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Abstract: Gasification of biomass in fixed bed gasifiers is a well-known technology, with its origins
dating back to the beginning of 20th century. It is a technology with good prospects, in terms of
small scale, decentralized power co-generation. However, the understanding of the process is still
not fully developed. Therefore, assessment of the changes in the design of a gasifier is typically
performed with extensive prototyping stage, thus introducing significant cost. This study presents
experimental results of gasification of a single pellet and bed of particles of raw and torrefied wood.
The procedure can be used for obtaining design parameters of a fixed bed gasifier. Results of two
suits of experiments, namely pyrolysis and CO2 gasification are presented. Moreover, results of
pyrolysis of pellets are compared against a numerical model, developed for thermally thick particles.
Pyrolysis time, predicted by model, was in good agreement with experimental results, despite some
differences in the time when half of the initial mass was converted. Conversion times for CO2

gasification were much longer, despite higher temperature of the process, indicating importance
of the reduction reactions. Overall, the obtained results could be helpful in developing a complete
model of gasification of thermally thick particles in a fixed bed.

Keywords: torrefaction; pyrolysis; gasification; fixed bed; thermally thick particle; modelling

1. Introduction

Nowadays the importance of renewable energy sources, such as biomass, is increasing due to
the increased international pressure to gradually phase out the fossil fuels. Biomass is the one of
non-intermittent, controllable and potentially flexible sources [1] and it can be used with sensibly low
thermo-ecologic cost [2,3].

Torrefaction is a process of thermal valorization of solid fuel in order to enhance its fuel properties
subsequently allowing low-grade fuels, such as biomass, to become a tradable commodity [4]. It is
a process that is considered to improve the logistics and handling of the upgraded fuel [5–10] and
make it more suitable for final use, such as co-firing [11–13] or gasification [14–16]. Torrefaction is
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sometimes called slow pyrolysis and it typically takes place at temperatures between 250 ◦C and
300 ◦C with residence times ranging between 10 min and 60 min [4,17–26]. During torrefaction, part
of the mass of the feedstock is removed. Some literature sources treat torrefaction as mild pyrolysis,
which is a thermal decomposition of the organic material under the absence of oxygen [27]. Depending
on the parameters of the process, pyrolysis may result in different yields of char, liquids (oils) and
gases [28,29]. For lignocellulosic material reactions proceed, starting with a set of primary reactions,
among which one can name char formation, depolymerization and fragmentation [30]. Released
volatile organic compounds are typically unstable and are a subject of secondary reactions such as
cracking, recombination or re-polymerization [30], with the latter taking place even in the pyrolysis
oil [28].

Gasification is a process that converts solid fuel to gas [31,32]. Air and steam are mostly used as
a gasifying agents [33]. The gas, produced by a gasifier (sometimes called producer gas or more often
syngas), consists mainly of CO, H2, CO2, H2O (vapor), with smaller shares of other light hydrocarbons
such as methane [33,34] as well as more heavy hydrocarbons such as phenols, toluene, naphthalene,
benzene along with other aromatic compounds [35], which are often referred to as tars [31,36]. After
heating and drying of the solid fuel, pyrolysis takes place. In case of the fixed bed gasifiers, it is often
referred to as flaming pyrolysis [31,37] as the heat for the pyrolysis is obtained from the combustion
of the pyrolytic gases. Extensive amount of work has been done so far on numerical modelling of
the gasification in the entrained flow reactors, working with coal [38]. Much less work was dedicated
to gasification of biomass [39], although the existence of an extensive amount of pyrolysis kinetics data,
using a multitude of different models shall not be overlooked [40–43]. Nonetheless, only scarce amount
of work has been dedicated to numerical models of gasification of torrefied biomass in a fixed bed.
However, more recently some works were dedicated to modelling of the pyrolysis of thermally thick
biomass particles, which could be considered as laying the foundation for comprehensive numerical
modeling of the gasification of biomass in fixed bed reactors [44–48].

