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Abstract

Modelling approaches of biomass steam gasification are investigated that take into account both chemical and physical kinetic lim-
itations. The gas phase can be described by two independent reactions: (i) the steam reforming of CH4, which is kinetically limited under
the operating conditions (1073 < T < 1273 K, p = 1 bar), (ii) the water–gas shift reaction, which would be close to equilibrium under the
operating conditions (1073 < T < 1273 K, p = 1 bar). Concerning solid, a time scale analysis of the main phenomena has been performed.
For particles of 500 lm, the transformation can be seen as two successive steps: (i) pyrolysis of biomass, which is both chemically and
heat-transfer controlled; (ii) steam gasification of residue, which is chemically controlled.
� 2006 Elsevier Ltd. All rights reserved.
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1. Introduction

Modelling of biomass steam gasification to synthesis gas
is a challenge because of the variability (composition, struc-
ture, reactivity, physical properties, etc.) of the raw material
and because of the severe conditions (temperature, resi-
dence time, heating rate, etc.) required. This is well-illus-
trated in a fluidized gasification system as shown in Table 1.

This study proposes a modelling approach of biomass
steam gasification, which aims at reconciling two opposing
goals:

• The fundamental goal consists in understanding the
mechanisms of the transformation. The model has to
be physically meaningful.

• The applied goal requires a model able to predict the
efficiency of the process and the effect of the main oper-
ating variables. The model has to be as simple as possi-
ble although reliable.
0016-2361/$ - see front matter � 2006 Elsevier Ltd. All rights reserved.
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The model should be able to predict the following
characteristics:

• Total gas yield.
• Gas composition (H2, CO, CO2, CH4 and H2O).
• Yield of solid residue.

Section 2 is a critical review of some interesting
approaches found in the literature. Based on this back-
ground, kinetic modelling is investigated in Section 3. In
Section 3.1, a description of the gas phase is proposed that
is based on the kinetic study of the independent reactions
of the system. The solid phase is studied through a charac-
teristic time analysis of the main phenomena in Section 3.2.
Eventually, conclusions are drawn in Section 4.

2. Background

Since attention was paid to modelling studies of thermo-
chemical conversion of biomass during the seventies, differ-
ent modelling approaches have been used. Two of them can
be of interest for our study.
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Nomenclature

BiM material Biot number (ratio between the charac-
teristic time of internal mass diffusion and of
external mass transfer)

BiT thermal Biot number (ratio between the charac-
teristic time of internal heat conduction and of
external heat transfer by convection)

cp heat capacity (J kg�1 K�1)
dp diameter of particle (m)
Dm gas mass diffusivity (m2 s�1)
f fraction of unconverted solid
g gravitational acceleration (m2 s�1)
hm coefficient of external mass transfer (m s�1)
hT coefficient of external heat transfer by convec-

tion (W m�2 K�1)
ki kinetic constant of reaction i (variable)
Kshift eq equilibrium constant of water–gas shift
Kshift exp reaction constant of water–gas shift
m factor associated with the shape of the particle
Mi molecular weight of species i (kg mol�1)
n stoichiometric coefficient of H2O (Eq. (2))
p pressure (Pa)
Pi exp experimental partial pressure of species i (Pa)
Py pyrolysis number (ratio between the characteris-

tic time of biomass pyrolysis reaction and of
internal heat conduction)

ReP Reynolds related to particle
S/B steam/dry biomass (kg/kg)
ti characteristic time (s)
T temperature (K)
vt free settling velocity (m s�1)

Greek letters

b stoichiometric coefficient
d diameter of pores (m)
k thermal conductivity (W m�1 K�1)
l dynamic viscosity (Pa s)
q density (kg m�3)
r Boltzmann constant (W m�2 K�4)
x emissivity

Subscripts and superscripts

g gas
p particle

Other symbol

%wdaf mass percent dry ash free

Table 1
Biomass and process characteristics

Input data Range of values (estimated from [3,29])

C, H, O amount Biomass composition
C: 51%wdaf
H: 6%wdaf
O: 43%wdaf
S/Ba: from 0.3 to 1 kg/kg

