy density
of the charcoal occurred [11]. This type of observation can also be found for other types
of biomass [12]. For example, bamboo torrefied at 220, 250, and 280 °C during 60 min
enhanced its combustible properties [13]. It should be stressed that, from a practical point
of view, and considering that a large amount of biomass is to be treated at the industrial
level for solid fuel production, a short process duration is desired, while achieving the
target weight loss.

The main objective of the present work is to study the torrefaction process and the
thermochemical properties of the charcoal produced from Cistus ladanifer biomass obtained
as forest underbrush waste. The torrefaction process can contribute to forest management
and prevent fires by valorising the waste and, thus, promoting its collection and reuse.
Furthermore, if the torrefaction process is carried out close to the collection site, for example,
by using a mobile system, it will allow the reduction in the amount of waste that has to
be transported and, at the same time, provide a stabilisation of the biomass. Changes in
surface structure, solid, and energy yields were analysed.

Since it is crucial to understand the occurring phenomena in order to develop a suitable
process to carry out the torrefaction process, a kinetic analysis was performed through
combined thermogravimetry and differential scanning calorimetry. As a result, a combined
kinetic model was developed to understand the thermochemical transformations under
nitrogen and air, which can help in both pyrolizer and gasifier design.

The goal, in terms of solid fuel production, is to ensure a significant reduction in mass,
which is of significant importance to lower transportation costs while maintaining as much
as possible of the calorific value of the original sample. Although this study focuses on the
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calorific value of the charcoal produced, other applications can be envisaged, such as its
use for soil improvement. Moreover, it will contribute to a better economic framework for
forest understorey management, thereby allowing for a more efficient fire prevention by
removing highly combustible materials, while generating a valued energy product.

2. Materials and Methods
2.1. Sampling

Cistus ladanifer branches were harvested in the southern region of Portugal (Alentejo)
from the understory of a sparse forest. The whole plants were fractionated to separate
the stem and branches from the leaves and flowers. Only the woody stems and branches
were used in this study, which were stored in individual lots at room temperature (25 °C)
until processing. For the testing experiments using biomass samples until 6 g, the branches
were manually cut into 2 cm long pieces. For chemical analysis and for experiments with
biomass samples over 6 g, the branches were triturated in a blade rotor Retsch 2000 with a
sieve output of 2 microns of particle size.

2.2. Biomass Characterization

The chemical composition of the forest biomass was analysed through the sequential
determination of extractives, lignin, and polysaccharide content. The inorganic content was
quantified as ash [14]. Extractives were determined through successive Soxhlet extractions
with pure solvents with CH,CL, (Honey-well, Lisbon, Portugal, >99.9%), Co;H50H (José
Manuel Gomes dos Santos, Lda, Lisbon, Portugal, 96%), and H,O Millipore, according to
the procedure described in the literature [15]. Klason lignin was determined on the extracted
sample through acid hydrolysis with a solution of 72% in HySO,4 (Chem-Lab, Lisbon,
Portugal, 95-97%) [16]. The acid-soluble lignin was determined in the filtrate through UV
spectroscopy at 206 nm [17]. Total lignin was determined as the sum of the Klason and
acid-soluble lignins. The remaining acid solution was kept for sugar analysis using high-
performance liquid chromatography with pulsed amperometric detection (HPLC/IC-PAD)
(DIONEX ICS 300). The polysaccharides were estimated by the content in neutral and acid
monosaccharides (arabinose, xylose, galactose, mannose, glucose, and galacturonic acids)
as well as acetic acid in the hydrolysate obtained from the lignin determination.

Proximate analysis was estimated using the TG data for pyrolysis run up to 800 °C
with a heating rate of 10 °C/min, combined with a combustion run of the raw material at
the same conditions.

The thermal behaviour of the biomass samples was also analysed through combined
TG/DSC both under air and under nitrogen.

2.3. Torrefaction in Lab-Reactor System

A Schlenk-type glass vessel (Scheme 1) of around 0.1 L was placed in an oven for
which the temperature was controlled at predefined levels. The reactor was initially
flushed with N to ensure a suitable atmosphere in the reactor for torrefaction reactions.
Different amounts of biomass samples were introduced in the reactor for the torrefaction
experiments. The temperature in the oven was raised, with a heating rate of 10 °C min~!,
up to the desired set-point temperature and maintained, in each case, at that temperature
for 30 min. The reactor was operated in a semi-continuous mode, allowing all volatiles to
exit the reactor; the liquid products were collected above the reactor, after condensation in
a condenser, and the gaseous products were collected in a gas burette. After the run, the
system was cooled down and the solid was weighed and stored for characterization using
thermogravimetric analysis and microscopy techniques.
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Scheme 1. Lab-scale reactor.

