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Abstract: The combustion of solid biomass in industrial boilers involves a sequence of processes
that include heating, drying, devolatilization, and char conversion. To maintain a repeatable and
fully controlled environment, and to monitor all the dynamics involved in the phenomena at a real
scale, field-scale experiments become necessary to perform investigations. In this way, to evaluate
different thermochemical conversion conditions of biomass particles under an oxidative atmosphere,
and to quantify the emission of the main gas compounds continuously, a small-scale reactor was
developed and presented in this paper. Hence, in this work, larger particles of eucalyptus are burned
at 400 and 800 ◦C under different stoichiometric conditions to understand the differences between
different biomass conversion regimes (gasification and combustion). The analysis of the mass loss
at the different temperatures was characterized by only two different and consecutive stages for
both thermochemical conditions. The first region does not present the influence on the air flow rate;
however, there is a significant difference in the second region. This fact highlighted the importance
of the diffusion of oxygen during the char conversion. Regarding the quantification of the gas
compounds, an increase of around 3 times in the CO and CO2 emissions when gasification occurs was
observed at 400 ◦C. However, at 800 ◦C, the same trend was verified, also verifying a considerable
amount of CH4.

Keywords: biomass; combustion; gas emissions; macro thermogravimetric analysis; pyrolysis; woodchips

1. Introduction

Solid biomass fuels, unlike fossil fuels such as coal, do not take millions of years to
develop and, every year, a vast amount of biomass grows through the photosynthesis
process by absorbing CO2 from the atmosphere. Solid biomass is thus considered a renew-
able energy source and an interesting route to diversify energy production and reduce the
dependence on fossil fuels [1]. Eucalyptus is the most representative solid biomass species
in Portugal [2]. It was reported in 2015 that this species occupied 882,000 ha of the total
forest area. It is still growing and is a major resource for paper production as well as fuel
for heat production (both in households and in industry) [3]. Although the major source
of solid biomass comes from the trunk, the literature emphasizes other streams of solid
biomass with high potential. As an example, Roman et al. [4] have studied the potential of
forest waste biomass for briquette production. Such works are a major contribution to the
area as they present alternatives for the current solid biomass streams.

Regarding the main technological pathways for the production of heat and power,
or combined heat and power, through the utilization of solid biomass, combustion and
gasification are the main options [5]. Combustion represents one of the oldest technologies
of biomass thermochemical conversion and utilization. The combustion process is an
exothermic reaction between oxygen and biomass-volatile compounds that produce heat.
The heat released is the main source of energy used in this process [6]. In a typical biomass
combustion process, three main stages can be observed: drying, devolatilization, and char
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burning. The drying stage is associated with the water evaporation present in the biomass.
During the devolatilization stage, volatile compounds are released and burned with the
oxygen present in the atmosphere. For the char combustion stage, the remaining carbon
reacts with the oxygen, leaving ashes at the end of the combustion [7,8]. In the operation
of biomass boilers, the design of the air supply system, including primary and secondary
air, plays an important role in the combustion efficiency of biomass [9,10]. Yin et al. [11]
reported that for grate-firing, one of the main technologies in biomass combustion, the
overall excess air is usually set to 25% or above.

In its turn, gasification consists of burning biomass with insufficient oxygen under
sub-stoichiometric conditions to produce combustible gases, which are collectively referred
to as syngas. This is an attractive method of efficient energy extraction, mainly because a
considerable amount of CO and CH4 are obtained in comparison with combustion. Hence,
in solid biomass gasification, an air-to-fuel ratio around 1.5:1 to1.8:1 is necessary, while a
combustion ratio is around 3.8:1 [12].