Biomass particle size Up to 1–2 mm
Temperature 1073–1273 K
Pressure Atmospheric
Heating rate Flash (>500 �C s�1)
Gas residence time 0.1–10 s

a S
B

� �
¼ steam

dry biomass ¼
mH2OgasþmH2 Oliquid

mdry biomass
.
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2.1. Thermodynamic approach and ‘‘improved

thermodynamic’’ approach

One approach is focused on thermodynamic equilib-
rium. The input data are the amount of elements C, H, O
in the system, temperature and pressure. A solver mini-
mizes the Gibbs energy of the closed system to give the
composition of the mixture. This tool relies on thermody-
namic databases that contain the values of the standard
Gibbs energy of the components. Most gaseous compo-
nents can be found in such data bases, but concerning solid
phase, only pure carbon is taken into account. Such a
model does not require any knowledge of the mechanisms
of transformation. Moreover, it is independent of the reac-
tor and not limited to a specified range of operating
conditions.

Li et al. [1] applied this approach to air gasification of
biomass in a circulating fluidised bed. Comparisons were
made in [2–5] between the predictions of the equilibrium
model applied to steam gasification and experimental
results from Hofbauer et al. [6] and Rapagna et al. [7]. It
can be seen that the model gives correct orders of magni-
tude and trends. However, the equilibrium model always
overestimates the yield of H2 and CO whereas it underesti-
mates the yield of CO2. It predicts a gas nearly free of CH4,
free of tars—modelled as C10H8—and no solid residue.
Thus, this type of model does not seem to be accurate
enough for designing purpose of gasifiers.

To our knowledge, improvements of these models have
been examined only in the case of air gasification. Kersten
et al. [8] have developed a quasi-equilibrium temperature
(QET) model based on equilibrium calculations made at
a temperature lower than the reactor temperature. Kersten
et al. [8] and Li et al. [1] have added empirical relations to
their initial thermodynamic models to calculate the carbon
conversion and the yield of CH4. The use of these correla-
tions is limited to the reactors under study. The ‘‘QET’’ or
correlation-based models are empirical and dead-end
approaches restricted to the studied systems.
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2.2. Phenomenological models based on kinetics

2.2.1. Models at particle scale

Very sophisticated models have been derived at particle
scale. They are focused only on one of the two main stages
of steam gasification of biomass:

• either pyrolysis, that is the decomposition of the initial
solid into permanent gases, condensable gases often
called tars and a solid residue often called char;

• or gasification, that is the reaction of the solid residue
with reactive gases such as steam.

The first of these models was probably published by
Bamford et al. [9]. They are based on mass and energy bal-
ances over the particle, and the boundary conditions asso-
ciated. The differences are found in the hypotheses of the
models, mainly concerning:

• the description of the physical properties of the solid
during the transformation. Their evolution with time
or conversion is sometimes taken into account, which
dramatically increases the number of adjustable param-
eters of the model [10];

• the phenomena that are taken into account. A historical
survey shows that a significant effort has been made on
the description of the different transport phenomena but
all these models describe the complex chemical phenom-
ena very roughly. The chemical phenomena are indeed
still poorly understood. Contrary to the physical phe-
nomena, there is no universal law to describe rates of
reaction and the nature of the chemical pathways is
believed to vary with the operating conditions, especially
with the heating rate. More or less complex kinetic
schemes are proposed. The effort on the description of
the chemical pathways increases the number of parame-
ters which must be determined. However, the reliability,
the confidence intervals and the consistency of the
parameters is rarely discussed.

For the description of the pyrolysis chemistry, semi-
global mechanisms are proposed, such as the description
of Shafizadeh for cellulose [11] which is given in Eq. (1).
These descriptions are interesting since they seem to be a
first step towards the understanding of the complex pyroly-
sis chemistry. Nevertheless, the composition of the gases
cannot be predicted by this model because the amount of
C, H and O in the initial solid are not input data of the
model. The material is considered as a single species, such
as biomass or wood, or as a mixture of species [12] but it is
never referred to its elemental composition of C, H and O.