2.4. Thermal Analysis through TG/DSC

Thermogravimetric (TG) analysis of the Cistus ladanifer samples was performed in a
TA Instruments SDT 2960 with simultaneous differential scanning calorimetry (DSC) at
a heating rate of 10 °C min~!. The equipment allowed us to obtain the weight and the
heat involved in the processes that were occurring. Derivative thermogravimetric (DTG)
data are represented as the symmetric mass loss. In a typical run, an approximately 10 mg
sample was weighed and placed in a quartz crucible.

The runs were carried out either under a flow of 0.09 g/min of nitrogen (pyrolysis) or
0.10 g/min of air (combustion). Both the raw and the torrefied material were subjected to
runs under nitrogen or air, starting at 40 °C and heating up to 800 °C at a heating rate of
10 °Cmin 1.

To analyse the impact of torrefaction temperature on the produced charcoal, additional
experiments were carried out by heating the samples to different temperatures, also using
a 10 °C min ~! heating rate, and maintaining the temperature for a period of time.

2.5. Charcoal Characterization

The solids obtained at the end of the torrefaction (charcoal) in the bench reactor were
collected and analysed using TG/DSC to evaluate their thermochemical behaviour and
estimate their calorific value.

Proximate analysis was performed using the TG data for pyrolysis and combustion
experiments of each torrefied material.

Mass (MY) and energy (EY) yields were calculated as follows:

Weight of torrified biomass
MY = . .
Weight of raw biomass

«100 1)

CHF torrified biomass

EY = MY« CHF raw biomass

@

Proximate analysis was performed to determine moisture, volatile material, fixed
carbon, and ash. To compare the calorific value of raw material and of the torrefied biomass
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samples, the cumulative heat flow (CHF) was computed, which was estimated, using the
DSC signal, from the runs under air. This parameter corresponds to the integral under the
DSC curve that gives the amount of energy released when biomass is fully combusted.

The microstructure and the morphology of raw and torrefied material were inspected
using a scanning electron microscope (SEM) Hitachi S-2400 (Hitachi, Tokyo, Japan) to
acquire cross-sectional surface images. The instrument was operated in high-vacuum
mode, and under an accelerating voltage of 20 kV.

2.6. Kinetic Analysis

The kinetic parameters for pyrolysis and combustion of Cistus ladanifer biomass were
estimated with the assumption of a first-order reaction and using the following equations
(Equations (3) and (4)).

aw;
t

k(T) = kref exp<_§ﬂ (; - Tjgf)) 4)

where k(T) is the temperature-dependent kinetic constant, w is the fractional weight of the
sample at time ¢, k. is the kinetic constant reference, E, is the activation energy (kJ/mol), R
is the gas constant, T is the sample temperature, and T is the reference temperature.

—k(T).wi 3)

3. Results

The experiments were planned so that the impact of the torrefaction on the heat
content of the samples was systematically analysed. The torrefaction experiments were
conducted in the bench-scale reactor and the solid torrefied obtained was subsequently
analysed in the thermal-analysis equipment.

The chemical composition of the original samples, as well as their thermochemical
behaviour, were analysed to compare them with the torrefied material.

3.1. Sample Characterization

Table 1 shows the chemical composition and proximate analysis of the Cistus ladanifer
biomass branches used in this study.

Table 1. Summative composition of the Cistus ladanifer branches used in this study. For comparative
purposes, the chemical composition from another study on C. ladanifer [18] as well as that of white
broom (Cistus multiflorus) branches, from Portugal, are also shown [19]. M, VM, FC represent the
moisture, volatile material, and fixed carbon contents of biomass, respectively.

Chemical C. ladanifer C. ladanifer C. multiflorus
Composition (This Work) [18] [19]
Ash% 22*% 41 12
Total extractives% 18.2 31.9 11.8
Lignin total% 21.5 18.6 25.0
Klason lignin% 19.1 16.8
Soluble lignin% 24 1.74
Polysaccharides% 36.6 454 62
Proximate
Analysis
M% 48
VM% 86.5
FC% 5.6
Ash% 3.0
CHF (M]/kg) 5.8

Note: determined through chemical * and thermal analysis **.
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The chemical composition of the Cistus ladanifer biomass is similar to that obtained in a
previous study [18], showing a low amount of ash, a high extractive content, and a low lignin
content. The differences between the two Cistus ladanifer studies are attributed to the natural
variability in biomass samples, in particular due to differences in collection conditions.

