
Fuel 132 (2014) 107–115
Contents lists available at ScienceDirect

Fuel

journal homepage: www.elsevier .com/locate / fuel
Modeling biomass char gasification kinetics for improving prediction
of carbon conversion in a fluidized bed gasifier
http://dx.doi.org/10.1016/j.fuel.2014.04.014
0016-2361/� 2014 Elsevier Ltd. All rights reserved.

⇑ Corresponding author. Tel.: +358 400299614.
E-mail address: jason.kramb@jyu.fi (J. Kramb).
Jason Kramb a,⇑, Jukka Konttinen a, Alberto Gómez-Barea b, Antero Moilanen c, Kentaro Umeki d

a Department of Chemistry, Renewable Natural Resources and Chemistry of Living Environment, University of Jyväskylä, PO Box 35, FI-40014 University of Jyväskylä, Finland
b Bioenergy Group, Chemical and Environmental Engineering Department, Escuela Técnica Superior de Ingeniería, University of Seville, Camino de los Descubrimientos s/n, 41092
Seville, Spain
c VTT Technical Research Centre of Finland, PO Box 1000, 02044 VTT, Finland
d Division of Energy Science, Department of Engineering Sciences and Mathematics, Luleå University of Technology, 971 87 Luleå, Sweden

h i g h l i g h t s

� A novel conversion rate equation for biomass char gasification based on TGA data.
� TGA experiments conducted to simulate conditions in a fluidized bed gasifier.
� A fluidized bed gasifier model using the newly developed conversion rate expression.
� Comparison of reactor modeling results against pilot plant measurements.
a r t i c l e i n f o

Article history:
Received 28 January 2014
Received in revised form 1 April 2014
Accepted 6 April 2014
Available online 24 April 2014

Keywords:
Biomass
Gasification
Reaction kinetics
Modeling
Fluidized bed
a b s t r a c t

Gasification of biomass in a fluidized bed (FB) was modeled based on kinetic data obtained from
previously conducted thermogravimetric analysis. The thermogravimetric analysis experiments were
designed to closely resemble conditions in a real FB gasifier by using high sample heating rates, in situ
devolatilization and gas atmospheres of H2O/H2 and CO2/CO mixtures. Several char kinetic models were
evaluated based on their ability to predict char conversion based on the thermogravimetric data. A
modified version of the random pore model was shown to provide good fitting of the char reactivity
and suitability for use in a reactor model. An updated FB reactor model which incorporates the newly
developed char kinetic expression and a submodel for the estimation of char residence time is presented
and results from simulations were compared against pilot scale gasification data of pine sawdust. The
reactor model showed good ability for predicting char conversion and product gas composition.

� 2014 Elsevier Ltd. All rights reserved.
1. Introduction Mathematical models for fluidized bed gasification (FBG) can be
Gasification of biomass has become a topic of increasing inter-
est as a potentially renewable method of electricity, heat and liquid
fuel production. The gasification process can be divided into a
number of steps, of which char gasification is often the slowest.
As a result, char gasification tends to represent a rate controlling
step of the overall thermo-chemical conversion process. Char can
contain 25% of the energy content of the biomass fuel [1] and the
total char conversion can significantly influence the composition
of the product gas as well as the overall efficiency of the gasifica-
tion process. As a result, accurate prediction of char conversion is
a key factor to optimize a biomass gasifier.
used in all stages of the gasifier design and operation. The models
can vary significantly in terms of complexity and scope, where
the two extremes are often considered to be thermodynamic
equilibrium models for simplicity and computation fluid
dynamical models for complexity [2]. For all modeling approaches
obtaining experimental data for model validation is a widely
acknowledged challenge.

This work presents a method for predicting the reactivity of
biomass char as a function of conversion, temperature and
pressure based on experimental data obtained from dedicated
thermogravimetric analysis, where operating conditions are
applied to closely resemble conditions in a FBG. Various char
reactivity models were examined for their ability to predict the
experimental conversion rate and suitability for use in a FBG
model. One of these char reactivity models was implemented into
a FBG model and the modeling results were compared against
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Nomenclature

Abbreviations
DAF dry ash-free fuel
FB fluidized bed
FBG fluidized bed gasifier
HRPM hybrid random pore model
MRPM modified random pore model
PPW proposed in present work
RPM random pore model
TGA thermogravimetric analysis
UCM uniform conversion model