cellulose!k1
active cellulose!k3

0:35 charþ 0:65 gas
#

tar
k2

ð1Þ

Concerning the chemistry of steam gasification of bio-
mass residue, most authors assume that the solid residue
is pure carbon. Kinetic laws obtained on coal or pure car-
bon are then used [13,14]. As already told for pyrolysis
reactions, using kinetic laws implies that kinetic parameters
are added to the physical parameters to be determined.
Note that Di Blasi [15] roughly accounts for the true nature
of biomass by considering the amount of H and O in the
residue. Matsui et al. [16] compiled the heterogeneous reac-
tion of carbon with steam and the homogeneous reaction
of water–gas shift into a single reaction, with a stoichiom-
etric coefficient (1 + b) associated to H2O. From a thermo-
dynamic or kinetic viewpoint, lumping together two
independent reactions is hazardous, especially when one
of these reactions, namely water–gas shift, is well-
documented.

2.2.2. Characteristic time analysis

Some authors have developed a rational approach of
simplification of the kinetic models. A comparison is made
between the time scales of the different phenomena
involved in the reaction.

Some authors directly compare the characteristic times
of the phenomena. Chan et al. [10] made this work in the
case of wood pyrolysis both at the scale of particle and
at the scale of the particle pores for 1 cm-particles. It was
concluded that chemical reaction was limiting at 500 K
whereas internal heat conduction was limiting at 1100 K.
Van de Steene [17] applied this method to coal combustion
in order to find the best experimental conditions to mini-
mize the coupling between phenomena. Russel et al. [18]
used the time scales analysis to derive a simplified model
of coal hydropyrolysis.

The comparison is often made in terms of characteristic
time ratios to point the limiting phenomena. As initially
proposed by Damköhler [19], dimensionless numbers can
be defined with these ratios. According to their order of
magnitude, different regimes can be determined. However,
this method of comparison hides the absolute time scales of
the phenomena. This approach was first applied to the
devolatilisation of a solid by Villermaux and Antoine
[20]. His aim was to predict the conversion time of a parti-
cle. Two regimes of devolatilisation were defined, depend-
ing on the ratio between the characteristic time of the
chemical reaction and of the internal heat conduction
process.

Pyle and Zaror [21] accounted for external heat transfer
limitations. Experimental data were used to validate the
simplified models for different particle sizes under slow
pyrolysis conditions. Bryden et al. [22] considered the case
in which internal and external heat transfer processes were
both limiting.

In order to show which particle size could be used for an
intrinsic kinetic study of biomass pyrolysis, Simmons and
Gentry [23] plotted the limit between thermal and chemical
regimes as a function of temperature and particle size.
According to his calculations, at 773 K, particles smaller
than 100 lm are required to be under chemical control
but according to his flash pyrolysis experiments, this size



Table 2
Gas phase composition given by experiments and by equilibrium
calculations on gas phase

mol/mol dry
biomass input

(a) Experimental
results [7]

(b) Gas phase at
thermodynamic
equilibrium

(a) � (b)

H2 5.34 7.19 �1.85
CO 3.55 4.40 �0.85
CO2 1.64 1.46 0.17
CH4 0.69 0.01 0.67
H2O 2.86 2.36 0.5

Almond shells C6H8.6O3.7; T = 1093 K; p = 1 bar; steam/dry biomass =

Table 3
Simulation of the evolution of the experimental gas phase composition
versus time and gas phase composition at equilibrium

Gas
composition
(mol %)

t = 0 s
(experimental
data)

102 s 103 s Equilibrium

Hofbauer’s
data [6],
T = 1093 K,
p = 1 bar

H2 33.2 33.2 33.4 42.0
CO 15.6 15.6 15.4 19.0
CO2 14.4 14.4 14.6 12.6
CH4 4.40 4.40 4.39 0.02
H2O 32.4 32.4 32.2 26.4

Déglise’s
data [28],
T = 1073 K,
p = 1 bar

H2 11.5 14.6 21.5 47.3
CO 25.7 24.0 17.7 24.0
CO2 2.5 5.8 12.8 10.4
CH4 7.4 10.1 12.4 0.09
H2O 48.9 43.8 35.4 18.1
C2H4 3.4 1.51 0.09 #0
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is reduced to 10 lm. Wutti et al. [24] used the results of his
model to draw similar graphs. The relative influence of the
different heat transfer phenomena on the transformation
was shown for different gas velocities. More recently, Peters
and Bruch [25] plotted the ratio of the characteristic time of
the chemical reaction to the internal heat conduction time
versus particle diameter for different temperatures up to
873 K. At this temperature, the transition zone between
the chemical and thermal regimes was found to be
between 50 and 500 lm. Note that the limits found by
Peters and Simmons are not in agreement. This may be
due to the large discrepancies in the data used for the study
and to the different operating conditions, namely heating
rate.