There is little information, mentioned in the literature, about the influence of torrefaction of
biomass on its subsequent gasification. Prins et al. suggested improvement in the efficiency of
the gasification when torrefaction is applied as the valorization technique [14]. Xue et al. suggested
that torrefaction might have a positive influence on gasification, due to the improved reactivity of
the biomass (Miscanthus), after torrefaction [49]. Couhert et al. reported improved quality of gas,
from entrained flow gasification of torrefied wood, in comparison to gasification of raw material [16].
The research, performed by Weiland et al., showed increased gasification efficiency, when comparing
torrefied and raw biomass, gasified in a pilot scale entrained flow gasifier [50]. Sarkar et al. studied
gasification of raw and torrefied switchgrass in an allothermal fixed bed gasifier and observed increased
efficiency of the gasification of torrefied material [51]. Pawlak-Kruczek et al. showed, that valorization
of sewage sludge, by means of torrefaction, resulted in decreased content of tars with high melting
points, during gasification in fixed bed allothermal gasifier [24].

Gasification in a fixed bed has been a subject of extensive research [31,36,37,52–58]. However,
there is still a knowledge gap in terms of influence of torrefaction on the gasification of thermally thick
particles. Moreover, little is known in terms of the combined effect of torrefaction and pelletizing
on gasification of such particles. The aim of this paper is to fill this gap and expand knowledge on
the influence of torrefaction and density of pellets on gasification of a thermally thick particle—i.e.,
torrefied wood pellets. The study aims to compare experimental results with model developed by Luo
et al. [59], by comparing the devolatilization times of a thermally thick pellet. Finally, this study is also
focused on reporting of some practical values useful as design parameters of a fixed bed gasifier.
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2. Materials and Methods

2.1. Sample Preparation and Analysis of Raw and Torreffied Materials

Sawdust from mixed wood species was used for this research. Sawdust was separated into
different particle size fractions by using a set of calibrated sieves and a sieve shaker. Sieving was
performed for 30 min. Sieved sample was separated into two fractions according to the size, i.e.
a coarse fraction between 3150 µm and 1000 µm, and fine fraction with particles smaller than 200 µm.

In order to perform pre-selection of torrefaction conditions, a sample of a raw sawdust, was
a subject of thermogravimetric analysis and differential thermogravimetry (TGA/DTG) that was
performed using a TGA/DT Pyris Diamond instrument from Perkin Elmer (Waltham, MA, United
States). A two-step program was set. During the first step, the sample was heated in up to 105 ◦C
with a heating rate of 10 ◦C/min, with a hold period of 20 min afterwards. During the second step,
the sample was heated up to 850 ◦C with a heating rate of 10 ◦C/min. The nitrogen of 99.999% purity
was used as inert gas for pyrolysis tests. Fine particles, of particle size smaller than 200 µm, were used.

A Perkin Elmer (Waltham, MA, United States) 2400 analyzer was used for the ultimate analysis,
which was performed in compliance with the procedure set in the standard EN ISO 16948 [60]. Each of
the tested materials was milled and sieved through a sieve with aperture size of 200 µm, using mortar
and pestle, prior to ultimate analysis. Friedl Equation [61–63] was used to estimate the Higher Heating
Value (HHV) of both raw and torrefied wood:

HHV = 3.55·C2
− 232·C − 2230·H + 51.2·C·H + 131·N + 20,600 (1)

where, C, H, N represent carbon, hydrogen, and nitrogen, respectively, in dry biomass (i.e. values
of C, H and N are substituted, without % sign, using values from the ultimate analysis). The result
of the calculation gives HHV with kJ/kg unit. This equation was chosen as it had been validated for
many different types of biomass, including woody biomass [61]. Friedl et al. reported a standard
error of calibration of 337 kJ/kg and an R2 coefficient of 0.943 achieved during validation of Equation
(1) against the experimental results [61]. Moreover, Gucho et al. [64] compared results obtained by
calorimetric bomb with the results obtained by this formula for torrefied beech wood and Miscanthus,
concluding that results obtained by Equation (1) varied less than 5% from calorimetry results [64].