Symbols
a kinetic parameter for hybrid models (–)
w random pore model surface parameter (–)
s char residence time (s)
s2 time constant for bottom ash removal (s)
s3 time constant for fly ash removal (s)
sR char conversion time (s)
n catalytic deactivation coefficient (–)
c modified random pore model parameter (–)
E activation energy (J/mol)
k0 frequency factor for Arrhenius terms (1/s)
k3 Arrhenius term of Kr (1/s)
Kr kinetic coefficient (1/s)
k1b Arrhenius term of Kr (1/s)
k1f Arrhenius term of Kr (1/s)

kccg;1 three parallel reaction model rate coefficient (1/s)
kccg;2 three parallel reaction model rate coefficient (1/s)
kncg three parallel reaction model rate coefficient (1/s)
m0 initial char mass (g)
N number of reactor sections in FBG model (–)
nc;fix char carbon flow from devolatilization stage (mols/s)
NC;tot total carbon inventory in the reactor bed (mol)
nCO2 ;eq;ðiÞ equilibrium adjusted CO2 flow leaving reactor section i

(mol/s)
nH2O;eq;ðiÞ equilibrium adjusted steam flow leaving reactor section

i (mol/s)
p modified random pore model parameter (–)
pi partial pressure of gas i (bar)
r conversion rate (1/s)
r00 instantaneous reaction rate (1/s)
r�ðiÞ apparent instantaneous reactivity in ith section of gas-

ifier model (1/s)
T temperature (�C)
Wb;tot total bed inventory (kg)
wc;ch;b weight percentage of carbon in char in the bed (–)
wc;ch;d weight percentage of carbon in char from devolatiliza-

tion (–)
Xch char conversion (–)
Xc overall fuel carbon conversion (–)
Xg;ðiÞ fractional molar conversion of reactant gas in section i

of FBG reactor model (–)
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measured char conversion and product gas composition from a
pilot scale gasifier. The focus of the model is to examine the effects
of char reactivity on the performance of FBGs. The model is inten-
tionally simple in that the required inputs are easily obtained
experimental characterization of the fuel and basic reactor operat-
ing conditions.

2. Theory and methods

This section presents the approach followed in this work to
model a FBG from thermogravimetric analysis (TGA) measure-
ments. Four different aspects are discussed: (i) definitions of char
reactivity and reaction rates; (ii) how to calculate these quantities
from TGA measurements in which the whole conversion of the
sample occurs, including devolatilization and char gasification;
(iii) selection of a model to represent the effects of temperature,
gas composition and carbon conversion in the form of a kinetics
equation; (iv) development of a FBG model where the char reactiv-
ity model is implemented together with devolatilization and reac-
tor considerations (e.g. input flow rate of biomass fuel, ash bed
inventory, reactor size).

2.1. Definitions

Char conversion of a fuel sample being converted at uniform
and constant temperature and gas composition is defined as,

Xch ¼
m0 �mt

m0
ð1Þ

where m0 and mt are, respectively, the ash-free mass of the sample
at the start of gasification and time t.

The conversion rate is defined as,

r ¼ dXch

dt
; ð2Þ
and the instantaneous reactivity is calculated by normalizing the
conversion rate by the mass of the sample at time t,

r00 ¼ � 1
mt

dmt

dt
¼ 1

1� Xch

dXch

dt
: ð3Þ
2.2. Measuring char reactivity for FBG from thermogravimetric
measurements

As the purpose of this work is to model gasification of biomass
in FBGs, the TGA experiments were designed to mimic the condi-
tions of those gasifiers as closely as possible. The experimental
setup and data used in the present work has been described in
detail elsewhere [3]. In the experiments the sample is lowered into
the preheated reactor chamber causing devolatilization and
gasification reactions to begin immediately. This way of operation
closely simulates the char generation in a FBG in a number of key
ways: high heating rates during devolatilization, devolatilization
occurs in the presence of the gasification agent, and, most
importantly, the sample is not cooled between devolatilization
and char gasification.

The tests were carried out in isothermal conditions on pine
sawdust samples at 750 �C and 850 �C using atmospheres contain-
ing mixtures of either H2O/H2 or CO2/CO. Proximate and ultimate
analysis of the fuel samples have been published previously by
Moilanen and Saviharju [4]. The volume fraction of each gas com-
ponent in the atmosphere during each TGA test was varied to
observe the inhibiting effects of H2 and CO on the char reactivity.
Table 1 summarizes the operating conditions for the TGA tests [4].

While this setup more accurately resembles a fuel particle being
injected into a hot fluidized bed, it adds the complication of
separating the devolatilization and gasification stages in order to
correctly model only the char gasification. The approach used in
this work to define the initial char conversion is based on the



Table 1
TGA testing conditions of pine sawdust used for char reactivity modeling showing reactor temperature and gas partial pressures [4].