The characteristic times analysis is an efficient way to
derive simplified models that keep a physical significance.
Nevertheless, such simplified models lose some part of gen-
erality since they are restricted to the range of operating
conditions under which the simplifications are valid.

It is worth noting that time scales analysis has been
mainly used in the case of pyrolysis. No similar study could
have been found concerning biomass steam gasification.

3. Kinetic modelling

The global chemistry can be described by Eq. (2).

CxHyOz þ nH2O!T Cx0Hy0Oz0 þ gases ð2Þ
An initial solid of known formula CxHyOz reacts under
heat and steam to give two kinds of products:

• A solid residue of generic formula Cx0Hy0Oz0 .
• Gases.

3.1. Gas phase description

Equilibrium calculations based on the amount of C, H
and O contained in the gas phase of some experiments
[6,7], were made in order to check whether the gas phase
was at thermodynamic equilibrium. As shown in Table 2,
under these conditions (1073 < T < 1273 K, p = 1 bar), the
gas phase composition at equilibrium is clearly different
from the experimental composition. The experimental
gas composition shows 25% less H2, about 20% less
CO, about 20% more H2O and a significant yield
of CH4, whereas nearly no CH4 is predicted at equilib-
rium. These results prove that gas phase is not at
equilibrium.

The gas phase is assumed to be a system made up of the
five main species observed in experiments: H2, CO, CO2,
CH4, H2O. As explained in [26], this reacting system can
be fully described by two independent reactions:

• The water–gas shift reaction:

C2H6 0.13 0.2 0.02 #0
C2H2 0.5 0.09 0.004 #0
CO + H2O�CO2 + H2 ð3Þ
• The steam reforming of CH4:

0.63 kg/kg; olivine.
CH4 + H2O�CO + 3H2 ð4Þ

The objective of this section is to detect which of homoge-
neous gas phase reactions are at thermodynamic equilib-
rium and which are kinetically limited.

The homogeneous gas phase steam reforming of CH4 was
studied using Chemkin software [27]. The objective was to
compare the time evolution of the gas composition obtained
under operating conditions of interest [6,28] with equilib-
rium predictions. The results are given in Table 3. In
Hofbauer’s experiments, the five main species (H2, CO,
CO2, CH4 and H2O) are considered only. The calculated
composition is nearly constant from 100 to 1000 s and signif-
icantly different from the equilibrium composition. In
Déglise’s experiments, the hydrocarbons with two carbon
atoms are considered. The evolution of the gaseous mixture
toward equilibrium is favoured by the presence of C2 hydro-
carbons but thermodynamic equilibrium is far from being
reached at 103 s. From a modelling viewpoint, it can be con-
cluded that the steam reforming of CH4 is kinetically limited.

Rapagna et al. [7] have calculated the reaction constant
of water–gas shift, which is defined by Eq. (5), with the
experimental partial pressures. For comparison, the
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equilibrium constant of the reaction has also been calcu-
lated at the same temperature. We have applied this
approach to different series of experiments:

• Hofbauer et al. [6] and Rapagna et al. [7] tests consist of
biomass steam gasification in fluidised beds.

• Zanzi’s experiments consist of biomass flash pyrolysis in
a free-fall reactor [29].
Kshift exp ¼
P CO2 exp � P H2 exp

P CO exp � P H2O exp

ð5Þ

The results of these calculations are given in Table 4. In

Hofbauer and Rapagna’s experiments, the experimental
reaction constants are of the same order of magnitude as
the equilibrium constants. Under these operating condi-
tions (1073 < T < 1273 K, p = 1 bar, 0.3 < S/B < 1.2 kg/
kg), the water–gas shift reaction would be close to equilib-
rium. In Zanzi’s tests, at 1073 K, a difference about one
order of magnitude can be observed between the experi-
mental constant and the equilibrium constant. At 1273 K,
equilibrium seems to be reached. Several reasons for this
difference may be suggested:

• In Zanzi’s experiments, the yield of H2O may be overes-
timated since it is calculated by the difference using the
mass balance. The denominator in Eq. (5) is thus
overestimated.