2.2. Torrefaction and Pelletizing

Torrefaction of fine particles (particle sizes smaller than 200 µm) and coarse particles (particle
sizes between 1000 µm and 3150 µm) was performed in closed ceramic dishes of ellipsoidal footprint,
with wall thickness of approx. 4 mm and volume of approx. 100 ml, length of 10 cm, width of 6 cm,
and height of 4 cm. Prior to the experiment, each dish was filled with material, which was poured
from the height of approx. 5 cm, above the upper rim of the container. Pouring was performed,
until a conical shaped heap formed, with the bottom of the heap aligned with the rim of the dish.
Then the excess material was removed by shuffling a rigid scantling over the edge of the container in
a manner similar to bulk density measurement, according to EN ISO 17828. This allowed the material
to fill the container completely, without significant compaction. Closed containers were subsequently
inserted into hot laboratory furnace, pre-heated to 300 ◦C. Torrefaction was performed, in duplicate,
with two distinct residence times of 15 min and 30 min, in order to obtain distinctly different samples,
with respect to the severity of the torrefaction process. Temperature and residence time were selected
based on a typical range of torrefaction conditions, reported in the literature [4,8,23–26,65–68]. Selection
of the temperatures from the higher end and residence time from lower end of reported conditions
was dictated by the way these parameters influence productivity of torrefaction reactors. Containers
were closed in order to prevent access of the air, as torrefaction in slightly oxidizing conditions can
have significant influence on the product [18,69–77]. Closed containers were subsequently taken out of
the furnace and placed into a desiccator, filled with silica gel, in order to cool down.
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Pelletizing was performed, using a laboratory pelletizer, producing one pellet at a time. Pellets
were pressed, using fine particles, in a dye of 12 mm diameter. Pressure of 60 bars was applied
constantly for 1 min, using manual hydraulic press. Pressure of the hydraulic fluid was measured by
an analogue gauge. Pelletizing was repeated at least 10 times for each material.

2.3. Devolatisation Model for Thermally Thick Particles

The model was originally developed by Luo et al. [59] to investigate spherical wood devolatilization
at high temperature conditions in a single particle combustor. It is further modified to simulate biomass
devolatilization of cylinder wood particles in this work.

The model is a one-dimensional model for cylinder wood particles and the anisotropy of the wood
is neglected. Both internal and external heat transfer are included, and the mass transfer of the released
volatiles is assumed to be unlimited. Radiation between wood particles and reactor walls is considered.
The particle shrinkage changes linearly with the devolatilization degree. A fully devolatilized particle
has a shrinkage factor of 0.2 (volume based).

Based on the assumptions, mentioned above, the heat balance of thermally-thick biomass particle
can be expressed by the following Equation:

Cpρp
∂T(t, r)
∂t

=
1
r

(
rλe f f

∂T(t,r)
∂r

)
∂r

−
dXw

dt
ρDBYw0Qw −

dXvol
dt

ρDBYvol0Qpyro (2)

where, Cp, ρp, λeff are the specific heat capacity (J/(kgK)), particle density (kg/m3), and effective
thermal conductivity (W/(m K)) of the biomass particle at time t, respectively; ρDB is the initial
particle density (kg/m3) at t = 0 s; r indicates the radial position (m), t indicates time (s), whereas T is
the particle temperature (K) and Yw0 is the initial water mass fraction (dry basis), and Yvol0 is the initial
mass fraction of volatiles (dry basis). Qw and Qpyro are the evaporation heat and devolatilization
heat (J/kg), respectively. dXw/dt and dXvol/dt are conversion rates described by a drying model and
a devolatilization model. More details on drying and devolatilization models, and physical properties
(such as conductivity of biomass, heat capacity, enthalpy of pyrolysis etc.) can be found in Luo et
al. [59]. The boundary conditions at particle center and the external particle surface are described by
Equation (3) and Equation (4), respectively:

∂T
∂r

∣∣∣∣∣
r=0

= 0, allt (3)

λe f f
∂T
∂r

∣∣∣∣∣
r=R

= hc
(
Tg − Ts

)
+ ξσ

(
T4

w − T4
s

)
t > 0 (4)

where, hc is the convective heat transfer coefficient, W/(m2K) determined by the correlation of
Churchill and Bernstein [78], Tg, Tw, and Ts are gas, wall and particle external surface temperatures (K)
respectively; ξ is the particle emissivity, which depends on many factors (e.g. temperature, wood type,
surface structure). Following Luo et al. [59] it was assumed to be 0.85. R is the particle radius (m).