Since, in both technologies, the main stages of biomass thermochemical conversion
remain the same, the study and comprehension of the gas-release evolution in a practical
way can provide knowledge to develop computer models or to design equipment, such
as furnaces, stoves, boilers, and gasifiers [13]. Among the three stages, devolatilization is
considered one of the most important for heat and power generation. Hence, it is related
to the oxidation, under different stoichiometric conditions depending on the conversion
technology, of the volatile compounds and has a significant impact on the exothermic
reaction. For that reason, it is also important to study and understand the composition of
the gas released during the devolatilization stage. Usually, complete combustion yields only
CO2 and H2O as reaction products. However, other compounds can be formed, such as
CH4, CO, and H2, increasing pollutant emissions and contaminating the environment [14].

To study the thermochemical conversion behavior of solid biomass, TGA (Thermo
Gravimetric Analysis), a well-known thermal analysis technique and one of the most used,
is applied [15,16]. Several authors have applied TGA to characterize the conversion of
samples with a reduced size and mass in a kinetic way. However, TGA experiments are
limited to assess the gas phase, and the lack of information in the literature relative to the gas
emissions in this type of work persists [17–20]. Nevertheless, the gaseous release process
analysis can be evaluated using the same technique but on a larger scale, commonly known
as macro TGA [21]. In this way, the experiments are closer to the real thermochemical
conversion processes, either in industrial or domestic equipment. Hence, macro TGA
experiments take into account heat and mass transfer effects.

Regarding the literature concerning macro TGA experiments, Becidan et al. [22] pre-
sented the application of chromatography and spectrophotometry to study the gases
released during the combustion of biomass residues. A fraction of the exhaust gases is
collected and analyzed by a Fourier-Transform Infrared Spectroscopy (FTIR) analyzer and
a micro-gas chromatograph. The FTIR was used to quantify CO2, CO, CH4, C2H2, and
C2H4. The gas samples were also quantified online using a micro-gas chromatograph
equipped with two thermal conductivity detectors and a double injector connected to two
columns to separate and quantify CO2, hydrocarbons (CH4, C2H2, C2H4, and C2H6), and
the remaining gases (H2, O2, CH4, CO, and N2) in another column. Brunner et al. [23] and
Gauthier et al. [24] also applied both techniques to analyze the NOx emissions, ash release,
and the main gaseous species and tar, respectively. Additionally, Weissinger et al. [25]
described the release of nitrogen compounds using FTIR spectroscopy. Both works refer
to the importance of the determination of nitrogen gaseous compounds that may serve as
input profiles for Computational Fluid Dynamics (CFD) simulations. Bennadji et al. [26]
and Nikku et al. [27] measured the fractions of light species from pyrolysis at low tempera-
tures and compared the reactivity of municipal solid wastes with biomass and coal samples
through the FTIR technique, respectively. Hu et al. [28] analyzed the influence of different
atmospheres in the gaseous conversion using the mass spectrometer.
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Although the quantification of the gaseous compounds released during the thermal
conversion of biomass is not addressed, there are works in the literature where the conver-
sion of biomass was analyzed separately through the macro TGA technique. Baumgarten
et al. [29] and Samuelson et al. [30] analyzed the combustion behavior under typical isother-
mal conditions in the start-up of furnaces. Orang et al. [31] observed the effect of moisture
content on combustion behavior. The author highlighted the higher drying and the ignition
times due to the increase of the moisture content.

Thus, macro TGA experiments provide the possibility to control and maintain exter-
nal heat fluxes in order to better represent, at a small-scale, the conditions expected in
industrial boilers.