• In Hofbauer and Rapagna experiments, a Fe-containing
catalyst is used, which may promote the water–gas shift
reaction. The presence of a steam excess may also favour
the water–gas shift reaction.

Finally, it can be concluded that the equilibrium seems
to be reached for the water–gas shift reaction at 1273 K
at a residence time about 1 s. Between 1073 and 1273 K,
this statement would need to be confirmed since the two
Table 4
Experimental constant and equilibrium constant of water–gas shift reaction

Name of experiment UNIVAQ 1 kW UNIVAQ 1 kW FICFB 10 kW

Source [7] [7] [6]

Experimental facility Fluidised bed Fluidised bed Fluidised bed
Type of biomass Almond shells

C6H8.6O3.7

Almond shells
C6H8.6O3.7

Wood C6H8,8O

Particle size (mm) 1.1 1.1 Not given
T (K) 1043 1093 1123
Steam/dry biomass

(kg/kg)
1.2 1.2 0.3

Fluidising agent Olivine Olivine Sand?
Gas residence time Not given Not given Not given
Solid residence time Not given Not given Not given

Experimental
constant Kshift exp (–)

0.6 0.9 0.9

Equilibrium
constant Kshift �eq (–)

1.2 1.0 0.9

Kshift exp=Kshift �eq (–) 0.5 0.9 0.9

a Estimated.
series of experiments are not in agreement. Note that sev-
eral authors assert that water–gas shift is at equilibrium
at 1073 K [30,31].

As a first approximation, the following assumptions can
be made under the operating conditions of interest (1073 <
T < 1273 K, p = 1 bar) for the system made up of the five
main gaseous species (H2, CO, CO2, CH4 and H2O):

• The water gas shift reaction is at equilibrium.
• The steam reforming of CH4 is kinetically limited.

The evolution of the gas phase produced during the
solid decomposition can be fully described using:

• The equilibrium relationship for the water gas shift
reaction.

• A mass balance equation for CH4 including a specific
kinetic rate expression for steam reforming.

• The atomic balances on C, H and O.

The latter balances require knowing the distribution of C,
H and O among the gas and solid phases during the reaction.

3.2. Solid phase description: time scales analysis

3.2.1. Data used in calculations

Some thermodynamic and physical properties of gases
and solids and some chemical kinetic constants are
required to estimate the characteristic times of the phenom-
ena. A special attention has been put on estimating the
degree of relevance of these properties and constants.

3.2.1.1. Physical properties.

• Intrinsic gas properties are known with enough accuracy
for our study and are taken from [32]. Two assumptions
are made concerning gases:
FICFB 100 kW Zanzi birch 2 Zanzi birch 3

[6] [29] [29]

Fluidised bed Free-fall reactor Free-fall reactor

3.6 Wood C6H8.8O3.6 Birch wood C6H8.3O4.2 Birch wood C6H8.3O4.2

Not given 0.8–1 0.8–1
1073 1073 1273
0.5 0 0

Olivine Without catalyst Without catalyst
Not given About 3 sa About 3 sa

Not given About 1 sa About 1 sa

0.7 0.1 0.7

1.1 1.1 0.6

0.6 0.1 1.2
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� The gas phase is assumed to be ideal.
� The gas phase is assumed to be mainly made of N2

and H2O.
Note that for the estimation of the gas diffusivity used in
the time scales of internal mass diffusion, only molecular
diffusion is taken into account. This is because the ratio
of the estimated diameter of pores of the solid to the gases
mean free path, calculated according to the kinetic theory
of gases, is much higher than 1. The molecular diffusion
coefficient is calculated for a binary mixture H2O–N2 with
the correlation of Fuller–Schettler–Giddings [33].
• External heat and mass transfer coefficients are obtained

by Ranz–Marshall correlations. These correlations
describe heat and mass transfer to a single or isolated
particle [34]. In the particle Reynolds number, ReP, the
particle slip velocity is assumed to be equal to the parti-
cle free settling velocity in Stokes regime (ReP� 1):
vt ¼
gd2

pðqp � qgÞ
18lg

ð6Þ
• Biomass physical properties are highly variable with the
raw material. For this study, the biomass is a mixture
of common softwoods, Sylvester pine and spruce. Prop-
erties were directly measured on the available samples or
taken from literature dealing with this kind of wood.