CO2 gasification H2O gasification

Temperature (�C) pCO2
(bars) pCO (bars) Temperature (�C) pH2 O (bars) pH2

(bars)

750 1 0 750 1 0
750 0.95 0.05 750 0.95 0.05
750 0.89 0.11 750 0.9 0.1
750 0.8 0.2 750 0.86 0.14
850 1 0 850 1 0
850 0.95 0.05 850 0.95 0.05
850 0.89 0.11 850 0.86 0.14
850 0.8 0.2
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method proposed by Umeki et al. [5] who established clearly how
to obtain char conversion versus time data from similar TGA data
where the overall fuel conversion takes place. For all TGA experi-
ments the starting point of gasification was between 60 and
120 s from when the sample was lowered into the reactor
chamber.
2.3. Modeling of char reactivity

A variety of approaches have been proposed to describe the gas-
ification reactivity of biomass char in the past [2,6]. The variation
of conversion rate with temperature, gas composition and carbon
conversion can be written in the general form as

dXch=dt ¼ f ðT;pi;XchÞ; ð4Þ

where T is the temperature at which the conversion occurs and pi is
the partial pressure of gas species i. Most often in char gasification
reactivity studies, it is assumed that the effects of operating condi-
tions and char conversion can be separated in a convenient form to
fit the measurements, giving the following expression to represent
the conversion rate

dXch=dt ¼ KrðT;piÞFðXchÞ; ð5Þ

where KrðT;pi) is the kinetic coefficient and the second term, FðXchÞ,
is the term which expresses the reactivity dependence on conver-
sion and can take a number of different forms. Both terms,
KrðT;piÞ and FðXchÞ, may contain parameters to be fit by measure-
ments [6].

Experimental representation of the function f in Eq. (4) is diffi-
cult and there is not yet a general model where f is explicitly
obtained. Despite this, there are some models that have tried to
find such an expression for certain operating conditions. A model
of this type, the three parallel reaction model [5], is briefly ana-
lyzed below. In contrast, a variety of expressions have been pre-
sented in literature to fit both KrðT; piÞ and FðXchÞ to
measurements. Some of these models are based on fundamental
description of the processes taken at the char surface and others
by empirical expressions. Table 2 shows the conversion rate
Table 2
Char conversion equations considered for modeling TGA data. All equations were used for b
Eqs. (6) and (7) for CO2 and steam gasification respectively. Acronyms: UCM – Uniform co
HRPM – Hybrid random pore model, HMPRM – Hybrid modified random pore model, PPW

Model f (T, pi, Xch) = Kr(T, pi) F (Xch)

UCM Krð1� XchÞ
RPM Krð1� XchÞ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1� wlogð1� XchÞ

p
MRPM Krð1� XchÞ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1� wlogð1� XchÞ

p
ð1þ ðcXchÞpÞ

HRPM Kr a expð�nX2
chÞ þ ð1� XchÞ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1� wlogð1� XchÞ

p� �
HMRPM Kr a expð�nX2

chÞ þ ð1� XchÞ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1� wlogð1� XchÞ

p
ð1þ ðcXchÞpÞ

� �
equations that were considered in this work for modeling char gas-
ification reactivity of pine sawdust.

The Langmuir–Hinshelwood kinetic model has been widely
used to model the kinetic coefficient, KrðT; piÞ, in gasification
processes. Although there remains some criticism to this kinetic
model [7], the Langmuir–Hinshelwood model has been widely
used with success to model measurements in char reactivity [8],
and so has been chosen to represent KrðT; piÞ in this study. In pre-
vious work [9] Eqs. (6) and (7), as described by Barrio [10], have
been used for the kinetic coefficient for CO2 and steam gasification:

Kr�CO2 ¼
k1f pCO2

1þ k1f

k3
pCO2

þ k1b
k3

pCO

ð6Þ

and

Kr�H2O ¼
k1f pH2O

1þ k1f

k3
pH2O þ

k1b
k3

pH2

: ð7Þ

These equations account for the inhibiting effects of CO and H2 on
the gasification reaction rate and show a good ability to predict
the measured reactivities. The kinetic parameters (k1f ; k1b; k3) have
the form of the Arrhenius equation,

k ¼ k0expð�E=RTÞ; ð8Þ

where k0 is the frequency factor and E the activation energy. Fig. 1
shows the predicted reactivities from Eqs. (6) and (7) with the mea-
sured averaged reactivity (averaged from approximately 30–80%
char conversion) at 750 �C and 850 �C for both steam and CO2 gas-
ification [9]. Throughout this work it can be assumed that all kinetic
coefficients, Kr , follow Eqs. (6) and (7) for CO2 and H2O gasification
respectively.