2.4. Pyrolysis and Gasification Experiments Using Isothermal Furnace

Pyrolysis is one of the stages of a gasification process [31,33,38]. Therefore, a pyrolysis zone can be
distinguished in all types of fixed bed gasifiers [31,33]. Consequently, it influences design parameters,
such as the residence time of the particles in the bed of a gasifier and its size [37]. However, Boudouard
reaction along with other reduction reactions also play role in gasification [33,37]. Therefore, sizing
of the reduction zone should not be overlooked in a design of a fixed bed gasifier. Due to these
reasons two suits of experiments were performed, within the course of this study. Firstly a suite
of pyrolysis experiments was performed at temperature of 600 ◦C, in N2 atmosphere (impurities
<1%). Subsequently gasification tests were performed at temperature of 950 ◦C, in CO2 atmosphere
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(impurities <1%). Both temperatures were selected, as representative for the two distinct zones, based
on temperature distribution in each of the zones, during fixed bed gasification of wood [31]. Each time
a sample of approx. 1 g was used, either in a form of a pellet or as a bed of particles, which were
introduced in a basket made of heat resistant steel mesh. Experiments were performed in duplicates.

Experiments were performed in a custom build isothermal furnace (Figure 1). The furnace has
three distinct heating zones. Each of the zones consists of a band heater with ceramic insulation.
Centre of the furnace is made of heat resistant steel tube, 2 m long, with an inner diameter of 60 mm.
The furnace allows feeding various gases in and taking samples of the gases out at three different
heights. Overall length of the tube is significant enough, with respect to its diameter, to preheat
the gases relatively quickly. Thus, the temperature gradient in the furnace is considered negligible.
Two fittings are used to close the top and the bottom of the pipe. The top fitting has a 10 mm hole in
the center axis of the furnace. The drive shaft mounted at the top of the furnace can move vertically.
A heat resistant wire is attached to the top of the drive shaft on one side, and to the sample basket
on the other. Sample basket is made of heat resistant steel plate and mesh. Samples can be loaded
by moving the drive shaft all the way to the bottom, with the bottom fitting taken off, thus moving
the sample basket into the loading zone (Figure 1).
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The composition of permanent gases in both cold, dry producer gas and pyrolytic gas was
determined on-line using the Gas 3100P analyzer (manufactured by G.E.I.T Europe bvba, Bunsbeek,
Belgium and supplied by Atut Sp. z O.O. Lublin, Poland). This analyzer uses non-dispersive infra-red
(NDIR) sensors for measurements of CO2, CO, CH4 and CxHy (light hydrocarbons, given as an methane
equivalents). A thermal conductivity detector (TCD) sensor is used to measure the H2 content, whereas
an electrochemical sensor is used for the determination of the O2 content. The T90 response time of
the analyzer is 15 s. Due to this reason time step for recording of the measurement of composition was
set to be 15 s.

Conversion during the pyrolysis experiment was determined indirectly, using measurement of
the composition of gaseous products, according to the following Equation:

Cti =

∫ ti
t=0

(
uCO2 + uCO + uH2 + uCH4 + uCxHy

)
∫ tΩ

t=0

(
uCO2 + uCO + uH2 + uCH4 + uCxHy

) (5)

where uCO2, uCO, uH2, uCH4, uCxHy is a respective share of CO2, CO, H2, CH4 and CxHy in the measured
gas in the time step ti and tΩ is the time, when concentrations of the respective compounds were
below detectability of the gas analyzer. Method could not be used for determination of the degree
of conversion, during gasification, as it was impossible to distinguish between CO2 delivered to
the process and produced during pyrolysis stage.

2.5. Uncertainty of Measurements

For the determination of the density of pellets maximum permissible error of the scale was 0.01 g,
whereas, maximum permissible error of the caliper was 0.02 mm. Each measurement was repeated
at least 10 times. For A type uncertainty confidence level of 95% was assumed, along with t-student
distribution of the results. B type uncertainty was calculated according to Equation (6):

uB =
∆g
√

3
(6)

where, ∆g was respective standard permissible error.
Combined standard uncertainty for respective measurements of mass, length and diameter of

produced pellets was calculated according to the following Equation:

uC =
√

uA
2 + uB

2 (7)

where, uA and uB were A and B type uncertainties for measurement of each value (mass, length,
diameter) respectively.