The sample was also characterized through proximate analysis to assess moisture,
volatile material, fixed carbon, and ash content. The results presented in Table 1 were
obtained from TG/DSC data from pyrolysis and combustion experiments of the raw
material, and are in good agreement with the literature. Fixed carbon and the volatile
matter of ligneous biomass are typically in the ranges of 0.5-20 wt% and 67-88 wt%,
respectively, whereas they are 46-92 wt% and 0.9-50 wt% in coal, respectively [20]. Amutio
and co-workers reported similar values (10.3 and 80.0 wt% for FC and VM, respectively)
for biomass composed of a mixture of 50% of Cistus multiflorus and 50% of Spartium
junceum [21]. The amount of moisture is not very significant as it heavily depends on the
collection and storage conditions, but the fact that it is low is relevant for thermochemical
processes. The presence of significant amounts of fixed carbon is also very relevant in the
context of the production of solid fuels from the biomass under consideration. On the other
hand, the differences in ash content in the performed chemical and thermal analysis can be
attributed to differences due to the natural variability of biomass.

Thermal analysis is also a good approach to characterize heterogeneous organic materi-
als like forest biomass residues, because it can provide insight into the different components
that are present. In this way, thermogravimetric analysis of Cistus ladanifer under nitrogen
(for pyrolysis) and under air (for combustion) was performed (Figures 1-4) at 10 °C/min.

Figures 1 and 2 show that both under nitrogen and under air, the process starts with
the evaporation of moisture up to around 100 °C. At around 240 °C, a significant mass loss
occurs, regardless of the atmosphere under which the process takes place, and it should
fully correspond to the beginning of the pyrolysis process. The degradation then diverges,
depending on the atmosphere. Under nitrogen, a maximum weight loss occurs at around
330 °C, which is characteristic of hemicelluloses and cellulose decomposition, followed by a
slower degradation process that extends to higher temperatures and that can be attributed
to lignin decomposition [22]. In Figure 2, corresponding to the experiment under air, after
the initial moisture loss peak, several broad peaks are overlapped, which can be attributed
to the combustion processes of the different components, either directly or through the
combustion of volatiles that are produced using pyrolysis processes. The amount of residue
after the run under nitrogen, which is significant, mostly corresponds to the fixed carbon,
as no significant amount of ash was observed in the degradation under air. The biomass
decomposition under nitrogen or air can be described as starting with a similar process at
lower temperatures, between 130 and 250 °C, followed by a set of different steps at higher
temperatures, between 250 and 500 °C, which, in the case of the reaction under nitrogen,
are the thermal decomposition of the more recalcitrant species and, under air, correspond
to combustion processes as it is clear when we look at the heat flow signal from the DSC.

In the DSC signal under inert atmosphere (Figure 3), only endothermic peaks can be ob-
served; the first one corresponds to the drying process and is also present in the experiment
under air. As expected, the behaviour differs for higher temperatures. In the case of the run
under air (Figure 4), there is an important release of energy as the temperature increases,
corresponding to the different mass loss peaks observed in Figure 2; three exothermic peaks
are observed at 312, 440, and 484 °C. The first and second peaks could be related to the
energy released through the combustion of cellulose and hemicelluloses, and the third
peak could be related to the energy released through the decomposition of the fixed carbon
and residual lignin oxidation. This behaviour is comparable to other published results.
For example, the analysis of four types of wood biomass (beech, willow, alder, spruce)
also presented three main exothermic peaks at, ca., 280-310 °C, ca., 355-365 °C, and, ca.,
410-430 °C, respectively [23]. The observed differences are attributable to the different
experimental conditions and sample properties.
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Figure 1. TG (full line) and DTG (dashed line) profiles of Cistus ladanifer biomass under nitrogen.
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3.2. Thermal Analysis to Evaluate the Influence of Torrefaction Temperature

The extent of the lignocellulosic material decomposition and the way it progresses
towards the products depend on the temperature at which the process occurs [24]. To assess
the torrefaction process, the samples were heated up to two temperatures (250 °C and
300 °C), which were maintained for 30 min in the TG/DSC apparatus. After the torrefaction
procedure, the samples were cooled and a run under air was carried out to analyse the
combustion characteristics of the torrefied material and allow the estimation of the CHF
(Table 2).