• Information about physical properties of the solid resi-
due is quite scarce in the literature [35,36].

The thermodynamic and physical properties of biomass
and solid residue are shown in Table 5.
3.2.1.2. Chemical kinetic rate expressions. An accurate
description of the chemical phenomena is a key issue.
The choice of chemical kinetic laws is difficult because
there are as many kinetic laws as kinetic studies. A large
discrepancy can be observed between them and it is highly
hazardous to extrapolate literature results obtained under
different operating conditions (reactor, heating rate, tem-
perature, biomass type, heating rate of pyrolysis for
residue).

The problem is essentially due to the empirical nature of
the so-called rate expressions and to the fuzzy definition of
the rate. Most authors assume first-order rates with respect
to biomass. However, literature specialized on noncatalytic
le 5
ermodynamic and physical properties of solids

id property Symbol Unit Biomass val

id heat capacity cpp J kg�1 K�1 1522
parent particle density qp kg m�3 300
meter of pores dp m 10�5

issivity xp – 0.9
ermal conductivitya kp W m�1 K�1 0.11

Thermal conductivity is an anisotropic property (up to a factor of 2 can
es). An average value is taken.
gas–solid reactions shows that this situation is not frequent
at all [20,39–42]. An example is given by the consumption
of a shrinking particle in the chemical regime: the rate
expressed as moles (or mass) per unit current volume of
particle and per unit time is shown to be proportional to
f�1/m, where f is the fraction of unconverted solid and m
a positive number ranging from 1 to 3 according to the
shape of the particle ([42] for instance). Published first-
order kinetic rate constants are in fact apparent parameters
that lump the intrinsic chemical process together with other
possible processes of physical nature. Thus, one must be
very careful when using published results, and one can only
assume that these values are lower bounds to the true rate
or rate constant.

• Few kinetic studies on biomass flash pyrolysis at
relatively high temperatures were published. Two
authors [43,44] propose kinetic constants that are
not really in agreement with a ratio about 5. They
are shown in Table 6. Since there is no clear reason
to give more credit to one of them, we calculated
the characteristic time of pyrolysis reaction with both
values.

• The step of gasification of residue may involve gas-solid
reactions with the three reactive gases: H2O, CO2 and
H2. As a first approximation, only reaction with H2O
is considered here since H2O is in excess during steam
gasification. Steam gasification characteristic times were
calculated from two sources:
� A kinetic law obtained in a thermobalance on a slow

pyrolysis residue of softwood [45] among the numer-
ous ones found in the literature on biomass or coal.

� A kinetic law obtained in a fluidised bed on a flash
pyrolysis residue [46].
Since the gasification process is slow, one may assume
that the constant reflects intrinsic chemistry essentially.
The kinetic constants are shown in Table 7. In this case,
the two constants are of the same order of magnitude. Only
calculations made with Kojima’s law are used on subse-
quent graphs.

There is an unavoidable lack of accuracy concerning the
solid properties and the chemical kinetic constants. This
point has to be kept in mind when using the characteristic
time analysis.
ue Source Solid residue value Source

[37] 1075 [35]
Estimated 100 Estimated
Estimated 10�5 Estimated
[38] 0.9 Estimated
[37] 0.06 Estimated (twice less

than wood [35])

be observed between the two directions parallel and perpendicular to the



Table 6
Flash pyrolysis kinetic laws

Source Brink [43] Biagini [44]

Experimental
apparatus

Flow reactor Wire mesh reactor

Heating rate Not given 1000 K s�1

Temperature 920–1144 K Up to 1673 K
(range not given)

Pressure 1 bar 1 bar
Type of biomass White fir Olive residue
Particle size <175 lm <84 lm
Type of kinetic law First order First order
Kinetic constant kpyro ðs�1Þ ¼ 2:64

