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a b s t r a c t

This work, performed in the context of Gaya project, focuses on the characterization and modelling of the
effect of the pyrolysis heating rate on the steam gasification of char from woodchips. An experimental
work was performed based on thermogravimetry and solid characterization of char samples prepared
under different conditions. The results showed that gasification apparent reactivity increased with the
increase of heating rate. The faster chemical kinetics of char prepared under high heating rate could be
related to its higher catalytic inorganic content together with a more reactive carbonaceous structure.
The increase of heating rate favours porosity development and the enlargement of pores, which would
have a positive effect on gasification reaction rate by enhancing gas diffusion within the solid. The effect
of heating rate on char gasification was included in a model previously developed, by correlating the
chemical kinetics, particle density and diffusion rate to the char yield, which was selected as a suitable
indicator of the heating rate. The new version of the model, considering the variability of heating rate
during char formation, was validated through accurate predictions of the experimental results.

1. Introduction

Biomass gasification is a process with a high potential for en-
ergetic transition, as it represents a sustainable alternative to fossil
fuels, with low greenhouse gas emission. Through this process,
biomass is decomposed into a gas mixture, mainly composed of H2
and CO, due to the action of heat and chemical reagents such as
H2O, CO2 or O2 in stoichiometric default. The gas produced through
gasification has many energetic applications, such as the synthesis
of biomethane that can be used as fuel for transportation and po-
wer generation.

The GAYA Project attempts to demonstrate the technical and
economic feasibility of biomethane production through biomass
gasification in France. The technology selected, a fast internally
circulating fluidized bed (FICFB), couples a bubbling fluidized bed
reactor for gasification and a transported bed reactor for combus-
tion. In the gasifier, the biomass is pyrolyzed in an atmosphere
composed of steam, resulting in the production of gas, tar and char.
The pyrolysis products subsequently react among them and/or with
the steam present in the atmosphere. Char is then partially gasified

in the gasifier. In the combustor, the oxidation of the remaining
char provides the required heat for the biomass gasification pro-
cess, which is endothermic.

The char residence time in the gasifier, a key parameter of the
process, needs to be optimised in order to simultaneously maxi-
mize the syngas production from char gasification, and leave
enough residual solid for burning in the combustor to keep auto-
thermicity. For this purpose, the understanding of char gasification
process on the conditions of interest and the development of a
predictive model is essential.

In a previous study [1], we showed that, under typical condi-
tions of a fluidized bed reactor (FBR), the gasification rate of a
woodchip char particle is controlled by chemical kinetics and in-
ternal transfer phenomena. Moreover, a semi-empirical kinetic
model was developed to predict the gasification rate and was
experimentally validated. This model is not able to provide a
detailed description of char gasification, but it presents satisfactory
levels of accuracy under the explored conditions. Physical models,
such as the grain or volumetric model [2e4], are able to provide
extensive information but their integration into a reactormodel can
be compromised by their complexity. Physical models have been
simplified by capturing the main phenomena in a way as simple as
possible [5,6], but their level of complexity is still considerable.* Corresponding author.
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Compared to empirical modelling approaches based on the math-
ematical fitting of the results [7], the developed model owns a
certain physical meaning.

The previous study was performed using char samples prepared
under similar conditions, while it is known that char characteristics
strongly depend on the conditions during its formation, in partic-
ular the heating rate. In a FBR, the heating rates are usually
considered to be high with global heat transfer coefficients at
particles surface in the range of 200e800 W m!2. K!1 [8e10].
Nevertheless, because of the wideness of this range, the charac-
teristics of a char from a FBR may vary.

The difference between a char prepared under low and high
heating ratee respectively LHR and HHR chare has been studied in
literature, through experiments in thermogravimetric analyzer
(TGA), SEM observations, Raman spectroscopy analysis, measure-
ments of density and porosity, and specific surface area determi-
nation. These investigations focus on coal as feedstock, as well as
char from different types of biomass and different size ranges e
from millimeter to centimeter-size particles. In general, authors
agree that fast pyrolysis leads to lower char formation and higher
reactivity, in comparison to slow pyrolysis. Milosavljevic et al. [11]
observed that the char yield from cellulose pyrolysis decreased by
increasing the heating rate, which is in agreement with the results
from lignin pyrolysis [12]. According to Robert et al. [13], the higher
reactivity for a HHR char is due to its modifications of structure and
surface area, rather than its effect of intrinsic reactivity. Similarly,
Cetin et al. [14,15] corroborated the higher reactivity of the HHR
chars to a higher specific surface area. They also noted that, ac-
cording to SEM observations, the LHR chars kept the initial biomass
structure whereas the HHR char had a different morphology after
being subjected to plastic deformations, in particular to swelling
and melting during pyrolysis at atmospheric pressure. Biagini et al.