Gauthier et al. [24] used a purpose-built horizontal lamp tube reactor to perform
pyrolysis of centimeter-scale wood particles, for temperatures ranging between 450 and
1050 ◦C. Yang et al. [32] studied the effect of the particle size (pinewood cubes ranging
from 5 to 35 mm) on pinewood combustion in a batch reactor by measuring the mass
loss rate and the temperature profile at different bed locations and gas composition in the
out-of-bed flue gases. Ryu et al. [33] studied the combustion of four biomass materials
with different fuel properties under fuel-rich conditions, measuring temperature, mass
loss, and gas composition. Mahmoudi et al. [34] focused on developing a numerical model
using the Euler-Lagrange model in which the fluid phase is a continuous phase and each
particle is tracked with the Lagrangian approach to understand the combustion phase. This
work was performed along with an experimental study, with temperature and mass loss
monitoring, to validate the numerical model. Wurzenberger et al. [35] created a combined
transient single particle and fuel-bed model of a furnace in order to optimize its efficiency
and emissions by acquiring information about all the physical and chemical effects on
the process. Markovic et al. [36] studied the combustion of wood waste with pre-heated
primary air up to 350 ◦C and the secondary air distributed via nozzles above the waste
layer. The authors measured temperature, gas composition, mass loss, and the influence
of primary air speed, fuel moisture, and inert content on the combustion characteristics.
Eric et al. [37] focused the study on the kinetics of loose biomass in a vertical tube reactor
measuring the fuel mass loss rate, with two biomass combustion models (piston and batch
model). Most of the testing conditions resemble the traditional (micro) TGA operation
where the sample follows a pre-defined heating curve. Usually, this leads to heating rates
well below those expected inside a furnace. Long et al. [38] reported an alternative approach
in which the sample was introduced into a reactor set at a predefined temperature. The
authors only reported mass loss rates. Lelis et al. [39] measured the mass loss and variation
of the elemental composition of pine wood pellets. The authors used a macro TGA to
investigate the influence of temperature and time on devolatilization of C, H, and N. The
experiments were carried out at a constant temperature, and it was found that the rate
of release of N is higher than other compounds. However, no information on the actual
species formed was provided.

This work presents an experimental facility developed to study how biomass fuels may
behave in industrial power plants. Thus, the mass loss profiles at different thermo-chemical
conditions of eucalyptus woodchips are presented together with the composition of the
gases released over time. Furthermore, it is important to point out that the motivation
for this work is related to the need to understand the composition of the gas compounds
released during the conversion of solid biomass particles. It is necessary to know the
composition, the amount of pyrolysis products in different reactor thermal conditions,
and the reaction rate of the particles. A recent investigation mentioned that numerical
prediction inside a grate-fired boiler depends on the devolatilization kinetics mechanism,
which can significantly affect the outputs from the bed model [40]. Most of the CFD models
usually employed biomass elemental composition and enthalpy conservation equations or
models, like that proposed by Thunman et al. [41] and Neves et al. [42], to determine the
composition of pyrolysis products (e.g., [43]). However, the results of this type of approach
can produce unrealistic results. Therefore, there is a clear need to develop macro TGA
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experiments to obtain experimental information that may be used to develop mathematical
models to describe the devolatilization of biomass. These models can be used as an input
to CFD models for grate-type combustors.

2. Materials and Methods
2.1. Samples

The woodchips necessary for the macro TGA experiments were prepared from large
eucalyptus trunks by means of a knife chipper. Hence, larger particles were obtained,
with dimensions similar to the ones used in biomass power plants, ranging from a few
millimeters up to hundreds of millimeters. The particles were then spread in a room to
be air-dried and to reduce the moisture content. After this, the particles were then sieved,
and the particle size distribution was assessed by horizontal screening according to the
standard EN 15149-1:2010 Part 2 using sieves with square hole apertures of 3.15, 8, 16, and
50 mm. The most representative particle class size was between 8 to 16 mm, which is in
agreement with the analysis carried out on a biomass power plant [44]. In this way, the
particles within this class size were collected and used for the experimental program. At
that time, and after being air-dried for approximately one month, the moisture content
of the particles was observed to be between 10 to 15% (dry basis). The elemental and
proximate composition of the particles was also evaluated considering the standards for
solid fuel characterization (CEN/TS 15414:2006 and CEN/TS 15104:2005, respectively),
and the results are presented in Table 1.

Table 1. Composition of the eucalyptus woodchips.