�105 exp �105;000
RT

� � kpyro ðs�1Þ ¼ 3:27
�106 exp �113;900

RT

� �

Table 7
Steam gasification kinetic laws

Source Nandi [45] Kojima [46]

Experimental
apparatus

Thermobalance Fluidised bed

Temperature 877–1144 K 1123–1223 K
Pressure 22 bar 1 bar
Type of biomass Pine Jack Wood
Particle size 1.2–1.7 mm About 1–2 mm
Pyrolysis treatment Slow (in a tubular

furnace)
Flash (in the fluidised bed)

Type of kinetic law First order First order
Kinetic constant kgasif ðs�1Þ ¼ 1:7

�105 exp �170;250
RT

� � kgasif ðs�1Þ ¼
1773P 0:41

H2O exp �179;000
RT

� �
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3.2.2. Results

The definition of the main characteristic times for spher-
ical particles and their value for particles of 500 lm diam-
eter at 1073 and 1273 K is given in Table 8.

The order of magnitude of the main ratios of the char-
acteristic times is given in Table 9 at 1073 and 1273 K for
three particle sizes between 50 and 1000 lm.
Table 8
Definition of the characteristic times of the main phenomena and values
associated with particles of 500 lm at 1073 and 1273 K

Physical and chemical
phenomena

Definition of the
characteristic times

Time for particles of
500 lma (s)

T = 1073 K T = 1273 K

Pyrolysis of biomass tpyro ¼ 1
kpyro

0.1–0.5 0.01–0.1

Steam gasification
of residue

tgasif ¼ 1
kgasif

1000 50

External heat transfer
by convection

text conv ¼
qpcppdp

6ht
0.09 0.09

External heat transfer
by radiation

text rad ¼
qpcppdp

6xr�ðT gþT pÞ�ðT 2
gþT 2

pÞ

0.5 0.3

Internal heat
conduction

tint cond ¼
qpcppd2

p

36kp
0.03 0.03

External mass transfer text mass ¼
qpRT gdp

6hmP H2 OMH2 O

0.04 0.04

Internal diffusion
of mass

tint mass ¼
d2

p

36Dm
0.0004 0.0003

a Data used for calculations are listed in Tables 5–7.
3.2.3. Analysis and discussion of the results

Within the range of temperatures under study (1073 <
T < 1273 K), the characteristic time of pyrolysis reaction
is below 1 s, whereas for the steam gasification reaction
it is higher than 1 min, or even higher than 1 h at
1073 K. Experimentally, only pyrolysis may occur under
pneumatic transport conditions that imply residence times
smaller than 10 s. In a fluidised bed, since the solid resi-
dence time can be more than 1 h, steam gasification
may occur.

The ratio between the characteristic times of steam gas-
ification of residue and the biomass pyrolysis is much
higher than 1. Consequently, the transformation can be
modelled as two successive steps:

• Pyrolysis of biomass.
• Steam gasification of solid residue.

The characteristic times of the mass transfer processes,
either internal or external, are below 1 s due to the rela-
tively small particle size.

The ratio of the characteristic times of the internal mass
transfer to the external mass transfer, called mass Biot
number, BiM, is much smaller than 1. External mass trans-
fer is therefore more limiting than internal mass diffusion
for particles between 50 and 1000 lm.

The ratio between the characteristic times of the steam
gasification reaction and the external mass transfer of gases
is much higher than 1. The chemical reaction is therefore
the limiting step. Since the characteristic times of chemical
reactions vary with the temperature only, this implies that
the rate of conversion at this stage of the process is mostly
influenced by temperature, not by particle size. This also
means for modelling that the gases have enough time to
penetrate the whole particle before the reaction takes place.
Steam gasification can be assumed to occur uniformly over
the whole residue.

The characteristic times of all the heat transfer processes
are 1 s or less.

External heat transfer from the gas to the particle may
occur by radiation or convection. The ratio between the
characteristic times of radiation and convection is much
higher than 1 for particles of 50 lm. Under these condi-
tions, radiation is quite less efficient than convection. It
can therefore be assumed that radiation is negligible and
that external heat transfer occurs mainly by convection.
For bigger particles, the ratio between the time scales is
only a little bit higher than 1. Both phenomena have to
be taken into account.