[16] studied the deformation of HHR chars produced at different
temperatures. They concluded that at relatively low temperature
(around 600 "C), bubbling and swelling are the predominant phe-
nomena leading to an enlargement of the particle, whereas at
higher temperature (800 "C) the particle slightly shrinks due to
crack formation and melting of the material. Okumura et al. [17]
analyzed the chemical structure of LHR and HHR chars by Raman
spectroscopy, and they observed no crystalline structures in any of
the samples. The lower reactivity of the LHR chars cannot then be
explained by the presence of crystalline structures, which are
usually low reactive. Instead of this, the authors related the higher
reactivity of the HHR chars to the sparseness of its internal and
external surface, which was the result of the high structural dam-
age caused by the violent release of volatile compounds during fast
pyrolysis. Guerrero et al. [18] linked the increase of reactivity at
higher heating rate to the formation of more active sites for gasi-
fication reaction, which was experimentally reflected by a higher
content of O and H. A similar result was found in coal pyrolysis
under a CO2 atmosphere, where the chars from fast pyrolysis were
more oxygenated than those from slow pyrolysis [19]. However, the
effect of heating rate in the elemental composition of char was not
always noted, as for example in the case of lignin pyrolysis [12].
Mermoud et al. [20] showed that HHR chars are less dense and
more porous than LHR chars, as also observed by Zanzi et al. [21].
Moreover, the pore size distribution is different between the
samples: HHR chars tend to have a higher macroporosity but lower
microporosity than LHR chars, which may. explain their higher
reactivity. In fact, the authors assumed that mesoporous and
macroporous surface are better indicator of reactivity than micro-
porous surface, as micropores may not be active during gasification.
The possible catalytic effect of inorganics on reactivity was also
mentioned by Mermoud et al. [20], as ash content is higher in HHR

Latin nomenclature

CH2O steam concentration, mol$m!3

D diffusion coefficient, m2$s!1

Ea activation energy, J$mol!1$K!1

f(X) surface function, -
k0 pre-exponential factor, bar-n$s!1

k kinetic constant, s!1

MC char molar mass, kg$mol!1

Lc characteristic length, m
m(t) mass sample, g
m0 initial mass sample, g
n order of the reaction, -
PH2O steam partial pressure, bar
R ideal gas constant, J$K!1$mol!1

R(t) reactivity, s!1

rD diffusion rate, mol$m!3$s!1

rint intrinsic reaction rate, mol$m!3$s!1

rp mean pore radius, m
Sp specific surface area, m2$g!1

T gasification temperature, K
X or X(t) conversion, -
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ε char particle porosity, -
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rapp char particle apparent density, kg$m!3
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Chemical formula
Al aluminum
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CO carbon monoxide
CO2 carbon dioxide
Fe iron
H2 hydrogen
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K potassium
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Mn manganese
Na sodium
O2 oxygen
P phosphorous
S sulphur

Abbreviations
BF batch furnace
FICFB fast internally circulating fluidized bed
HHR high heating rate
LHR low heating rate
MTG macro thermogravimetric analyzer
SR screw reactor
TGA thermogravimetric analyzer



chars due to a lower char yield. Besides, Kristiansen [22] proposed
that low heating rates limit the dispersion of inorganics in char
structure, which would consequently reduce their catalytic effect
on reactivity. Zeng et al. [23] and Lu et al. [24] reported that the
heating rate can have a negative effect on reactivity at high pyrol-
ysis temperature (above 1200 "C), as char structure ordering is
favoured under these conditions.

The objective of the present work, performed in the context of
GAYA project, is to characterize and model the effect of the pyrol-
ysis heating rate on the steam gasification of char fromwoodchips.
This study was carried out in large particles, where not enough
studies have been done in literature, on the contrary to small par-
ticles. Indeed, most of the investigations focus on the effect of
heating rate on the intrinsic characteristics and chemical kinetics,
but almost none of them have investigated the effect on the bulk
properties. A novel char gasification model considering the heating
rate during pyrolysis was then developed.

This study was based on thermogravimetry experiments and
solid characterization of char samples prepared under different
pyrolysis conditions, over a wide range of particle size and of
heating rate. The gasification model developed in the previous
study [1], which is to be integrated into a fluidized bed reactor
model [25], was modified in order to include the effect of pyrolysis
heating rate. This inclusion will allow to apply the gasification
model in different contexts (for example, fluidized bed reactor fed
with char from slow pyrolysis).

2. Materials and method

2.1. Woodchip characteristics

Beech woodchips, one of the possible feedstock in GAYA project,
were used in this study. The woodchips, provided from a French
forestry cooperative, were issued from forests located in the middle
of France. The woodchips were stored in closed room for several
months before use.

The chemical composition of wood is given in Table 1. The
elemental analysis was provided by the woodchips supplier. The
moisture content was measured by weighing the mass before and
after oven drying at 105 "C, based on the French Standard NF-M-03-
002. The ash content was measured by weighing the sample before
and after calcination in an oven drying at 550 "C, fallowing the
standard CEN/TS 14775.

The size of the woodchips was very heterogeneous, with the
width and length varying from several mm to a few cm, and the
thickness varying from 0.1 mm to 10 mm.

2.2. Char preparation

Char samples were prepared from woodchips pyrolysis in high
and low heating rate devices, under a nitrogen atmosphere.