Proximate Analysis (wt.%, Dry Basis) Ultimate Analysis (wt.%, Dry Ash Free)

Volatile matter 88.90 Carbon 48.68
Ash 1.00 Hydrogen 6.91

Fixed carbon 10.10 Nitrogen 0.23
Oxygen 44.18

2.2. Experimental Apparatus and Procedure

A lab-scale reactor to represent the different thermochemical conversion conditions of
solid biomass particles was designed. During the design stage, some important constraints
were addressed. The first issue was related to the possible amount of biomass in each
experiment and the ease of access to the interior of the reactor in order to introduce the
sample. This was particularly important in order to consider secondary reactions in the fuel
bed appropriately and also to consider high heating rates of the fuel comparable to real-scale
grate-fired boilers. Secondly, high flexibility regarding analytical equipment connected
with the reactor, and easy handling during the experiment without any interference with
the sample, was also important. Moreover, online recording of relevant operation data
was paramount.

Hence, the reactor can replicate the behavior of a fuel sample used in different combus-
tion or gasification devices and, thereby, evolve through the different reaction stages (drying,
devolatilization, and char combustion). The reactor had a cylindrical shape, 200 mm in
diameter and 350 mm in height. In the surrounding walls, there was a 2 kW electrical heater
and refractory material to avoid heat losses. At the upper part of the reactor, there was a
rotating lid with a rip of 10 mm to allow the connection of a small basket with the biomass
particles to a digital scale. Furthermore, two type K thermocouples were connected to a
digital temperature controller, Eurotherm brand, that controlled its operation. The desired
temperature in the equipment can be defined in the set-point temperature, but there is
no possibility to monitor and acquire their variation over time. There are other external
devices necessary to develop the experiment. An external flowmeter and scale were used
to control the gas flow rate supplied to the reactor and to measure the mass loss variation
of the sample, respectively.
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The weight measurement of the sample was carried out by using a perforated cylin-
drical basket of 60 mm in diameter and 50 mm in height inside the reactor, suspended
from the digital scale by a stainless-steel wire of 2 mm in diameter. Consequently, as there
were three different devices, a data acquisition and monitoring program was developed
using LabVIEW software to centralize the information of the different parameters and to be
able to record the data throughout the experiments. Consequently, the LabVIEW program
continuously recorded the weight, air flow rate, and temperature. In addition to these
devices, a portable gas analyzer, Rapidox 5100 model, was used to measure the main gas
compounds (CO2, CO, H2, and CH4) released during the experiment. All the gases have
a ±1% full scale accuracy and a 0.1% resolution. The collection and analysis of the gas
samples were only possible through the utilization of a vacuum pump and a particle and
moisture filter.

Thus, the mass loss and the gas emissions during each experiment are measured
over time. Figure 1 presents a schematic diagram of the apparatus involved in the macro
TGA experiments.
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Figure 1. Experimental apparatus.

Regarding the experimental procedure, the small-scale reactor was turned on and
preheated to the desired temperature before each experiment. The temperatures considered
in this work were 400 and 800 ◦C in order to present a comprehensive view of biomass
conversion over a wide temperature range. Inside the reactor, the walls radiated heat to the
surface of the basket, which was in the middle of the reactor. The perforated basket allowed
for an air flow to enter and react with the woodchip particles. After reaching a constant
temperature in the reactor, the basket was removed, the sample with approximately 20 g
was quickly loaded, and the basket was then introduced back into the reactor.

During each experiment, the air flow was controlled at different air flow rates in order
to reproduce gasification and combustion regimes at any desired temperature. The air
flow necessary for each conversion regime was determined by using Equations (1) and (2),
which represent a stoichiometric combustion reaction and the air-to-fuel ratio (λ).