Regarding the variation of reactivity with conversion,
represented by FðXchÞ, five reactivity models (see Table 2) are
examined in this work using the TGA experimental data for
sawdust: the uniform conversion model (UCM), random pore
model (RPM), modified random pore model (MRPM), and a ‘hybrid’
version of the RPM (HRPM) and MRPM (HMRPM) which attempts
to better model the higher conversion rate which is observed at
low conversion levels.
oth CO2 and steam gasification. As mentioned, the kinetic coefficient terms, Kr , follow
nversion model, RPM – Random pore model, MRPM – Modified random pore model,

– Proposed in the present work.

Eq. Model parameters Reference

(10) Kr [14]
(11) Kr ;w [11]

(12) Kr ;w; c; p [13]

(13) Kr ;a; n;w PPW

(14) Kr ;a; n;w; c; p PPW



Fig. 1. Average reactivity values for steam (A) and CO2 (B) gasification from TGA
data and the reactivities calculated from fitted kinetic parameters using Eq. (7) and
Eq. (6) [9].

Fig. 2. Four sets of TGA conversion rate data with corresponding predictions from
the three parallel reaction model developed by Umeki et al. [5] shown in Eq. (9). (A)
850 �C, 1 bar CO2; (B) 850 �C, 0.8 bar CO2, 0.2 bar CO; (C) 780 �C, 1 bar CO2; (D)
780 �C, 0.95 bar CO2, 0.05 bar CO.

Fig. 3. Measured char conversion rate from CO2 gasification at 850 �C, 1 bar CO2 and
the predicted conversion rates from the UCM, RPM, MRPM, and HMRPM. The RPM
and MRPM are identical for 0 < Xch < 0:6, after which the RPM model begins to
show lower conversion rate than the MRPM.
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The three parallel reaction model was developed by Umeki et al.
[5] to describe the catalytic activity of ash in biomass gasification
and is an example of a conversion model in the form of Eq. (4).
The model can be expressed as

r ¼ kccg;1expð�nX2
chÞ þ kncgð1� XchÞ þ kccg;2; ð9Þ

where n is a structural parameter for the fuel type and kccg;1; kncg

and kccg;2 are kinetic coefficients. The model divides the char gasifi-
cation into three stages: a regime of high reactivity where catalyst
deactivation occurs, a slower first-order kinetic regime in which
non-catalytic gasification takes place, and a zeroth order kinetic
regime where the catalyst is again influential. Fig. 2 shows the
model prediction for the conversion rate of four sets of TGA reactiv-
ity data from sawdust. While this parallel reaction model can accu-
rately predict the reactivity and conversion time of biomass char for
CO2 gasification, the kinetic coefficients kccg;1; kncg , and kccg;2 have
complex pressure and temperature dependence. The correlation
factor n has also been shown to have dependence on temperature.
As a result, the three parallel reaction model is currently limited
to predicting conversion rates only at the temperature and pressure
conditions of the experimental data. This limitation makes this
model currently unsuitable for use in the carbon conversion predic-
tor presented below.

The random pore model developed by Bhatia [11,12] attempts
to describe the changes in the pore structure during the conversion
of the fuel. It has been widely used for oxidation and gasification of
numerous fuels. Zhang et al. [13] created a modified random pore
model (MRPM) in order to fit conversion data of biomass chars
which showed a maximum in the conversion rate at high char
conversion. This was done by adding a new conversion term to
the original RPM, as shown in Eq. (12). The two dimensionless
parameters introduced in the MRPM were shown to be correlated
with the amount of active potassium in the fuel sample.
Both the RPM and MRPM showed good ability to fit the mea-
sured conversion rate curves of pine sawdust for high conversion
(Xch > 0:4) as seen in Figs. 3 and 4 which show measured conver-
sion rates for two TGA test conditions and the predicted conversion
rates for various models. The TGA measurements typically show
slightly higher conversion rates at the end of char conversion
(Xch > 0:8) than predicted by the RPM, but this is not as pro-
nounced as what was observed by Zhang et al. [13] and as a result
the improvements offered by the MRPM in modeling the dXch=dt
curve is less significant. The deviation of the models from the
measured data at low char conversion is attributed to the char
generation conditions. In previous works where the random pore
model or modified random pore model have been used, the char
samples were prepared before gasification, usually by heating at
a controlled rate in a nitrogen atmosphere [13,15]. This differs
significantly from the in situ char formation process described in
Section 2.2 and used in this work. The higher than expected char
reactivity at low conversion may be explained by small amounts
of remaining volatiles being released through ongoing devolatiliza-
tion, as well as the dependence of char properties and reactivity on



Fig. 4. Measured char conversion rate from steam gasification at 850 �C, 0.95 bar
H2O, 0.05 bar H2 and the predicted conversion rates from the UCM, RPM, MRPM,
and HMRPM. The RPM and MRPM are identical for 0 < Xch < 0:7, after which the
RPM model begins to show lower conversion rate than the MRPM.