Pyrolysis at high heating rate was performed in a macro TGA,
where the sample is rapidly introduced in the heated zone of the
reactor and held there until the mass sample is stabilized e around
10 min. This device is illustrated in Fig. 1 and the pyrolysis pro-
cedure is described with details in the previous work [1]. The

heating rate is estimated to be in the order of 100 "C/s [26]. In order
to lead to different heating rates, the reactor was set at different
pyrolysis temperatures: 650, 750, 850 and 950 "C.

Pyrolysis at low heating rates was performed using a continuous
screw reactor and a conventional batch furnace:

- In the screw reactor (SR), woodchips were slowly introduced
into the reactor set at 750 "C, leading to low heating rates
estimated in the order of 1 "C/s [27], and kept there during 1 h.

- In the batch furnace (BF), the sample was heated at the same
time as the device, at a temperature ramp of approximately
0.05 "C/s until reaching 900 "C.

Prior to the pyrolysis in the macro TGA and the batch furnace,
woodchips with a regular parallelepiped shape were selected and
sorted according to their thickness. In fact, Van de Steene [28]
experimentally demonstrated that thickness is a representative
dimension with respect to apparent kinetics for char from wood-
chips. In the case of the screw reactor, sortingwas performed on the
char samples. Indeed, the screw reactor operates at high feeding
rates of several kg/h, on the contrary to macro TGA and batch
reactor which admit small loads of sample of a few g. Therefore, a
selection before pyrolysis in the screw reactor was not a feasible
option.

Additionally, a char sample was prepared from the pyrolysis of
sawdust in a drop tube reactor (DTR) set at 800 "C, under a nitrogen
carrier flow of 18.8 NL$min!1. The sawdust was from the same
wood species as the woodchips. The residence time of the particles
in the DTR was of approximately about 5 s. The heating rate in this
device is estimated at 1000"C/s. The description of the sawdust, the
DTR and the pyrolysis experimental procedure is provided by
Septien et al. [29]. The sawdust particle size was 0.31e0.40 mm.
This range was obtained after sieving, based on the width of the
particle. The particle size of char from sawdust was 0.22e0.28 mm,
after applying a shrinking factor estimated at 0.75 [30].

Table 2 summarizes the nomenclature, particle size, conditions
of preparation and char yield of the samples used in this work. The
char yield was calculated as the ratio of the sample mass weighed
after pyrolysis to its mass weighed before pyrolysis for theMTG and

Table 1
Composition analysis of woodchips.

Moisture mass fraction (%) Ash dry mass fraction (%) Element dry ash-free
mass fraction (%)

C H O N

8 0.6 49.4 5.7 44.5 0.3

Fig. 1. Scheme of the macro TGA facility.



BF chars. Due to some technical constraints, this method was not
possible to apply for the DTR and SR chars. The ash tracer method
was consequently used for these samples [29]. This method was
validated by applying it to the MTG850"C-1.8 mm sample: a similar
char yield was found between the ash tracer and weighing method
(14.7 ± 1.6w% for the tracer method versus 13.4 ± 0.3w% for the
weighing method).

Note that an average value was selected for the char yield of the
SR samples, as this was practically the same regardless the particle
size.

2.3. Leaching of char samples by water washing

Char leachingwas performed for theMTG850"C-1.8mm and SR-
1.8 mm samples, which were previously ground and sieved to a
particle size inferior to 0.250 mm. The aimwas to remove inorganic
elements from the char, in particular potassium which is known as
one of the most influencing element on char reactivity due to its
high catalytic effect [31,32].

The experimental procedure was based on the study of Jensen
et al. [33] focusing on the extraction of potassium and chloride by
water washing. Each of the samples was introduced into a batch
stirred reactor containing 100 ml of demineralized water. The
reactor was heated to 80 "C as the inorganics extraction best occurs
at high temperature. This procedure was launched for several days
until mineral composition of washing water, measured by ICP,
remained constant. Then, the solid was recovered after Buchner
filtration and dried at 105 "C into an oven during a couple of days.
The inorganic composition of the leached char was measured by
ICP, after calcination at 550 "C and ash mineralization with aqua
regia and a solution of HF/HClO4. The inorganic content of the
MTG850"C-1.8 mm and SR-1.8 mm samples, before and after
leaching, is displayed in Table 3.

Note that the content of sodium, iron, sulphur and aluminum for
the MTG850"C-1.8 mm sample was higher after leaching, which

was probably due to their low concentration leading to a high
experimental uncertainty. The contents of calcium, potassium and
magnesium were relatively high, so they were the most reliable
measurements.

2.4. Gasification experiments in the macro TGA

Gasification experiments were performed in the macroTGA, in a
mixture of steam and N2. The temperature was varied between 750
and 950 "C, and the steam concentration between 15 and 50 mol%,
while the gas velocity in the reactor was kept constant at
0.2 m s!1 by varying the flowrate in the range 11.8e14.2 Nl$min!1.
The carrier gas velocity did not exhibit any influence in char gasi-
fication rate in previous experiments [1]. Char samples were used
in their raw form to determine apparent kinetics, or were previ-
ously ground and sieved to a particle size inferior to 0.250 mm to
determine the intrinsic reactivity, i.e. reactivity in a kinetically
controlled regime. A few experiments were conducted with the
leached char samples so as to determine the intrinsic kinetics by
limiting the inorganics influence on gasification (refer to section
2.3).