CxHyOz + a(O2 + 3.76 N2)→ b CO2 + cH2O + d N2 (1)
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λ =

mair,real

m f uel
a ·Mair

x ·C + y ·H + z ·O

(2)

Hence, taking into account the elemental composition of the eucalyptus woodchips
presented in Table 1 and the reference value of the air-to-fuel ratio for gasification (0.1 to
0.3) and combustion (1.4), the air flow rate used for gasification experiments was 0.1 L/min,
15.5 for combustion experiments, and 50 L/min for experiments using 400 and 800 ◦C,
respectively. The different air flow rates used for experiments at the highest temperature
were necessary because the reaction is considerably faster than at 400 ◦C. The experiments
were run in duplicate for 15 and 10 min for experiments at 400 and 800 ◦C, respectively.
The average values were computed and are reported in the following section. The standard
deviation during all experiments was not higher than 0.09%.

3. Results and Discussion
3.1. Thermochemical Conversion: Mass Loss

The mass loss of the samples of eucalyptus woodchips for gasification and combustion
regime is presented in Figure 2. Two distinct zones can be identified, each one with a nearly
linear variation with time.

Processes 2022, 10, x FOR PEER REVIEW 6 of 12 
 

 

x y z 2 2 2 2 2C H O + (O 3.76 N ) CO H O + Na b c d+ ⎯⎯→ +
 (1) 

,

M

C H O

air real

fuel

air

m

m

a

x y z

 =


 +  +   

(2) 

Hence, taking into account the elemental composition of the eucalyptus woodchips 

presented in Table 1 and the reference value of the air-to-fuel ratio for gasification (0.1 to 

0.3) and combustion (1.4), the air flow rate used for gasification experiments was 0.1 

L/min, 15.5 for combustion experiments, and 50 L/min for experiments using 400 and 800 

°C, respectively. The different air flow rates used for experiments at the highest tempera-

ture were necessary because the reaction is considerably faster than at 400 °C. The exper-

iments were run in duplicate for 15 and 10 min for experiments at 400 and 800 °C, respec-

tively. The average values were computed and are reported in the following section. The 

standard deviation during all experiments was not higher than 0.09%. 

3. Results and Discussion 

3.1. Thermochemical Conversion: Mass Loss 

The mass loss of the samples of eucalyptus woodchips for gasification and combus-

tion regime is presented in Figure 2. Two distinct zones can be identified, each one with a 

nearly linear variation with time. 

 

 

(a) 

 

 

(b) 

Figure 2. Mass loss curves considering the gasification and combustion regime at: (a) 400 °C and (b) 

800 °C. 
Figure 2. Mass loss curves considering the gasification and combustion regime at: (a) 400 ◦C and
(b) 800 ◦C.

In the first region, which includes both the drying and devolatilization stages, there
is no significant difference between gasification and combustion conversion regimes. At
400 ◦C the average mass loss was 75%, while at 800 ◦C the mass loss was approximately
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85%. This suggests that temperature has a small impact on the sample’s mass loss. However,
temperature has a major impact on the devolatilization rate. The average mass loss rate
detected was 0.16 and 0.72%/s in gasification conditions at 400 and 800 ◦C, respectively.
However, in combustion conditions, the devolatilization rate increases from 0.16 to 0.70%/s
at 400 and 800 ◦C, respectively. This means there is an increase of nearly four times the
devolatilization rate by increasing the process temperature from 400 to 800 ◦C.

However, after the first region, the mass loss decreases over time but at a much
slower rate. Hence, when the moisture and volatile matter are completely released, char
oxidation starts and the mass loss starts to decrease more slowly. Mau et al. [45] showed
this phenomena in his work by performing TGA on several char samples.

Hence, in the second region, it is possible to observe that there are differences between
the mass loss curves at different thermochemical conditions and at both temperatures. For
this stage, the average mass loss rate was 0.016 and 0.006%/s in gasification conditions
at 400 and 800 ◦C, and 0.024 and 0.012%/s in combustion conditions at 400 and 800 ◦C,
respectively. There are two main characteristics that can be noticed. In the first one, the
mass loss rate was higher in combustion conditions, indicating that the presence of air
enhances thermal loss due to the higher diffusion of oxygen into the solid biomass particles
when compared with reduced oxygen in gasification. Simultaneously, at 400 ◦C the mass
loss rate was higher compared with the tests performed at 800 ◦C for both conditions. This
suggests that the remaining volatile matter that could not be devolatilized in the first stage
is used to improve the char oxidation. This is in agreement to the review by Li [46] in
which the author demonstrated the importance of the volatile-char interactions during the
gasification process.