Fig. 5. A schematic diagram of the carbon conversion predictor, including model
inputs and the outputs of the pyrolysis and FBG submodels.
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devolatilization conditions. It has been shown for several types of
biomass that higher pyrolysis heating rates will generally lead to
higher reactivities [16]. This section of the conversion curve also
corresponds with the regime describing catalytic gasification with
deactivation of the catalyst in the three parallel reaction model and
this fact was used to develop the present version of a char kinetic
model as discussed below.

In order to improve the ability of the modified random pore
model to predict the conversion rate of the char as measured in
the TGA, a hybrid kinetic model was developed which considers
two different periods during char gasification: an initial period fol-
lowing the catalytic gasification with deactivation of the catalyst
regime from the three parallel reaction model shown in Eq. (9)
and a second period following either the RPM or MRPM. In order
to separate the kinetic and structural terms of the conversion rate
equation according to Eq. (5), it was assumed that the kinetic coef-
ficient kccg;1 was proportional to the kinetic coefficient of the RPM/
RMPRM (kccg;1 ¼ aKr) and that the correlation factor n was not
dependent on temperature. These hybrid models are shown by
Eqs. (13) and (14) in Table 2.
Fig. 6. A schematic diagram of the FBG submodel showing the basic calculation
procedure for determining char conversion. The final outputs of the model are the
overall char conversion, Xch , char residence time, s, and product gas composition
(nCO;eq;N , nCO2 ;eq;N , nH2 O;eq;N , nH2 ;eq;N). These are taken as the values calculated in the
final reactor section.
2.4. Carbon conversion predictor model

An improved carbon conversion predictor has been developed
to model biomass gasification in a fluidized bed. The original model
has been described previously [9,17]. The goal of the model is to
limit the required inputs to easily obtained data on the fuel prop-
erties and reactor parameters while providing an accurate estimate
of the overall carbon conversion and product gas composition. A
schematic outline of the model is shown in Fig. 5. The basic input
to the model consists of proximate and ultimate analysis of the fuel
as well as the char reactivity data from the TGA measurements. The
reactor feed rates for air, steam and the fuel and the reactor
operating conditions are also required. The model contains a
simple devolatilization submodel which assumes this stage
(releasing of volatiles from the fuel particle) to happen instantly
when the fuel particle is injected into the reactor. The products
of the devolatilization submodel, char and gas streams, are
calculated based on thermochemical equilibrium which is
explained in more detail elsewhere [9].

Fig. 6 shows the basic calculation procedure involved in the FBG
model. The fluidized bed is divided into N vertical sections which
are modeled as ideally stirred reactors. For each vertical section
the char conversion and product gas composition is calculated
and the gas composition leaving section i is used for calculating
the char reactions of section iþ 1. In order to be consistent with
previous results from the carbon conversion predictor [9], N = 8
was used in this work. This value was chosen in the original model
because when the number of vertical sections of the gasifier model
is greater than eight the model results become sufficiently inde-
pendent of this parameter.

In addition, the updated reactor model incorporates a new
submodel to calculate the char residence time, s, which was not
calculated in the previous version of the model [9] but assumed



Table 3
Mean absolute percentage error for estimating conversion times of pine sawdust for
five char reactivity models when compared with TGA experiments.

CO2 (%) H2O (%)

UCM 82 110
RPM 33 28
MRPM 28 26
HRPM 22 19
HMRPM 22 18

112 J. Kramb et al. / Fuel 132 (2014) 107–115
to equal the char conversion time, sR. The equations developed by
Gómez-Barea and Leckner [18] were implemented in the new ver-
sion of the FBG model, which relate s with the mass fraction of car-
bon in the char of the reactor bed, wc;ch;b, and the char conversion
attained in the reactor, Xch. These are shown in Eqs. (15)–(17)
respectively:

s ¼ 1
ð1=s2 þ 1=s3Þ

1� wc;ch;d=sR

ð1=s2 þ 1=s3 þ 1=sRÞ

� �
; ð15Þ

wc;ch;b ¼
ð1=s2 þ 1=s3Þwc;ch;d

1=s2 þ 1=s3 þ ð1�wc;ch;dÞ=sR
; ð16Þ

and

Xch ¼ 1�wc;ch;b

wc;ch;d

s
s2
þ s

s3

� �
; ð17Þ

where s2 is the time constant for bottom ash removal, s3 is the time
constant for fly ash removal, wc;ch;d is the mass fraction of carbon in
char from the devolatilization submodel and sR is the char conver-
sion time which is calculated as

sR¼
Z Xch

0
1= Kr aexpð�nX2

chÞþð1�XchÞ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1�wlogð1�XchÞ

q� �� �
dXch

ð18Þ

according to the proposed HRPM shown in Eq. (13). This method
allows for the accounting of carbon lost through bottom and fly
ash on carbon conversion and residence time, which was missing
in the original model design. Due to the new conversion depen-
dence of the reaction time an initial guess for Xch must be made
at the beginning of the calculation process. These calculations are
then iterated until the values of s and Xch converge.