The introduction of the sample into the reactor was performed
in a N2 gas stream. Only after the stabilization of the sample mass,
the atmosphere was changed to a wet one. The gasification
experimental procedure is described with details by Septien et al.
[1].

From the mass loss measured during the macro TGA experi-
ments, the conversion X(t) and reactivity R(t) were calculated with
equations (1) and (2) respectively. The average value of the re-
activities in the conversion range of 20e80%, calculated by nu-
merical integration of the experimental data, was selected for the
data analysis. Each experiment was repeated from 2 to 5 times. The
uncertainty bar of the reactivity was calculated from the replicates,
by applying a t-Student distribution in a 90% confidence interval.

Table 2
Characteristics of char samples.

Sample name Wood thickness (mm) Char thickness (mm) Conditions of preparation Char yield (w%, dry)

Range Mean value Furnace T ("C) HR ("C/s)

DTR N.A. N.A. N.A. DTR 800 ~1000 5.0 ± 1.0
MTG950"C-1.8 mm 2.5e3.5 1.5e2.1 1.8 Macro TGA 950 ~100 12.5 ± 0.2
MTG850"C-0.6 mm 0.5e1.5 0.3e0.9 0.7 Macro TGA 850 ~100 11.9 ± 1.4
MTG850"C-1.2 mm 1.5e2.5 0.9e1.5 1.3 Macro TGA 850 ~100 12.7 ± 1.5
MTG850"C-1.8 mm 2.5e3.5 1.5e2.1 1.8 Macro TGA 850 ~100 13.4 ± 0.3
MTG850"C-2.4 mm 3.5e4.5 2.1e2.7 2.3 Macro TGA 850 ~100 13.8 ± 0.4
MTG850"C-3.0 mm 4.5e5.5 2.7e3.3 2.8 Macro TGA 850 ~100 14.1 ± 0.2
MTG750"C-1.8 mm 2.5e3.5 1.5e2.1 1.7 Macro TGA 750 ~100 14.4 ± 0.9
MTG650"C-1.8 mm 2.5e3.5 1.5e2.1 1.7 Macro TGA 650 ~100 16.3 ± 0.9
SR-0.6 mm N.A. 0.3e1.2 1.0 Screw reactor Up to 750 ~1 20.0 ± 1.9
SR-1.2 mm N.A. 1.2e1.6 1.4 Screw reactor Up to 750 ~1 20.0 ± 1.9
SR-1.8 mm N.A. 1.6e2.0 1.7 Screw reactor Up to 750 ~1 20.0 ± 1.9
SR-2.4 mm N.A. 2.0e2.6 2.3 Screw reactor Up to 750 ~1 20.0 ± 1.9
SR-3.0 mm N.A. 2.6e3.0 2.9 Screw reactor Up to 750 ~1 20.0 ± 1.9
LHR-BF-1.8 mm 2.5e3.5 1.7e2.3 2.0 Batch reactor Up to 900 ~0.05 22.6 ± 3.0

Table 3
Mineral content of char samples before and after leaching.

Sample Dry ash mass fraction (%) Concentration in char (g/kg)

Al Ca Fe K Mg Mn Na P S Si Ti

MTG850"C-1.8 mm Before leaching 4.0 0.3 7.3 0.9 6.5 2.4 0.4 0.1 0.9 0.2 0.5 0.1
After leaching 2.4 0.4 6.2 1.7 0.3 1.7 0.0 0.5 0.1 0.3 0.0 0.1

SR-1.8 mm Before leaching 2.9 0.2 5.4 0.7 4.7 1.8 0.3 0.1 0.7 0.3 0.3 0.0
After leaching 1.4 0.1 0.8 0.6 0.1 0.4 0.1 0.1 0.2 0.1 0.1 0.0



X ¼ m0 !mðtÞ
m0

(1)

RðtÞ ¼ ! 1
mðtÞ$

dm
dt

(2)

2.5. Characterization of char samples

The char samples morphology was characterized before gasifi-
cation, with the measurement of the bulk density, apparent density
and specific surface area.

The bulk density of ground char samples was measured using a
pycnometer Micromeritic AccuPyc 1330. The apparent density of
raw char particles was calculated by weighing and measuring the
particle dimensions to deduce the volume. The specific surface area
of ground char samples was measured using a BET analyzer
Micromeritics Tristart II.

From the bulk density rbulk and the apparent density rapp, char
porosity ε was calculated with equation (3). The mean pore radius
rp could be estimated from the porosity, specific surface area Sp and
apparent density, using equation (4). For technical reasons, the pore
size distribution could not be obtained in the BET analyzer.