Combined standard uncertainties for measurements of length, diameter and mass of pellets
were subsequently used to calculate systematic uncertainty for density of pellets, with the following
Equation:

uρ =

√
dρ
dl

uCl
2 +

dρ
dϕ

uCϕ2 +
dρ
dm

uCm2 (8)

where indexes l, ϕ and m indicate length, diameter and mass of pellets, respectively.
The maximum linearity error of Gas 3100P is 2% of the full measuring range. Measuring ranges

were as follows: CO2 20%, CO 40%, CH4 10%, CxHy 5%, H2 55% and 25% in the case of O2. The Gas
3100P device has a linearity drift of 1% of measuring range per week, both for zero and for span.
Uncertainty for the time measurement was assumed to be 15 seconds as this was the time step set for
the gas analyzer.
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3. Results and Discussion

Results of the ultimate analysis (Table 1), show increased carbon content of the torrefied biomass,
when comparing to untreated wood. This trend has been confirmed by many different studies, for many
different types of feedstock [62,79–84]. Similarly, an increase in HHV of torrefied wood was observed,
which is similar to results reported different types of biomass in different studies [85–88]. The increase
of carbon content is not significant, in comparison to results reported for torrefaction of wood at
300 ◦C [4,21–23]. This is especially the case for the torrefaction performed within the course of this study,
with residence time of 15 min. This could be attributed to the way of performing torrefaction—i.e., bed
of torrefied material was not packed and there was no flow of gas through the bed of material. Thus
conduction was the only mean of heat transport throughout the bed of material.

Table 1. Ultimate analysis and higher heating value of raw and torrefied sawdust.

Sample C H N S Ash HHV
% dry % dry % dry % dry % dry kJ/kg

Raw Sawdust 44.75 6.24 0.59 0.19 0.61 17,786
Torrefied; 300 ◦C; 15 min; ϕ 1 < 200 µm 46.21 4.81 0.28 0.13 0.78 18,150
Torrefied; 300 ◦C; 15 min; ϕ > 1000 µm 46.59 4.56 0.14 0.09 0.84 18,224
Torrefied; 300 ◦C; 30 min; ϕ < 200 µm 48.08 4.72 0.42 0.14 1.09 18,801
Torrefied; 300 ◦C; 30 min; ϕ > 1000 µm 52.84 4.92 0.28 0.21 1.24 20,629

1 ϕ—particle size.

This heat conduction limitation had more profound effect on smaller particles, which could be
attributed to more void spaces between the particles. Typically gases are bad conductors of heat,
therefore void spaces between particles have detrimental effect on heat conduction within a bed
of particles.

It is well known that thermal processing influences any subsequent pelletizing process [89–92].
First of all, pellets of raw biomass are limited, in terms of their density, by the upper limit of the plant
cell wall density, ranging between 1450 kg/m3 and 1500 kg/m3 [93]. This is determined by the density
of the polymers the cell wall consists of, i.e., cellulose and hemicellulose [93–95]. During torrefaction
this structure is effectively broken down, but also significant part of hemicellulose is lost due to thermal
decomposition [19,22,66,96]. Nonetheless, true density reported for particles after torrefaction, can be
higher, ranging between 1525 kg/m3 and 1640 kg/m3 [77]. Therefore, effectively the density of pellets
obtained from torrefied biomass is a result of an intertwined relationship between the strengths and
structure of material as well as the availability of surfaces that can be potentially bonded to one another,
as well as the presence of the binder itself. Pellets made of torrefied wood within the course of the study
are not significantly different to pellets of torrefied wood, presented in other studies. Comparisons
with some existing literature results are made in Figure 2. Stelte et al. obtained pellets with densities,
ranging between 700 kg/m3 and 830 kg/m3, for wood torrefied at temperatures lower than in this study
(from 250 ◦C to 270 ◦C) [97]. However, severity of torrefaction might have not been as significant as
suggested by the process temperature, as torrefaction was performed with relatively long residence
time of 120 min [97]. Higher densities (between 950 kg/m3 and 1000 kg/m3) were achieved by Wang
et al. [77], for similar torrefaction times and temperature ranging between 250 ◦C and 290 ◦C [77].
Torrefaction in this study was performed in the presence of oxygen [77]. However, this should not
be considered as a cause of higher density of pellets, as similar density was also achieved by Wang
et al. for material torrefied under an atmosphere with 0% oxygen content [77] (see Figure 2). Use of
a hot die pre-heated to 170 ◦C during the experiments [77], seems to be the most plausible explanation.
Another study, by Gaitan-Alvarez et al. [98] seems to confirm this hypothesis. The study reported
densities of pellets ranging between 900 kg/m3 and 1300 kg/m3. Different species of tropical wood
from Costa Rica were torrefied at relatively low temperatures (from 200 ◦C to 250 ◦C) and residence
times (from 8 min to 12 min) [98]. However, temperature of 180 ◦C was applied during pelletizing
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process [98]. Overall, in comparison to untreated biomass, torrefaction introduces additional difficulty
in terms of its pelletizing. However, in practice this could be off-set by decreased energy consumption
for comminution, which is a pre-requisite for pelletizing or any other form of densification [99].Energies 2020, 13, x FOR PEER REVIEW 8 of 20 
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study).