The ratio between the characteristic times of internal
heat conduction and external heat transfer by convection,
also called thermal Biot number BiT, is about 1 under the
whole range of operating conditions. Both phenomena
may be limiting for the transformation.

The competition between the heat transfer processes and
the chemical reaction of pyrolysis can be evaluated through
the pyrolysis number Py. This number is the ratio between



Table 9
Characteristic time ratios at 1073 and 1273 K for different particle sizesa

Particle size (T = 1073 K) Particle size (T = 1273 K)

50 lm 500 lm 1000 lm 50 lm 500 lm 1000 lm

Gasification to pyrolysis ratio
tgasif

tpyro

�104–105 �104–105 �104–105 �103–104 �103–104 �103–104

Pyrolysis number Py
tpyro

tint cond
�102–103 �1–10 �1 �102 �1 �10�1-1

Thermal Biot number BiT
tint cond

text conv
�1 �1 �1 �1 �1 �1

text rad

text conv
�10 �1 �1 �10 �1 �1

tgasif

text mass
�106 �104 �104 �105 �103 �103

Material Biot number BiM
tint mass

text mass
�10�2 �10�2 �10�2 �10�2 �10�2 �10�2

a Data used for calculations are listed in Tables 5–7.
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the characteristic time of the pyrolysis reaction and the
internal conduction. As seen in Fig. 1, under the operating
conditions of interest, its range of variation spreads from
10�1 to 103, that is four orders of magnitude. Therefore,
different regimes of pyrolysis have to be considered.

In Fig. 1, the limits between the regimes are plotted versus
temperature and particle size. The limit above which chem-
ical regime prevails is defined by Py = 10, whereas the limit
under which thermal regime prevails is defined by Py = 0.1.
Note that the limits are made of two thick hatched bands,
which take into account the uncertainty on chemical kinetic
data. Pyrolysis is limiting for particles smaller than 100 lm
up to 1100 K. Heat transfer processes can be assumed to be
instantaneous and the particle is considered as isothermal.
This situation is well-adapted to chemical kinetic experi-
ments. Under the other realistic operating conditions under
study, the characteristic times associated with heat transfers
and chemical reaction of pyrolysis are of the same order of
magnitude. Neither of the process can be assumed to be lim-
iting. This is the most complex situation, either for experi-
ments or modelling, due to the coupling of the different
phenomena. The particle transformation has to be described
by a thick front of reaction moving towards the particle cen-
tre with time. Note that the thermal regime is reached only
for particles bigger than 1 cm.

A direct comparison of this graph with those previously
published in the literature [23,25] is difficult because the
Fig. 1. Pyrolysis regimes versus temperature and particle size.
temperatures were lower than 873 K. It seems that the
maximum particle sizes for chemical regime are of the same
order of magnitude as those given by Peters. This is not the
case with Simmons’ results [23]. An extrapolation of
Simmons’ graph to higher temperatures leads to maximum
particle sizes smaller than 1 lm for chemical regime at
about 1073 K.
4. Conclusions

Gas phase can be represented by its five main species (H2,
CO, CO2, CH4 and H2O). This system is kinetically gov-
erned by two independent reactions. Under the operating
conditions of interest, the reaction of steam reforming of
CH4 is under chemical kinetic control. According to the
analysis of some experimental results and to some authors,
the water–gas shift reaction would be close to equilibrium at
1273 K. This statement needs confirmation at 1073 K.

A characteristic time analysis shows that

• The transformation can be seen as two successive steps:
� Pyrolysis of biomass, whose time scale is smaller than

1 s.
� Steam gasification of residue, whose time scale is far

above 1 min.

• Steam gasification of residue is controlled by chemical

kinetics.
• Pyrolysis of biomass seems to occur in chemical regime

for particles smaller than 100 lm up to 1100 K. In the
other cases, the transformation seems to be controlled
both by the heat transfer and the chemical kinetics.
Gas-to-particle heat transfer occurs mainly by convec-
tion, but radiation may become significant for large par-
ticles. External heat transfer and internal conduction are
on the same time scale.
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1936;42:846.

[20] Villermaux J, Antoine B. Pyrolyse éclair de solides divisés dans un
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