ε ¼ 1!
rapp
rbulk

(3)

rp ¼ 4$ε
Sp$rapp

(4)

A t-Student distributionwas applied to calculate the uncertainty
bar in a confidence interval of 90% from the replicates. The bulk
density measurements were repeated 2 to 3 times. The apparent
density was measured for at least 15 particles for each sample. The
uncertainty bar of porosity was calculated by the uncertainty
propagation from the apparent and bulk densities. The specific
surface area measurement could only be performed once due to
practical reasons. Therefore, the values of specific surface area and
mean pore radius are rough estimations.

Observations in a scanning electronic microscope (SEM), model
Philips XL 30 ESEM FEG, were performed for the MTG850"C-1.8 mm,
SR-1.8 mm and BF-1.8 mm chars. As chars are usually non-electrical
conductive materials, the samples were coated by a thin gold layer
in order to enable the imaging. Several longitudinal, radial and
cross-sectional views were done in the samples during the SEM
observations. The most representative images were recorded as
photographs.

3. Char gasification model

The gasification model developed in a previous was extended
for char samples prepared under different heating rates. This sec-
tion gives a brief description of the model and the modifications
performed in order to include the effect of the heating rate.

3.1. Description of the previous model

Based on the requirements of simplicity and reliability set in
GAYA project, a semi-empirical model was developed in order to
predict char gasification rate in a fluidized bed reactor. The effec-
tiveness modelling approach was adopted for this, assuming that
the external transfers are not rate limiting and that the particle is
isothermal. The model globally predicts with accuracy the

gasification rate in the conditions of interest.
In the modelling approach adopted, the reaction rate is written

as a function of the effectiveness factor h, the intrinsic reaction rate
rint and the surface function f(X), as seen in equation (5).

rapp ¼ h$rint$f ðXÞ (5)

The effectiveness factor represents the reaction rate decrease
due to transfer limitations, compared to the intrinsic reaction rate.
For isothermal particles of any geometry, the effectiveness factor of
a reaction rate controlled by chemical kinetics and porous diffusion
can be written as a function of Thiele modulus Ф, as shown in
equation (6). Thiele modulus is a dimensionless number defined as
the ratio between the reaction rate if controlled only by chemical
kinetics and that if only controlled by diffusion rate. It can be
expressed by equation (7) in its normalized form, for nth order
reactions.

h ¼ tanhð∅Þ
∅

(6)

∅ ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi"
1þ n
2

#
$
rint
rD

s

(7)

The use of equation (6) in the model implies that char particle
size has to be represented by its characteristic length LC, here
defined as the ratio between the volume and the surface of the
particle. After measuring the dimensions of several particles of
different sizes, an empirical expression of characteristic length (8),
as a function of char thickness x, was established by mathematical
fitting of the experimental data.

Lc ¼ x =3 (8)

The intrinsic reaction rate rint is related to the chemical kinetic
constant k, the molecular weight MC and the density rapp of char
through equation (9). The chemical kinetic constant, detailed in
equation (10), was determined from thermogravimetry experi-
ments in intrinsic conditions, which are described with detail in
Ref. [1]. As chars are usually mainly composed of carbon, the mo-
lecular weight MC is supposed to be near to that of carbon, i.e.
0.012 kg mol!1. The density of char was set at 225 kg m!3, which is
the average value from samples of different sizes, prepared in the
macro TGA at 850 "C.

rint ¼
k$rapp
MC

(9)

k ¼ 7:349$107$exp
"
!274000=R$T

#
$P0:65H2O (10)

The diffusion rate of steamwithin the char particle rD is derived
from Fick's law, according to equation (11). The steam concentra-
tion CH20 is expressed as a function of temperature T and steam
partial pressure PH20 through the perfect gas law, as seen in equa-
tion (12). In this model, the diffusion coefficient Dwas expressed by
equation (13), an empirical expression obtained frommathematical
fitting. The order of magnitude of the diffusion coefficient
(10!6 m2 s!1) was lower to the theoretically expected (10!5 m2 s!1),
leading to the hypothesis that other rate limiting phenomena are
lumped in the diffusion coefficient, as for instance the gasification
inhibition by the products CO and H2 while diffusing out of the
particle [1].



rD ¼ D
L2C
$CH2O (11)

CH2O ¼ PH2O
R$T

(12)

D ¼ 2:53$1011$T!3:8 (13)

The surface function f(X) implicitly describes the evolution of
the char reactive surface during the transformation. In the case of
char from biomass, the reactive surface evolution is reported to be
very complex as it involves modification in both the carbonaceous
and inorganic matrix as the reactions proceeds. In order to remain
with a simple model, an empirical surface function in the form of a
6th degree polynomial, observed in equation (14), was selected to
represent the surface function, as frequently done in literature.

f ðXÞ ¼ 26:92X6 ! 48:33X5 þ 26:06X4 þ 4:15X3

! 5:67X2 þ 1:95X þ 0:34
(14)

3.2. Modification of the model

The gasification model described in previous section was
modified in order to include the effect of the heating rate during
char formation in an empirical way.