At first glance, the density of pellets does not seem to be an important design parameter of
the fixed bed gasifier. However, density, shape, and the way pellets are stacked determine bulk
density of the bed. Any particular size of the gasifier’s bed will only be able to hold certain volume of
the material and higher density will undoubtedly imply higher mass of the bed. The mass of the bed,
in conjunction with the time necessary to devolatilize and gasify a portion of that mass will determine
the required size of the bed.

Additional practical implications will concern the mass of the bed that can be held, without
collapsing. Typically, char after complete devolatilization becomes brittle. Thus, too high mass of
the bed, pressing from the top, might introduce unnecessary compaction of the bed, leading to increase
of the pressure drop. Pressure drop over the bed is a very important parameter of fixed bed gasification,
as it significantly influences the flow rate of the air [100,101]. Moreover, density is an important
parameter for thermally-thick particle devolatilization models [45,59].

The ability to correctly predict thermal decomposition of thermally-thick particle is crucial for
estimation of the basic design parameter for a fixed bed gasifier—i.e., the residence time. This in
turn allows estimation of the total size of the reactor, as well as the pyrolysis zone. Mass loss during
pyrolysis, measured within the course of this study, is compared against the results obtained by
the model (Figure 3).
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Figure 3. Rate of conversion—comparison of model and experiment for pyrolysis of pellets of raw and
torrefied wood at 600 ◦C: (a) raw wood pellet; (b) pellet of fine wood particles torrefied at 300 ◦C for 5
min; (c) pellet of fine wood particles torrefied at 300 ◦C for 30 min.

However, the deviation seems to be significant forα between 0.05 and 0.95 (Figure 3). Furthermore,
it seems to be important to state that the model seems to be good at predicting total devolatilization time
as well as the time when the particle is almost completely decomposed (Figure 4). Therefore, it seems
plausible to conclude that the model gives satisfactory predictions, which could be used for estimation
of the design parameters of fixed bed gasifiers. It seems prudent to mention that estimation of the mass
loss history indirectly (Figure 5) is prone to some errors, both on the modeling and experimental side.Energies 2020, 13, x FOR PEER REVIEW 9 of 20 
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pellet of fine wood particles torrefied at 300 ◦C for 5 min; (c) pellet of fine wood particles torrefied at
300 ◦C for 30 min.

The degree of conversion, predicted by the model, was slightly underestimated for raw wood
pellets, in comparison to experimental results (Figure 3a). On the other hand, the model overestimated
the degree of conversion (α) for torrefied wood, with the difference increasing with the severity of
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torrefaction (Figure 3b,c). Regarding the modeling side, it seems plausible to state that the observed
differences were probably caused by two reasons:

(1) The devolatilization kinetic used here was derived from raw wood [102] which may be not a good
choice for torrefied wood particles.

(2) The model is 1D model, which assumes that the cylinder particle should be infinitely long
(length/diameter >4). However, the experimental cylinder wood particle’s length/diameter is in
range of 1–2, which may lead to an overestimation of devolatilization rates [103].

Regarding the mass loss history, obtained from the experiments, the underlying assumption behind
the indirect estimation, according to Equation (5), is the plug flow along the sampling train. Velocity of
the gases in the tubes connecting the outlet of the gas (Figure 1) from the series of impinger bottles
with the gas analyzer was approx. 1 m/s, which is not sufficient to obtain a fully developed turbulent
flow. However, the gas sample was the subject of mixing in impinger bottles. Moreover, the hose was
not perfectly straight, thus introducing additional sources of turbulence. Furthermore, the results were
adjusted, by moving the starting point, by the time necessary for the gas to travel between the sampling
point (Figure 1—outlet located at heating zone 3) and the inlet to the analyzer, also adjusting for
the time necessary for the analyzer to react (t90). Finally, an indirect determination of the degree of
conversion by measuring exclusively main permanent gases does not take into the account condensable
compounds. However, the extent of the influence of the condensable compounds, produced during
pyrolysis, on the overall result is not likely to be profound for high values of α, which is exactly the time
that is the aim of the estimation. Overall, only results of experiments performed with pellets could be
compared with the model (Figures 3 and 4), as the model cannot be used to make prediction for beds
of material [59].