Furthermore, another important issue that can be observed by analyzing the mass
loss curves is that the drying and devolatilization stages happen at the same time. One of
the reasons might be because the moisture content of the samples was not so significant.
However, higher moisture content can introduce some variance on the mass loss on a
TGA experiment [47]. As it can be observed, there are no variations of the mass loss
in the early stages, which states clearly that the gasification and combustion processes
of larger particles do not have the sequence of distinct conversion stages when large
particles are burned. In smaller samples, these two steps can be clearly identified as
separate events, as the thermal gradients inside the particles are negligible [48]. Table 2
presents some characteristic parameters of the mass loss curves, which corroborate the
abovementioned findings. Additionally, the results of the final mass suggest that char
conversion also depends on the environment temperature. This fact is highlighted by the
difference observed in the result between the experiments at low and high temperatures.
Hence, mass transfer (diffusion of oxygen) and kinetics control the second mass region.

Table 2. Characteristic parameters of the mass loss curves at different regimes of thermochemical
conversion in the same period of the experiment (600 s).

Temperature Mass Loss—1st
Stage (%)

Devolatilization
Time (s) Final Mass (%)

Gasification
400 ◦C 74.49 466 23.35
800 ◦C 84.60 117 12.44

Combustion
400 ◦C 75.19 477 21.80
800 ◦C 85.80 126 8.30

3.2. Gas Release: Product Distribution

The gases released during all conversion periods were collected. Figure 3 presents the
average results from these experiments and shows, in particular, that gaseous emissions
are strongly dependent on the operating temperature and the thermochemical conversion
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regime. The standard deviation during all experiments was not higher than 0.5%. The
remaining volume percentage corresponds to the nitrogen and oxygen content.
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Figure 3. Gas emissions at different reactor temperatures and conversion conditions: (a) gasification
at 400 ◦C, (b) combustion at 400 ◦C, (c) gasification at 800 ◦C, (d) combustion at 800 ◦C.

A similar trend was reported by Neves et al. [42], where it was found that at tempera-
tures above 500 ◦C, the gaseous products strongly become temperature-dependent, leading
to a substantial increase in the CO mass fractions. This was considered a result of secondary
reactions, which resulted in the decrease in the tar mass fraction, also due to the conversion
to CH4. The same behavior was described by Mehrabian et al. [43] based on dedicated
experiments and data collected from the literature. Secondary reactions of the volatiles
are negligible at low temperatures, and most of the permanent gases result directly from
biomass thermal degradation. Within the low temperature range, gases like CO and CO2
are the main permanent gas compounds with low quantities of CH4. As the temperature
increases, secondary reactions occur, and an increase in CO and CH4 are attributed to the
decrease of tar. Here, due to higher temperatures, the yields of the volatiles have a strong
correlation with the temperature and CO is considered responsible for the conversion of
two-thirds of the tar.

Although the tar was not measured during the experiments, the results are in accor-
dance with the theory. As depicted in Figure 3, there is a considerable increment of the CO
from 10 to 21%, CH4 from 1 to 20%, and CO2 from 1 to almost 15% (peak) in gasification
conditions, when increasing the temperature. In combustion conditions, the increase in
temperature also enhanced the concentration of CO and CO2 from 3.5 to 5% and 4.5 to 9%,
respectively. Regarding the influence of the air in the process, at 400 ◦C, increasing the air
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flow rate enhanced the combustion process by converting the CO into CO2. At 800 ◦C, once
again, the air revealed a major influence on gas conversion, specifically for the CO and CH4
that decreased their concentration from 21 to 5% and 20 to 1%, respectively. This fact is
in line with the previously mentioned findings reported in the literature. To quantify the
differences between both conversion regimes and the influence of the reactor temperature,
the volume of each gas compound, as well as their average value, was computed during
the experiment. Table 3 presents these values and it is possible to observe that all gas com-
pounds, except H2, increased when the experiment was developed at 800 ◦C, particularly
in sub-stoichiometric conditions.