For this, the parameters identified as the more sensitive to the
heating rate, i.e. chemical kinetic constant, char density and diffu-
sion coefficient, were correlated to the char yield Yc that was
selected as a suitable indicator of the heating rate. In fact, it is
widely accepted that char yield depends on the heating rate: it
always decreases as the heating rate increases. Beside, char yield is
an easily measurable parameter, unlike the heating rate.

The new expressions of the kinetic constant, the char apparent
density and the diffusion coefficient, obtained from mathematical
fitting of the experimental data with respect to the char yield, are
shown in equations (15)e(17) respectively. Equation (15) was ob-
tained from the intrinsic reactivities measured in themacro TGA for
the ground 1.8mm samples, at 780 "C andwith 15%mole fraction of
steam. This expression implies that only the pre-exponential factor
is affected by the heating rate during pyrolysis, while the activation
energy and order of the reaction remain the same. As commented
by Di Blasi [34], there is no specific trend of the effect of the heating
rate on the activation energy and the order of the reaction in
literature. Equation (16) was obtained from the apparent densities
measured for the 1.8 mm samples (refer to section 2.5). Equation
(17) was obtained from the diffusion coefficients determined by
fitting the model predictions to the results from the gasification
experiments at 850 "C and under 35% mole fraction of steam, with
the 1.8 mm samples.

k ¼ 1:01$1010$Y!1:3
C $exp

"
!274000=R$T

#
$P0:54H2O (15)

rC ¼ 1680$YC (16)

D ¼ 13900$Y!0:5
C $T!3:8 (17)

Note that the expressions of the surface function and the char-
acteristic length are valid for the different char samples, as
demonstrated in Figs. 2 and 3, and then do not depend on the
pyrolysis heating rate.

4. Results and discussion

4.1. Effect of the heating rate

Fig. 4 compares the reactivity of char samples prepared under
low and high heating rates, during gasification experiments at
850 "C with 35% mole fraction of steam. It can be seen that globally
the reactivity of the MTG-1.8 mm chars is higher than that of the
SR-1.8 mm and BF-1.8 mm chars. Among the HHR samples, the
reactivity increases with the pyrolysis temperature. Among the LHR
samples, no significant difference could be observed due to the high
uncertainty bar of the BF-1.8 mm sample.

The results clearly show that reactivity increases with heating
rate. The difference of reactivity between the HHR and LHR chars is
important. Among the HHR chars, the pyrolysis temperature (so the
heating rate) has a slight effect.

Possible explanations about the difference of reactivity between
the HHR and LHR chars are discussed in the next sections, focusing
on the intrinsic kinetics and physical properties of char samples.

4.1.1. Effect of heating rate on the char yield
The heating rate during pyrolysis largely affects the char yield,

which tends to decrease as the heating rate increases. Different
factors affect the heating rate, such as the applied pyrolysis tech-
nology, the operating conditions and the characteristics of the
sample (size and geometry). Pyrolysis temperature is another
relevant factor by its direct impact on char formation and its in-
fluence on the heating rate. For example, at higher temperatures,
the heating rate is higher and char formation is disadvantaged.

The negative effect of the heating rate in char yield can be
observed in Table 2. The DTR and MTG samples, prepared at high
heating rate, have a lower char yield than the samples prepared at
low heating rate, the SR and BF samples. The effect of pyrolysis
temperature could be seen on the MTG samples, for which the char
yield decreases as the pyrolysis temperature increases. In the case
of SR and BF samples, pyrolysis temperature does not have any
effect, as the char yields are always lower than the MTG samples, in
despite of a higher temperature in some of the cases. For example,
the SR sample had a lower char yield compared to the MTG650
sample (char yield of 20%wt versus 16.3%), in despite of higher
pyrolysis temperature (750 "C versus 650 "C). A similar observation
happens to the BF sample (char yield of 22.6%wt at 900 "C). It has to
be also considered that the SR and BF samples were probably py-
rolyzed before reaching the furnace set temperature, due to the low
heating rates.

Char yield depends on particle size for the MTG samples,
whereas this is not the case for the SR samples. As a plausible
explanation, the low heating rates in the screw reactor allow a
progressive and homogeneous heating of the sample regardless its
size, making any difference on the char yield under the explored
particle size range. On the contrary, under high heating rates, the
surface of the solid is rapidly heated and creates a temperature
difference with respect to the interior of the particle. This behavior
should be emphasized as the particle size increases. Heat transfer
inside larger particles takes longer time to occur compared to
smaller particles, leading to a lower heating rate and therefore to a
lower char yield, as seen for the MTG samples (Table 2).

In the case of the DTR sample (sawdust), the fine particle size
leads to very high heating rates, leading to a considerably lower
char yield than the rest of the samples (woodchips).