Table 2. Weight loss observed during the torrefaction process of Cistus ladanifer biomass at 250 °C and
350 °C during 30 min carried out in the TG/DSC and CHEF of the corresponding torrefied material.

Weight Loss in the Weight Loss in the CHF % of the Torrefied
Torrefaction Process % Torrefaction Process % Material (MJ/kg)
Original - 5.8
250 °C 224 9.7
350 °C 58.0 13.9

The mass loss significantly increased for the higher torrefaction temperature, due to
the drying process and the decomposition of macromolecular components of biomass, such
as hemicelluloses and cellulose. The cumulative heat flow also increased as the torrefaction
temperature increased; the energy density more than doubled in relation to the original
biomass and the highest value was achieved for the highest torrefaction temperature
comparatively with the CHF of raw biomass. The energy yield, however, was highest for
the less severe torrefaction conditions, with values above 100%, indicating that at least
part of the energy that was supplied to the sample in the torrefaction process was actually
stored in the torrefied material.

3.3. Bench-Scale Reactor

Torrefaction was also carried out at two different temperatures (250 °C and 350 °C)
using the bench-scale reactor described above using different masses (from 2 g to 26 g) of
Cistus ladanifer biomass. Subsequently, the mass and energy yield of each charcoal produced
as well as its main characteristics were determined for each torrefaction condition.

Figure 5 depicts the thermal analysis, under air, of the three charcoal samples obtained
from the reactor torrefaction process at 350 °C, starting with 2, 4, and 6 g of biomass. The
degradation profile is always similar.
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Figure 5. TG profile for the combustion of three torrefied Cistus ladanifer samples, obtained in the
bench-scale reactor at 350 °C during 30 min.

From the TG profiles of the combustion of the torrefied material at 350 °C, it is possible
to see that the combustion onset temperature gradually increases for the charcoals that
were obtained from higher starting amounts of biomass.

Figure 6 shows the heat involved in the combustion of the charcoal that was produced
at 350 °C for 30 min. Exothermic peaks were observed in the DSC profile, characteristic of
combustion of the three major components of lignocellulosic biomass.
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Figure 6. DSC profile for the combustion of the three torrefied Cistus ladanifer samples, obtained in
the bench-scale reactor at 350 °C during 30 min.

However, comparing Figures 5 and 6 with Figures 2 and 4, which correspond to
the original biomass, significant differences are observed, in particular for the samples
obtained with the highest amount of biomass in the reactor. There is no water-loss peak at
low temperature, consistent with the fact that the charcoal is much more hydrophobic than
the original biomass, and the mass loss is now concentrated at higher temperatures, which is
consistent with an extensive decomposition of the cellulose and hemicellulose components.
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Figure 7 illustrates, for the two torrefaction temperatures, the influence of biomass
quantity placed into the bench-scale reactor on the mass and energy yields and on the com-
position of the torrefied material obtained from the torrefaction of Cistus ladanifer biomass.
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Figure 7. Effect of biomass quantity on energy and mass yields (right axis) and torrefied composition
(left axis) for a 30 min torrefaction of Cistus ladanifer biomass at 250 °C (A) and 350 °C (B).

The results obtained show that torrefaction decreases the amount of moisture and
volatile matter and significantly increases fixed carbon.

For the lower amounts in the reactor, both the mass and energy yields tend to decrease
with the increased severity of the torrefaction process, when going from 250 to 350 °C,
although, as expected, the decrease in mass (ca., 50%) is much more significant than the
decrease in energy content, which induces a significant increase in CHF.

It is also noteworthy that, for the higher torrefaction temperature, the increase in
the amount of material in the reactor induces a significant increase in the energy yield,
sometimes reaching values above 100%, indicating that at least a part of the energy that
is input to the process is actually stored in the charcoal, while also achieving a significant
decrease in the mass of the sample, although the mass yield also increases with the increase
in mass.