Table 3. Normalized gas emissions considering the different regimes of thermochemical conversion,
temperatures, and the duration of the experiment (600 s). The numbers in brackets refer to the average
percentage during the experiment.

Gasification Combustion
400 ◦C 800 ◦C 400 ◦C 800 ◦C

Value (L/g Biomass)
CO2 0.32 (0.57) 3.96 (9.99) 1.43 (3.01) 1.28 (4.05)
CO 2.58 (4.50) 2.79 (7.07) 0.86 (1.82) 0.53 (1.73)
CH4 0.18 (0.30) 2.02 (5.13) 0.08 (0.17) 0.13 (0.44)
H2 0.32 (0.63) 0.34 (0.87) 0.32 (0.69) 0.36 (1.06)

4. Conclusions

This work presented a purpose-built facility developed to study how solid biomass fu-
els behave in conditions similar to those found in industrial power plants. This work stands
out from the major of macro TGA in literature as it employs a single work temperature
in contrast to the usual increase of the temperature on a fixed heating rate [38,49]. From
a practical point of view, this information may be valuable for developing mathematical
models. Hence, the mass loss profiles at different thermochemical conditions of eucalyptus
woodchips are presented together with the composition of the gases released over time at
two different temperatures.

The reactor proved to be a very useful equipment to analyze the combustion behavior,
study the phenomena, which are relevant in an industrial furnace on a small scale, and
demonstrated good reproducibility. Furthermore, the weight loss and the release quantifi-
cation of the different gas compounds were particularly important to expose the differences
between the different thermochemical conversion regimes. The main results and findings
led to the following conclusions:

• Mainly due to the low moisture content, only two different stages can characterize
the mass loss of eucalyptus woodchips at low and high temperatures with different
kinetics for both thermochemical regimes.

• The first region, which corresponds to a mass loss of 75 to 85% (gasification and
combustion, respectively), does not present the influence of the air flow rate, which
defines the thermochemical conversion condition; however, there is a significant
difference between gasification and combustion conversion at different temperatures.
Therefore, the kinetics of the reaction in the devolatilization stage is mainly dependent
on the temperature.

• The second conversion stage, in its turn, is dependent on the air flow rate and, therefore,
dependent on the diffusion of the oxygen supplied to the solid biomass particles.
However, it was verified that at the lowest reactor temperature this reaction presented
a contribution of the temperature. This might be related to the remaining volatile
matter that was not consumed in the devolatilization stage and was used to react with
the remaining carbon.

• Regarding the gases released during all conversion periods, a strong dependency on
the reactor temperature and the thermochemical conversion regime was observed.
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• All gas compounds, except H2, increased substantially with reactor temperature and,
mainly, when gasification occurred. This suggests that the success of obtaining a better
combustible gas during the gasification process depends substantially on process
temperature [50].

• The yield of the lowest temperature, comparing both thermochemical conversion con-
ditions, the CO and CO2 emissions are approximately 3 times higher when gasification
occurs. However, at 800 ◦C, the same trend was verified, while a considerable amount
of CH4 was also verified.

• The gas emissions also showed the impact of the air injection in the conversion of
combustible gases and in non-combustible gases. By increasing the CO2, CO, and CH4,
concentrations for both temperatures were reduced.

• The measurement of the gas emissions in the purpose-built facility also demonstrated a
useful strategy to further define the correct boundary conditions for CFD simulations.

For future work, data concerning reaction kinetics and gas emissions will be incorpo-
rated into a numerical model to describe the thermochemical conversion behavior inside
an industrial grate-fired boiler. This type of information is one of the main drawbacks of
commercial simulation software. Additionally, this approach extends to other types of fuels
whose behavior is less understood.
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