Figure 6 shows the amount of residue (fixed carbon) that remained after each pyrolysis experiment.
Two important observations could be made, based on the obtained results. Firstly, the amount of
fixed carbon is higher in torrefied samples, in comparison to raw wood. Moreover, increased amount
of fixed carbon can be observed with increasing severity of torrefaction. This is sensible, as part of
the volatile matter is removed during torrefaction. However, difference can be observed between
the results of pyrolysis for pellets and non-packed bed of raw sawdust (Figure 6). It could be stated
without any doubt, that the pyrolysis of raw wood pellet was complete, as could be observed in
Figure 3a. Entrainment of the bed of particles also does not seem to give plausible explanation, as
it would’ve been a factor also for the case of torrefied material. Moreover, the bed of particles was
held together by the basket made of a heat resistant steel mesh. It seems plausible to hypothesize
that densely packet structure of the pellet restricted the mass flow of the pyrolysis products within
the inside of the pellet. This, in conjunction with relatively high amount of volatile matter, could’ve
caused secondary reactions to happen inside of the pellet, which would include re-polymerization
of some of the products of primary reactions. More research is needed to confirm this hypothesis
and unequivocally state that re-polymerization is responsible for results observed in Figure 6, for raw
wood pellets.
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the initial sample mass).

Experimental study on gasification of raw and torrefied wood yielded interesting results, as
shown in Figures 7–9. Peak times for CO were relatively shorter for pelletized and torrefied material, in
comparison to their respective non-pelletized equivalent, whereas release times were generally longer,
for the dominant species (Figure 7). This could be caused by an impeded flow of hot gas through
the bed of non-pelletized material. In conjunction with poor heat transfer within the bed of sawdust it
most likely resulted in higher thermal gradient within that bed, thus causing a longer release time
of the gases. From the practical point of view of some designs of fixed bed gasifiers, incorporating
constrictions and nozzles, such as Imbert gasifier, it implies that the use of pelletized biomass might
decrease the problem with limited penetration of the bed by the gasifying agent. Peaks for both H2
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Overall, it could be stated that both pelletizing and torrefaction had influence on the composition
of the gas. The release time of CO was somewhat longer than release time of CH4 and significantly
longer than release time of H2 for corresponding samples. Moreover, negligible amounts of sample
were left at the end of gasification, for all of the cases. This is probably due to the Boudouard reaction,
according to the following Equation [33]:

C + CO2 ↔ 2CO (9)

It seems perfectly reasonable, taking into account the temperature selected for gasification
experiments and the abundance of CO2. It seems important to note that the release time for hydrogen
and methane were much longer, than conversion times recorded for pyrolysis in relatively lower
temperatures (600 ◦C for pyrolysis and 950 ◦C for gasification). It can be partially contributed to
impurities in the gasification agent (impurities <1%). However, the influence of the impurities is
limited and cannot be used as the only explanation of the presence of H2 and CH4. The reason for
these impurities is imperfect separation of CO2 from other compounds, such as N2 or water vapors.
Drying of the gas is relatively easier than separation of CO2 and N2. Moreover, N2 can be considered
inert, so only water vapors, which would be a minor part of the remaining 1% of the gas, could take
part in generation of additional CH4 and H2 by steam gasification of carbon (10) and methanation
reactions (11, 12 and 13) [33]:

C + H2O ↔ CO + H2 (10)

2CO + 2H2 ↔ CH4 + CO2 (11)

CO + 3H2 ↔ CH4 + H2O (12)
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CO2 + 4H2 ↔ CH4 + 2H2O (13)

Water gas shift reaction (14) is less likely to occur, as CO2 content of the gas was initially high, due
to the use of CO2 for gasification:

CO + H2O ↔ CO2 + H2 (14)

Therefore it seems plausible to hypothesize that the composition of the gasification agent and
the composition of the surrounding atmosphere, which is a subject of change during the pyrolysis
stage, can have influence on the composition of the gas. It should be noted that respective peaks of
CH4 and H2 occurred relatively early, in comparison to the respective peaks of CO (Figures 7–9).