This accomplishes the general objective of the torrefaction process as it corresponds to
a significant decrease in the mass of the sample while retaining most of the energy content,
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in some cases almost all of the original energy content or even a small added amount
(Table 3). At higher torrefaction temperatures, there is a significant decrease in the mass of
the material, maintaining the overall heat content of the sample. This is more noticeable
for the runs where more material was processed, as can be seen in Table 3, where higher
quantities of biomass were tested for torrefaction conditions at 350 °C. These studies were
performed to evaluate the heat and mass transfer processes involved in the torrefaction
process. A good impact on the energy yield was observed as the mass inside the reactor
increased. Moreover, it is known that the energy density increases through torrefaction.
After torrefaction at optimum conditions of 250 °C for 30 min, corncob achieved an energy
density of 1.48, which is close to the value obtained in this work when 6 g of raw material
was used (1.01) [25].

Table 3. Mass and energy yields and CHF obtained for 30 min torrefaction of Cistus ladanifer biomass
at 250 °C and 350 °C on the bench-scale reactor and on the TG (10.5 mg).

Temperature °C Amount kg Mass Yield % Energy Yield % CHF (M]/kg)
Original - - 5.8
TG 77.6 129.8 9.7
5 0.002 76.7 92.3 6.9
250°C 0.004 79.8 99.2 72
0.006 83.1 83.7 5.8
TG 42.0 100.6 13.9
0.002 38.0 68.4 10.4
0.004 48.0 92.2 11.1
350 °C 0.006 49.2 85.6 10.1
0.011 54.3 91.9 9.8
0.019 66.4 110.1 9.6
0.026 70.9 111.0 9.0

These results are promising and are consistent with observations from other authors
on different biomass samples (willow, beech, larch, straw [26]; eucalyptus residues [27];
pine wood chips [28]; cotton gin [29]; wood block [30]; herbaceous biomass [31]; Norway
Spruce [32]), where the mass yield of biomass is usually in a range from 24 to 95%, while
the energy yield ranges from 29 to 98%, after the torrefaction process [6,12]. It is noteworthy
that CHF obtained in the bench-scale reactor is always lower than the values obtained
in the small-scale TG runs, probably due to the easier heat and mass transfer in the TG
crucible, where the torrefaction occurs under a flow of nitrogen, whereas, in the reactor,
there is an almost static atmosphere as only light volatile components are allowed to leave
the reactor. Also, energy yields above 100% are obtained under certain conditions. This
result is likely achieved due to the design of the reactor that retains the heavier volatile
species inside, inducing an increase in the heat content of the charcoal.

It is also noteworthy that in the case of the runs at 350 °C and with a higher mass of
the samples, the samples were not crushed, to better simulate what could be done if this
method was to be used in field conditions. The results indicate that the use of the material
as such was not deleterious to the final objective of having a decrease in mass while keeping
the energy yield high.

Other works indicate that the calorific value of biomass linearly varies with mass loss,
implying that a reduction in solid yield increases the energy content of the material [33,34].
In the case of our study, a linear trend between CHF and mass loss is also observed, as can
be seen in Figure 8. The heat content values are also comparable with those reported for
lignite coal (<17.4 M]/kg) [35].
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Figure 8. Effect of the mass reduction on the CHF of torrefied Cistus ladanifer samples pyrolysed for
30 min at 250 °C and 350 °C in a bench-scale reactor. The CHF value for the original (non-torrefied
Cistus ladanifer sample) is also shown for comparison.

These results also indicate that the relation holds regardless of whether the sample is
crushed or not.

In this work, the results have shown that torrefying 26 g of Cistus ladanifer biomass at
350 °C for 30 min leads to a mass reduction of around 30%, yielding a char that contains
111% of the initial energy content (with a CHF of 9.0 MJ/kg when compared to 5.8 MJ /kg
of the original biomass). As indicated, energy yields above 100% imply that the charcoal
actually retains some of the energy that was supplied to the torrefaction process, acting as
an energy storage material.

3.4. Thermal Analysis of Torrefied Material

To allow for a more detailed analysis of the torrefied materials, the samples obtained
at 350 °C for 2, 4, and 6 g were subject to thermal analysis under air and the results were
modelled using a lump approach with five degradable components and ash; all reactions
were considered to be first-order in relation to the respective component. The same five
components were used for all the samples, to ensure comparability for all the results, and
the kinetic parameters were optimised through simultaneous fitting to all the thermograms,
including that for the original biomass. The fraction of each of the five components was
obtained independently for all the samples.

The main kinetic parameters of the five components are shown in Table 4, together
with the corresponding fractions estimated for each of the torrefied materials and for the
original biomass.

From the results obtained in Table 4, we can tentatively assign the first component as
moisture; the second and third to cellulose and hemicelluloses, respectively; and the fourth,
fifth, and sixth to different recalcitrant materials and ash, presumably different moieties of
lignin or fixed carbon.