The balance equation for the carbon consumed in the steam and
CO2 gasification reactions in the ith section of the reactor are given
as,

NC;tot

N
r�H2O;ðiÞ ¼ nH2O;eqði�1ÞXg;H2O;ðiÞ; ð19Þ

and

NC;tot

N
r�CO2 ;ðiÞ ¼ nCO2 ;eqði�1ÞXg;CO2 ;ðiÞ; ð20Þ

where NC;tot is the total carbon inventory in the reactor bed, r�H2O;ðiÞ
and r�CO2 ;ðiÞ are the effective char reactivities in the ith section of
the reactor, nH2O;eq;ði�1Þ and nCO2 ;eq;ði�1Þ are the flows of steam and
CO2 from the previous reactor section, and finally Xg;H2O;ðiÞ and
Xg;CO2 ;ðiÞ are the fractional molar conversion of the reactant gases.
The carbon inventory, Nc;tot , and wc;ch;b are related by the total bed
inventory, Wb;tot , which must be supplied as a model input. The
effective reactivities, r�H2O;ðiÞ and r�CO2 ;ðiÞ, are assumed to be of the form
r� ¼ br00avg where r00avg is the averaged reactivity from the beginning
of char conversion to Xch as calculated in Eq. (17). The coefficient
b is found by the carbon balance relation,

Xchnc;fix ¼ Nc;totðr00H2O;avg þ r00CO2 ;avgÞb; ð21Þ

where nc;fix is the carbon flow from the devolatilization stage. It can
then be shown that

b ¼ Xch

sðr00H2O;avg þ r00CO2 ;avgÞ
: ð22Þ

The requirement to maintain simplicity in the carbon conversion
predictor has imposed some limitations in the current FBG model.
First, the temperature of the reactor is a required input to the
model, rather than calculated through an energy balance. Similarly,
methane concentration in the product gas is determined from the
methane yields determined experimentally during measurements
in FBG and is therefore considered an input term. The yield of
methane depends on the fuel type and process temperature. For a
typical FBG biomass fuels the methane yield is in the range of
50–80 g/kg daf [19]. Finally, the estimation method for s3 as a func-
tion of operating conditions prevents the use of the model without
additional measurements from which the fly ash flow can be
estimated. The method used for estimating s3 for a pilot plant is
discussed in Section 3.2.
3. Results

3.1. Reactivity modeling

The reactivity models from Table 2 were fitted to the measured
TGA reactivity data and the ability of each model to accurately
predict observed char conversion times was evaluated. For all
models the kinetic coefficient KrðT; piÞ was taken as Eq. (6) for
CO2 gasification and Eq. (7) for steam gasification. For each reactiv-
ity model a single set of parameters was found using a least
squares method which minimized the error between the model
prediction and measured conversion times for all sets of TGA data.

The mean absolute percentage error in predicting experimental
conversion times for each model was calculated as,

� ¼ 1
Nj

XNj

j¼1

1
Nj;i

XNi

i¼1

jðti;j;exp � ti;j;modelÞ=ti;j;expj ð23Þ

where Nj is the number of TGA data sets, Nj;i is the number of data
points in data set j; ti;j;exp is the experimental conversion time for
data point i in set j, and ti;j;model is the model value for point ti;j;exp.
The errors are shown in Table 3. The RPM offers significant
improvement over the uniform conversion model in all the cases,
especially at high conversion. The MRPM improves conversion time
prediction slightly compared with the RPM. Using the HRPM and
HMRPM decreases the error in predicting conversion time signifi-
cantly compared with the original RPM and MRPM. The HMRPM
gives either minimal or no improvement over the HRPM. The rela-
tively small benefit in using the MRPM over the RPM and the
HMRPM over the HRPM is likely this is due to the low ash content,
and therefore low potassium content, of the sawdust which would
reduce the potential benefits for using the additional terms pro-
posed by Zhang et al. in the MRPM. It was concluded that the HRPM
was the best option for modeling the measured char conversion rate
as it combines good conversion time predictions with a reasonable
amount of fitting parameters. The best fit kinetic and structural
parameters in the HRPM for CO2 and H2O gasification are shown
in Table 4.