Interesting observation could be made, based on the offset between this negative peak and peak
of CO (Figure 10) increased with growing severity of torrefaction. However, that was the case for
non-pelletized torrefied material only. For torrefied and pelletized material the CO peak appeared
much closer to the CO2 negative peak. This could be attributed to the already mentioned heat transfer
issues of non-pelletized material. The much shorter time of the CO2 negative peak, when comparing
raw and torrefied sawdust, was probably caused by much quicker release of the gases during pyrolysis
phase, which could be attributed to a higher reactivity of the torrefied material.
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Overall, it could be stated that both physical (pelletizing) and thermal (torrefaction) valorization
has an influence on the performance of the feedstock during gasification in a fixed bed gasifier, which
in turn will have influence on both composition of producer gas and the amount of unreacted carbon,
remaining after the process. In order to obtain satisfactory performance, unreacted carbon loss should
be minimized. Reduction zone of sufficient size is needed to achieve that.

The work of Reed et al. [37] reported propagation front values in the order of magnitude of
1 cm/min, for raw wood gasification. Looking at the results obtained within the course of this study,
much more time is needed for complete conversion of char in the reduction reactions, for torrefied
material, which could be attributed to the higher content of fixed carbon in pellets made of torrefied
wood, when comparing to raw feedstock. It does not seem plausible at this point to state, that
propagation velocity for the gasification of torrefied wood would be similar to raw wood. Nevertheless,
for a single particle at least 25% up higher residence time is needed, in order to avoid losses caused
by chemical energy left in unreacted carbon. This should be also taken into account, in the design
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of gasifiers aiming at using torrefied wood pellets. Moreover, proper consideration is advised for
the projects where torrefied wood pellets are to replace raw wood pellets.

Therefore, it seems to be sensible to recommend further work on development of a model for fixed
bed gasification. In order to give satisfactory results for carbon conversion, such model would need to
intake into account reduction reactions (especially Boudouard reaction). Such a model would also need
to incorporate features of a thick-particle model, as the obtained results clearly show the influence of
the particle, especially its density, on the gasification process. The model used in this study seems to
be a good foundation for such development. Moreover, it could be used as a first approximation of
the size of the pyrolysis zone.

4. Conclusions

Of three major compounds released during gasification, release of CO was the slowest one,
therefore this release time should be used as a required residence time, if maximum carbon conversion
is to be achieved. Both release time and the time of achieving a peak concentration of CO increased with
increased severity of the torrefaction. Both release time and the time of achieving a peak concentration
of CO were significantly lower for pelletized torrefied biomass in comparison to their respective
non-pelletized equivalents. Concentrations of all the measured compounds were higher for pelletized
torrefied sawdust in comparison to the respective non-pelletized equivalents.

Peak times were relatively shorter for pelletized and torrefied material, in comparison to their
respective non-pelletized equivalent, whereas release times were generally longer, for the dominant
species (CO). This suggests that pelletized biomass is potentially less susceptible for potential problems
with penetration of the gasifying agent in gasifiers with constrictions, due to better heat transfer within
individual particles. With respect to the design parameters of the stratified gasifiers, for torrefied
pellets, at least 25% higher residence time is advised, in comparison to the use of raw wood pellets.
This would imply increase in the assumed height of the bed of material above the grate. However,
more research is needed to confirm this, as the gasification propagation velocities within the bed also
need to be determined for the case, where torrefied pellets are used.

The offset between the negative peak of CO2 and the peak of CO concentration was rising with
increased severity of torrefaction, however, for non-pelletized torrefied material only. For torrefied
and pelletized material the CO peak appeared much closer to the CO2 negative peak. This could be
attributed to the already mentioned heat transfer issues for non-pelletized material.

Further work is recommended on development of the model that could work for a bed of material,
taking into account all stages of gasification. Such a model would be a pre-requisite for tailoring
designs of fixed bed gasifier allowing the most optimal use of valorized fuels. This would eliminate
the trial and error phase of research and development process and speed up the effort aiming for
optimization of the design of gasifiers.
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