The results for the original biomass are consistent with this assignment as the
fourth component is around 40%, which is comparable to the amount of lignin shown
in Table 1. The distribution estimated for the torrefied materials show that there is a
significant reduction in moisture content, as expected since the torrefied material is
more hydrophobic, and also that the two components associated with cellulose and
hemicellulose have sharp reductions.
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All torrefied materials show a significant increase in the fourth and fifth components,
which can be associated with carbonised material.

Table 4. Kinetic parameters (k,.—Xkinetic rate constant at the reference temperature of 573.15 K,
E;—activation energy, and Tmax—temperature of the maximum reaction rate) and fractions of the
five components plus ash model used to model the thermograms under air of the original biomass
and the torrefied materials obtained in the semi-batch reactor at 350 °C and different masses.

Component
1 2 3 4 5 6
Kyef (min~—1) 584 4.06 0.262 1.13 x 1073 43 x10°° -
E. (kJ/mol) 5.8 x 104 1.6 x 10° 1.2 x 10° 6.8 x 10% 2.0 x 10° -
Tmax °C 88 270 311 433 514 -
Xoriginal 0.04 0.12 0.40 0.44 0 0
X2g 0.04 0.01 0.04 0.53 0.32 0.06
X4g 0.01 0.00 0.06 0.80 0.1 0.02
X6g 0.01 0.00 0.02 0.59 0.37 0.02
3.5. Bench-Scale Reactor Modelling
To gain further insight into the way the reactor works, a simple model was used to
analyse the reactor information, based on an energy balance on a lab-scale reactor, which is
a semi-batch reactor. The following general equation was used, where all the heat losses
from the reactor were gathered in a single term:
- o dTreuctor
(Mempty reatorcp(gmpty reactor) + Msumple Cp(sample))T = UA(Toven - Treactor) + (_ArH)r - L(Treuctor - Troom) (5)

[ AT,
Heat Flow = Msample Cp(sample) dt - (*ArH)r = UA(Toven - Trem:tar) - L(Treactm' - Troom) - Mempty reactor Cp(empty reactor) reactor (6)

where Treactor, Toven, and Troom are, respectively, the temperature of the reactor, the temper-
ature of the oven in which the reactor is placed, and the room temperature (18 °C); L is
the coefficient of thermal losses (k] /K/min); M is the mass (kg); Cp is the calorific value
(KJ/kg/K); AyH is the heat of reaction (kJ/kg); and UA is the global heat transfer coefficient
(k]/K/min).

To parameterize the model to the specific reactor that was being used, the values for
L, UA, Mempty reactor, and Cp(empty reactor) Were estimated from blank experiments carried out
with an empty reactor (see the curve for the empty reactor in Figure 9).

Although solving Equation (5) requires the knowledge of the rates of the reactions
taking place inside the reactor, it is possible to use this equation as a way to analyse
the reactor as a calorimeter and compute the heat flow to the sample inside the reactor;
this energy includes the amount of energy that is required to heat the sample, as well as
the energy supplied/produced by the reactions occurring in the reactor. Reorganizing
Equation (3), we obtain

d Treuctor

dt

From this equation and using the temperatures that were obtained in the experiments
performed with biomass, the heat flow was computed.

Figure 9 shows the temperature profile obtained for the reactor with 2 g of biomass,
as well as the profile for the empty reactor for comparison. With the sample inside, the
temperature increases much more slowly since energy is needed to heat the materials, and
because of the mostly endothermic processes occurring inside, like water evaporation and
the pyrolysis reactions.
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Figure 9. Temperature profile inside the reactor when empty and with 2 g of biomass.

From these two sets of data, and using Equation (4), the heat flow corresponding to the
heat absorbed by the sample during the torrefaction process was estimated as a function
of time. The results, for three different amounts of biomass in the reactor, are depicted in

Figure 10.
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Figure 10. Computed heat flow on the lab-scale reactor for 30 min torrefaction of Cistus ladanifer
biomass at 350 °C (symbols—experimental results, dashed line—trend line). The trend line was
added for visualization purposes only and does not correspond to a model.