The conversion times predicted by the RPM, MRPM, HRPM and
UCM are shown with the measured values for twelve sets of TGA
data for both CO2 and H2O gasification in Figs. 7 and 8 (see Table 1
for all test conditions). It is clear that the UCM often deviates sig-
nificantly from the measured conversion times, in particular for
the H2O tests. This was expected as the UCM in steam gasification
has the highest mean absolute percentage error as shown in
Table 3. The RPM and MRPM tend to produce very similar conver-
sion time results and while the HRPM improves upon the RPM and



Table 4
Arrhenius and structural parameters for CO2 and H2O gasification of pine sawdust
using the HRPM. The units are s�1 for the frequency factors, k0, and J/mol for the
activation energies, E.

CO2 H2O

k0 E k0 E

k1f 1:2 � 1011 1:6 � 105 k1f 1:9 � 107 2:0 � 105

k1b 5:9 � 108 1:7 � 105 k1b 2:9 � 1010 2:4 � 105

k3 2:2 � 1010 2:8 � 105 k3 2:4 � 109 2:5 � 105

w a n w a n
5.30 5.6 48 3.9 3.8 24

Fig. 7. Conversion times for CO2 gasification as predicted by the UCM, the RPM, MRPM
conversion time from the TGA data. (A) 750 �C, 1 bar CO2; (B) 750 �C, 0.95 bar CO2, 0.05 b
CO2, 0.11 bar CO; (F) 850 �C, 0.8 bar CO2, 0.2 bar CO.

Fig. 8. Conversion times for H2O gasification as predicted by the UCM, the RPM, MRPM
conversion time from the TGA data. (A) 750 �C, 0.95 bar H2O, 0.05 bar H2; (B) 750 �C, 0.9
850 �C, 0.95 bar H2O, 0.05 bar H2; (F) 850 �C, 0.86 bar H2O, 0.14 bar H2.
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MRPM in most test conditions there are examples where the HRPM
underperforms. This is to be expected due to the range of test
conditions which have been used for the kinetic parameter fitting
and it is unlikely that a simple conversion rate expression, such as
the HRPM, will be able to produce the most accurate char
conversion times in every situation. For this reason the mean
absolute percentage error (Table 3) was used in determining the
best model for describing the char conversion, indicating the supe-
riority of the HRPM as described above. For both CO2 and H2O tests
the improvement for using the HRPM was greater at 750 �C than
850 �C, which shows that accurate modeling of the early stage of
char conversion is particularly important at lower temperatures.
and the HRPM. The predicted conversion times are compared with the measured
ar CO; (C) 750 �C, 0.8 bar CO2, 0.2 bar CO; (D) 850 �C, 1 bar CO2; (E) 850 �C, 0.89 bar

and the HRPM. The predicted conversion times are compared with the measured
bar H2O, 0.1 bar H2; (C) 750 �C, 0.86 bar H2O, 0.14 bar H2; (D) 850 �C, 1 bar H2O; (E)



Fig. 9. Modeling results from the carbon conversion predictor showing carbon
conversion as a function of char residence time in the reactor at 780 �C for three
models: the model as reported by Konttinen et al. [9], the model as reported by
Konttinen et al. but using the HRPM, and the current model described in Section 2.4.

Table 5
Operating conditions for pilot scale tests using pine sawdust (SD) [20], corresponding
to modeling results.

Test A Test B

Fuel Pine SD Pine SD
Bed temperature, �C 780 840
Bed additive Dolomite Sand
Bed additive rate, g/s 0.44 0
Fuel feed rate, g/s 12.8 9.7
Steam feed, g/s 2.0 2.5
Bottom ash discharge, g/s 0 0
Estimated bed inventory, kg 12.7 12.7
Estimated fly ash discharge, g/s 0.8 0.2
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3.2. Reactor modeling

The goal of the carbon conversion predictor is to estimate the
carbon conversion of a FBG using relatively simple inputs. Results
from the improved model were compared to previously published
results, which used a more simple reactor model and the UCM to
describe char reactivity [9]. The carbon conversion as a function
of residence time at 780 �C is shown in Fig. 9 for three versions
of the reactor model. Because the original model reported by Kont-
tinen et al. [9] does not have any method for predicting carbon loss
through fly ash and the simplicity of UCM kinetics, carbon reaches
total conversion at around s ¼ 3500 s, as shown by the sold line in
Fig. 9. The FBG model structure was then left unchanged but the
Table 6
Measurements of carbon conversion and product gas composition of pine sawdust at 780
model. The error values reported in the table are the absolute error.