4.1.2. Effect of heating rate on the intrinsic reactivity
Fig. 5a displays the reactivities measured during the gasification

of ground HHR and LHR char samples at 780 "C and with 35% mole
fraction of steam. Under these conditions, the gasification was



verified to occur in a kinetically controlled regime [1].
As it could be expected according to the literature [13e15], the

intrinsic reactivity increases with heating rate: the DTR sample

exhibits the highest reactivity, followed by MTG850"C-1.8 mm, SR-
1.8 mm and BF-1.8 mm chars in a reactivity decreaings order. A
possible explanation for this trend is the different ash content be-
tween the char samples. Indeed, the increase of the heating rate
leads to a lower char yield (refer to section 4.1.1) and consequently
to a higher ash content, assuming that inorganics remain in the
solid during pyrolysis. As an illustration of this, the MTG850"C-
1.8 mm and SR-1.8 mm samples have an ash content of 4 and 3%
mass fraction respectively. It is well known that the alkali and
alkaline earth metals are catalyst of gasification reaction, in
particular potassium and calcium. The ash of the samples is
composed of around 20 and 30% of mass fraction of potassium and
calcium respectively, so it likely has a catalytic effect on gasification.

In order to investigate the catalytic effect of ash, the intrinsic
reactivities of the MTG850"C-1.8 mm and SR-1.8 mm samples,
before and after leaching, are compared in Fig. 5b. Table 4 presents
the inorganics removal performance after char leaching, measured
by two different methods: one method compares the char ash
composition before and after leaching, while the other uses the
washing water composition. The compounds other than magne-
sium, calcium and potassium are excluded from this analysis,

Fig. 2. Surface function for different char samples.

Fig. 3. Characteristic length versus particle thickness for the MTG850 "C-1.8 mm and
SR-1.8 mm samples.

Fig. 4. Reactivity measured during the gasification of char samples at 850 "C, with 35 % mole fraction of steam.



because of the high uncertainty of their removal related to their low
concentrations. Despite of the disagreements between the two
methods, it can be concluded that the results obtained after char
leaching were quite positive for both char samples: the total inor-
ganic content is reduced to approximately the half, the samples are
mostly depleted of potassium, and magnesium and calcium are
partly removed.

According to Fig. 5b, the reactivity of the leached chars is about
half that of the non-leached char, for both for MTG and SR chars.
This result highlights the catalytic effect of inorganics on gasifica-
tion. Moreover, the difference of reactivity between theMTG850"C-
1.8 mm and SR-1.8 mm leached chars, is kept as large as that be-
tween the samples before leaching. This result suggests that the ash
catalytic effect cannot completely explain the difference of reac-
tivity between a HHR and a LHR char. The carbonaceous matrix
should be then by itself more reactive in the case of the HHR char.

4.1.3. Effect of the heating rate on the physical properties
Table 5 presents the physical characteristics of the char samples.

The bulk density is similar for most of the samples, around
1700 kg m!3. The exceptions are the BF-1.8 mm and the MTG650"C-
1.8 mm samples with values around 1900 and 1500 kg m!3

respectively. The apparent density globally decreases by increasing
the heating rate. The porosity varies in the interval 80e90% with an

apparent increase as the heating rate increases. However, the un-
certainty associated with porosity is too high to allow this trend to
be confirmed.

Globally, the specific surface tends to decrease and the mean
char radius size to increase as the pyrolysis occurs at higher heating
rate. Among the MTG samples, the same trend can be observed as
the pyrolysis temperature increases. TheMTG samples have a lower
specific surface area and a higher mean radius pore than the BF-
1.8 mm sample. The exception of this trend is the SR sample which
has similar specific surface and mean pore radius than the
MTG750"C-1.8 mm samples.

Note that the specific surface is rather an indicator of the
microporosity surface than that of the total porosity, as explained
by Mermoud et al. [20]. Therefore, the relative low specific surface
exhibited by the MTG950"C-1.8 mm reflects a large pores structure,
whereas the high specific surface from the BF-1.8 mm should imply
a structure with smaller pores. This reinforces the hypothesis of
pore size enlargement by increasing the heating rate.

Fig. 6 displays SEM photographs of the MTG850"C-1.8 mm, SR-
1.8 mm and BF-1.8 mm samples. It can be noted that the samples
keep the wood fibrous structure (Fig. 6a, e and h), regardless the
pyrolysis heating rate. The cross-section view of char particles
shows that the capillaries from the wood are still present for the
three samples, however the structure of the MTG char appeared
much more damaged compared to the other ones, surely due to the
brutal release of volatiles during pyrolysis. Compared to the SR and
BF chars, the damage of the MTG sample can be seen through less
capillaries of small diameter, presence of large cavities, collapsed
intra-capillary walls and a more coarse surface (Fig. 6b, c, f, g, i, j).
TheMTG char presents also the peculiarity of holes on its surface, as
observed in Fig. 6d, whereas this appearance was not observed for
the other samples. The higher damage of char from fast pyrolysis
should then enhance the transport of the gas species within the
particle, leading to a faster diffusion rate compared to chars from
slow pyrolysis.