It can be seen that the majority of the heat requirements occurs up to around 140 °C,
and it corresponds mostly to water release, through evaporation, and also through the

decomposition of cellulose and hemicelluloses.
The total amount of energy that is transferred to the reactor for the process can be

obtained by integrating the heat flow into the reactor. For example, processing 2,4, and 6 g
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in the reactor leads to an overall energy transferred to the reactor (corresponding to the
integral of the curve shown in Figure 10) of 0.22, 0.10, and 0.07 MJ/Kg, respectively. This
is the energy that is supplied and compares favourably with the outcome of 10 M] /Kg of
torrefied charcoal.

3.6. Structural Observations

SEM analysis was performed to evaluate the morphological changes on the lignocel-
lulosic structure of each torrefied solid at 250 °C and 350 °C for 30 min and to compare
them with raw biomass. After the torrefaction process, the torrefied biomass became darker
and more brittle as the temperature increased. Figure 11 shows the impact of torrefaction
temperature on the microscopic structure of torrefied solids.

2018/12/27 12:03 HMMD10.4x120 500pm 2019/07 : 0 500pm 2019/07/04  11:43 y W

Figure 11. SEM images of raw and torrefied material.

From the cross-sectional images, it is clear that with the increase in temperature of
torrefaction, the wood cell structure is still well defined with micropores given by the
cell lumen distributed throughout the surface. This indicates that the cell structure was
maintained, with the evaporation of intracellular water and the release of the more volatile
components, leaving the lumen voids that correspond to the charcoal micropores. These mi-
cropores seem to be more or less regularly distributed in the material following its original
cellular arrangement and are clearer in the sample torrefied at higher temperature. Downie
and co-workers reported that the temperature increase can result in an enhancement of
char micropore development to some extent [36].

These changes are also in line with observations from other researchers [37-39] who
generally attribute them to the devolatilization and depolymerization of biomass, releasing
volatiles and rearranging cellular structures [40,41].

4. Conclusions

These results indicate that the torrefaction of Cistus ladanifer is a promising technique
for the energy densification of biomass. The overall energy balance is positive, with much
lower energy requirements in comparison with the energy that can be obtained from the
charcoal that is produced. The amount of energy that was necessary to supply to the
lab-scale reactor during the torrefaction process was only 0.06 MJ/kg, a value that was
possible to obtain through the development of a simple but innovative model to the reactor
itself that allowed us to analyse the thermal behaviour of the reactor even in unsteady-state
operation. This value compares favourably with the 10 MJ /kg that can be obtained through
burning of the torrefied charcoal. The findings obtained in this work also indicated that
torrefaction of Cistus ladanifer shrub biomass is a good approach to significantly reduce the
mass and volume of the material while maintaining and, sometimes, even increasing its
energy content relative to the original biomass, which is a novel observation and means
that the torrefaction process is actually acting as energy storage, something that would be
particularly significant if solar energy is used in the torrefaction. This will allow for more
economic transportation of the biomass, in particular if the torrefaction process is carried
out close to the collection site in a mobile system. It will also allow its more efficient further
usage, either directly in power plants, in domestic applications, for further processing in
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gasification, or even in soil amendment. The charcoal that is produced may also contribute
to wastewater treatment, since the charcoal produced can assist in water filtration.

The results also indicate that the torrefaction process is effective even if the samples
are not crushed prior to torrefaction, which is particularly relevant if the operation is to be
carried out in the field. Also relevant is the fact that using different amounts of biomass in
the reactor did not show significant differences in the behaviour and increasing the amount
of biomass in the reactor is not deleterious to the process, a fact that, again, will be very
important for practical application in a non-conventional torrefaction process, for example,
in mobile equipment. It is also important to remember that crushing after torrefaction is
also expected to be less energy consuming as torrefied biomass is more friable than the
original biomass.

From all these observations, we believe that these studies will help in designing
a mobile system that can travel through the forest areas and proceed, on site, to the
torrefaction of forest residues for later transport to units that can use the charcoal as a fuel.

The development of a combined kinetic model for the description of the thermochemi-
cal decomposition of biomass during pyrolysis and combustion reactions is important to
the understanding of biomass behaviour. The results obtained showed that the model was
well described by five pseudo-components and ash.

As a future prospective, the gaseous products of the pyrolysis process can be evaluated
to quantify their capacity, in terms of burning characteristics, to feed the torrefaction process
and to be able to design combustion equipment, although preliminary results do not show
this to be an effective way to provide heat to the system. An energy balance to evaluate the
benefit of torrefaction through the relationship between the energy expenditure to produce
torrefied biomass and the energy contained in it, should be addressed.
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