780 �C

Measured Current model Prev

Carbon conversion 95.9 89.2 81.0
Dry gas composition (vol.%)
N2 53.0 50.3 53.2
H2 10.9 15.2 13.6
CO2 15.7 16.3 17.7
CO 14.2 13.7 10.8
CH4

a 5.7 4.4 4.7
H2O (wet gas) 13.8 13.5 16.1
Average jerrorj in gas composition 12.9% 15.9

a Methane production in the model is calculated using an empirical adjustment factor
UCM was replaced with the HRPM kinetic model developed in this
work. The results from this is shown by the dotted line in Fig. 9 and
the conversion vs. residence time curve shows the significant slow-
down in conversion rate that is expected as Xch nears unity. Next
the results from the current reactor model are shown by the alter-
nating dot dash line in Fig. 9. The results from incorporating the
new kinetics model into the old FBG model structure differ from
the results obtained from the current FBG model, despite both
using the HRPM for gasification kinetics, due to the assumption
in the previous model that the char conversion time is equal to
the char residence time (s ¼ sR). In the current model the char con-
version time and the char residence time are related through Eq.
(15).

Modeling of a pilot scale FBG was also conducted. The pilot
scale tests were conducted using coal, peat and pine sawdust fuels
at atmospheric and pressurized conditions [20]. For this modeling
work only tests using pine sawdust were considered. The details of
the pilot plant operation are shown in Table 5. In all tests bottom
ash was not removed, and so 1/s2 = 0. While fly ash was removed
during the tests the removal rate was not measured and so was
estimated for modeling purposes. The rate of entrainment of fly
ash, 1/s3, can be calculated by implementing an entrainment sub-
model as described by Gómez-Barea and Leckner [18], however in
this work such a submodel has not been applied. Instead s3 was
indirectly estimated from measurements by assuming all fuel
ash, unconverted carbon and added bed material went to fly ash.
The carbon conversion, fuel ash and added bed material were
reported for the pilot plant tests which were simulated (see
Table 5) so the flow rate of fly ash was estimated from measured
parameters. From these data, the char residence time, s, can be
estimated which corresponds to a given value of s3.

The predicted carbon conversion and product gas composition
from both the current reactor model and the previously published
version of the model are compared to the measured values in
Table 6. The results show reasonable agreement with the experi-
mental data. Prediction of carbon conversion has improved signif-
icantly due to the improved char conversion model. The error in
the char conversion prediction at 780 �C is noticeably larger than
840 �C which may be due to the addition of dolomite in the lower
temperature test and to uncertainties in the experimental mea-
surement leading to over reporting of the carbon conversion. While
the differences in experimental setups can make comparison of
results tenuous, fluidized bed gasification tests performed by oth-
ers using pine sawdust generally report reaching lower carbon
conversion at temperatures around 780 �C [21,22] than what is
measured in the pilot tests used in this work.

The average error in the product gas composition also decreased
in the current model. The error in the gas composition model
results increases with temperature but the temperature dependent
�C and 840 �C [20] compared with the results from the carbon conversion predictor

840 �C

ious model Measured Current model Previous model

97.8 98.6 100

58.0 54.4 52.3
8.4 13.0 14.2
15.1 16.5 15.4
14 12.3 14.3
4.1 3.8 3.7
19.1 15.6 13.8

% 17.8% 20.2%

where 15% of volatile carbon is assumed to form CH4, corresponding to 78 g/kg daf.
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trends in the gas composition are correct with the exception of
CO2. Hydrogen content of the product gas is overestimated by
the model at both temperatures and has the largest error of the
product gas components. Overestimation of hydrogen formation
in biomass gasification is common to equilibrium models and has
been noted elsewhere [23–25]. As this model adjusts the product
gas composition according to the equilibrium of the water–gas
shift reaction this could contribute to the overestimation of H2

and CO2 in the final gas composition. Published work indicates that
it is unlikely that water–gas shift reaction equilibrium is achieved
at either 780 �C or 840 �C [2] and so this simplification of the model
limits the accuracy of the product gas composition estimation.

4. Conclusion

A method for modeling char reactivity of pine sawdust mea-
sured in TGA experiments has been presented. Based on the TGA
measurements for sawdust a catalytic gasification with deactiva-
tion of the catalyst stage was observed at low char conversion.
By combining the three parallel reaction model with the random
pore model, significant improvement in estimated char conversion
times was achieved. This reactivity model showed good ability to
predict the measured char conversion times and was used to
model a pilot scale fluidized bed gasifier. An existing carbon con-
version predictor model for fluidized bed gasification of biomass
was updated to include the newly developed char gasification
kinetic expression and submodel for estimation of char conversion
and residence time. The results of the model show improved ability
to estimate measured carbon conversion and product gas composi-
tion of pine sawdust in a pilot scale fluidized bed gasifier. The FBG
model cannot currently be used to completely predict gasifier
behavior because some measurements are required to estimate
the entrainment of char from the gasifier. Developing an entrain-
ment submodel is required to address this issue.
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