In brief, higher heating rate has a positive effect on char diffu-
sional properties, offering routes with more ease of access to the
interior of the particle. The diffusion of the steam e the gasification
reagent e within the particle should be then facilitated; the gasifi-
cation products, H2 and CO, should be evacuated out of the particle
more rapidly, leading to lower possibilities of gasification chemical
inhibition and counter-diffusion limitations. This could explain the
trend of the diffusion coefficient in themodel (equation (17)), which
increases as the char yield decreases at higher heating rate.

Fig. 5. Intrinsic reactivity measured during the gasification of ground char samples at
780 "C, with 15 % mole fraction of steam (a); intrinsic reactivities of ground char before
and after leaching (b).

Table 4
Removal of inorganics by char leaching, measured by two distinct methods (method 1: based on the ash analysis of the char samples before leaching and the washing water
composition; method 2: based on the char ash analysis before and after leaching).

Sample Ash Ca K Mg

MTG-850"C-1.8 mm Method 1 4% 22% 82% 16%
Method 2 16% 95% 27%

SR-1.8 mm Method 1 3% 39% 100% 26%
Method 2 91% 99% 85%

Table 5
Morphological characteristics of char samples.

Sample rbulk (kg/m3) rapp (kg/m3) ε (%) Sp (m2/g) rp (nm)

MTG950"C-1.8 mm 1759 ± 36 176 ± 12 90 ± 6 ~3 ~5000
MTG850"C-1.8 mm 1713 ± 128 219 ± 10 87 ± 8 ~150 ~100
MTG750"C-1.8 mm 1660 ± 70 238 ± 20 86 ± 8 ~250 ~60
MTG650"C-1.8 mm 1521 ± 78 240 ± 16 84 ± 7 ~340 ~40
SR-1.8 mm 1685 ± 22 308 ± 9 82 ± 3 ~190 ~60
BF-1.8 mm 1884 ± 29 357 ± 28 81 ± 6 ~370 ~20



4.2. Model results

In Fig. 7, the gasification model developed in this work is con-
fronted to experiments at different temperatures, steam concen-
trations, type of sample and particle size. In order to test the
predictive ability of the model, the experiments selected for this
comparison were not necessarily those used for the model devel-
opment. The summary of the model and experimental results is
provided in Table 6, which includes reactivities, Thielemodulus and
efficiencies. The efficiencies and Thiele modulus were calculated
according to the equations presented in section 3. It should be
noted that the experimental conditions cover a wide range of ef-
ficiencies e 0.07 to 1 e and Thiele modulus.

The experimental and modelling curves are similar or close in
Fig. 7. The reactivity deviation between the model and the experi-
ments rarely exceeds the experimental error bar. It can be then
concluded that the modification of the gasification model by
including the heating rate was performed with success. The new

version of the model remains simple and presents the peculiar
ability to predict the gasification rate for char samples prepared at
different heating rates. Considering the influence of pyrolysis
conditions on char gasification rate in a simpleway is an interesting
feature of the model that could be further improved in future in-
vestigations. This novel modelling approach has not been yet re-
ported in literature.

Researchers and practitioners could use this model for the
prediction of gasification rate as a function of residence time, under
the conditions of an atmospheric fluidized bed reactor and for char
prepared under different conditions. The model does not include
the external transfers, so these should bemodelled aside in the case
to be rate limiting.

One of the main limitations of the model is that it has been
developed with only one species of wood. In the future, the cor-
relation of char yield with heating rate should be verified with
different wood species, in order to ascertain the validity of the
model in a wider range of conditions.

5. Conclusion

This study focuses on the effect of the pyrolysis heating rate on
the steam gasification of char from woodchips. Char samples
exhibit a higher reactivity as the pyrolysis heating rate is higher,
due to chemical and physical changes.

Thermogravimetric experiments shown faster chemical kinetics
for the samples prepared under high heating rates compared to
those prepared under low heating rates, because of: (i) a higher
concentration of inorganics with a catalytic influence; (ii) a more
reactive carbonaceous matrix. According to the morphological
characterization of the samples, a char prepared under higher
heating rate tends to present amore damaged structure, whichmay
enhance gas diffusion within the solid caused by possibly a higher
porosity and pore size. This would enhance the penetration of
steam inside the solid, and a better evacuation of the gasification
products out of the particle. In summary, the higher char reactivity
by increasing the high heating rate can be explained by faster
chemical kinetics and gas diffusion within the solid.

The effect of heating rate on the chemical kinetics, char physical
properties and diffusion coefficient was empirically included in the

a b

c d

e f

g h

i j

Fig. 6. SEM observations for the samples: (a), (b), (c), (d) MTG850 "C-1.8mm; (e), (f),
(g) SR-1.8mm; (h), (i), (j) BF-1.8mm.

Fig. 7. Experimental and modeling conversion rates in gasification experiments (a:
Case 1 and 2; b: Case 4, 6 and 7; c: Case 9 and 10; d: Case 11; e: Case 12, 15, 16).



gasification model. The new version of the model gives accurate
predictions and allows describing gasification of char samples
prepared under a heating rate range as wide as 0.05e1000 K s!1.
Themodel could be used to predict gasification rate in fluidized bed
reactor in the context of Gaya project and for further applications
where the char will be prepared at different heating rates.
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