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Abstract. This paper presents the kinetic modeling of biomass gasification in bubbling fluidized bed (BFB) gasifiers and optimization
methods to maximize gasification products. The kinetic model was developed based on two-phase fluidization theory. In this work, reaction
kinetics, hydrodynamic conditions, convective and diffusion effect, and the thermal cracking of tar kinetics were considered in the model.
The model was coded in MATLAB and simulated. The result depicted good agreement with experimental work in literature. The
sensitivity analysis was carried out and the effect of temperature ranging from 650 °C to 850 °C and steam to biomass ratio (S/B) ranging
from 0.1 to 2 was investigated. The result showed that an increase in temperature promoted Hs production from 18.73% to 36.87%,
reduced that of CO from 39.97% to 34.2%, and CH4 from 18.01% to 11.65%. Furthermore, surface response was constructed from the
regression model and the mutual effect of temperature and S/B on gasification products and heating value was investigated. In addition,
the desirability function was employed to optimize gasification product and heating value. The maximum gasification product yield was
obtained at 827.9 °C and 0.1 S/B. The response predicted by desirability function at these optimum operational conditions was 30.1 %,
44.1%, 13.2%, 12.9%, 14.035 MJ/Nm3, and 14.5 MJ/Nm?3 for Hz, CO, COs, CH4, LHV, and HHYV, respectively. Kinetic modeling of the
biomass gasification in BFB process is still under development, which considers the diffusion effect, tar cracking, reaction kinetics, and
hydrodynamic behavior. Moreover, the large number of previous studies gave priority to a single parameter investigation. However, this
investigation can be extended to various parameters analysis simultaneously, which would give solid information on system performance
analysis.
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1. Introduction other renewable and environmentally friendly sources of
energy to alleviate environmental pressure (Chen et al.,
2019).

Renewable energy is estimated to be the world-leading
primary energy source in 2050 (Capuano, 2020). Globally,
renewable and nuclear energy consumption are forecast to
increase by 3 % and 1 %, respectively, per year between
2018 and 2050. In this outlook, biomass is considered as
the most abundant, clean, valuable and sustainable energy
resource that meets day-to-day energy requirements
(Inayat et al., 2019). Biomass is a group of organic
materials that can be transformed into energy, and it is
considered as a potential renewable energy source, and it
accounts for over 70 % of renewable energy production and
10 % of world energy supply (Bioenergy, 2020). There are
several conversion methods for transforming biomass into

Domestic and industrial energy needs today are mostly
met by coal, petroleum oil, natural gas, crude oil, and other
conventional fossil fuels. Currently, about 81.4 % of the
world’s energy requirements are supplied by fossil fuels,
9.7 % are derived from biomass, 4.9 % are supplied by
nuclear, 2.5 % are contributed by hydroelectric and
geothermal sources, and solar and wind energy account for
1.5 % (Hai et al., 2019; Tavares et al., 2020). From available
energies, the use of fossil fuel to produce energy has
negative environmental, political and social impacts, and
generates greenhouse gases, which are destructive and
toxic to living things (Tong et al., 2020). Therefore, taking
into account the serious environmental and anthropogenic
problems of fossil fuels, efforts have been made to find
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energy (Raheem et al., 2019). Those conversion methods
are fermentation, combustion, anaerobic digestion,
supercritical water gasification, and pyrolysis. However,
from all conversion technologies, gasification has been
considered as the most efficient approach based on its
advantage of the necessary heat required for reactions was
generated by partial oxidation in the gasifier itself which
was called auto-thermal ability, higher calorific value than
the combustible gases derived from pyrolysis, and high
carbon conversion of the syngas (Sahoo & Ram, 2015).
Besides, gasification complies with international policies
on noxious emissions into the environment and supports
high-quality cleaner syngas (Monteiro et al., 2018).
Therefore, gasification can be seen as a viable technology
for providing clean alternative energy.

There are several types of gasifiers, which have been
developed over a decade to perform gasification (Couto et
al., 2015; Motta et al., 2018). However, the choice of a
particular gasifier depends on the properties of feedstock
to the desired syngas quality. From available gasifier
types, BFB is an attractive gasification technology since it
provides better mixing than a fixed bed gasifier; resulting
in a uniform bed temperature that yields higher reaction
conversions (Karmakar & Datta, 2011; Ren et al., 2019).
Furthermore, the BFB gasifier provides effortless
operation and maintenance, relatively low cost, wide
particle size range and high efficiency, high heat and mass
transfer rates, high reaction rates, and significant scale-up
potential (P. Basu, 2018; Motta et al., 2018; Safarian et al.,
2019).

In this research, a mathematical model was developed
and investigated for a steam-gasified BFB gasifier.
Mathematical models are important for predicting process
behavior and understanding the effect of different
operational parameters on syngas quality and heating
value (Tavares et al., 2020). Furthermore, mathematical
models are useful to study different scenarios at lower
costs with lower time expense (Couto et al., 2015).
Predominantly, mathematical modeling of biomass
gasification could be modeled with two main types of
phenomenological modeling methods namely, the
thermodynamic equilibrium approach and the kinetic
modeling approach (Samadi et al., 2020; Zheng & Vance
Morey, 2014).

Thermodynamic equilibrium modeling predicts the
syngas composition at the outlet of the gasifier under the
assumption that the components will react in fully mixed
conditions for infinite time (Baruah & Baruah, 2014).
Furthermore, thermodynamic equilibrium modeling is
independent of gasifier geometry, simple and used to study
maximum efficiency that can be achieved by an ideal
gasification system (Baruah & Baruah, 2014). However,
thermodynamic equilibrium conditions are not achieved in
certain gasifiers like fluidized bed gasifiers and for
gasifiers operating at low temperatures (Safarian et al.,
2019). For gasifiers operating at low temperatures and
under continuous feed, kinetic modeling is the most
feasible modeling method. Kinetic models, can give more
accurate results by considering a complicated network of
kinetic reactions, hydrodynamic constraints to estimate
particle concentrations, mass and heat balances, and
temperature profile along with the gasifier geometry
(Ramos et al., 2019). In addition, kinetic modeling
possesses the capacity of predicting the composition of
product gas under varying conditions, which is important
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for designing, evaluating, and improving the performance
of gasifiers. Kinetic modeling is specially used if the goal is
to optimize and understand the effect of parameters such
as feed density, particle size distributions, and reactivity
on the outlet gas composition, system performance, and
carbon conversion (Dang et al., 2021; Zheng & Vance
Morey, 2014).

Progress in the modeling of biomass gasification
reviewed elsewhere showed that kinetic modeling of
gasification process is still under study (Safarian et al.,
2019). Zheng et al. (Zheng & Vance Morey, 2014) developed
a complex unsteady state two-phase kinetic model of BFB
by incorporating reaction kinetics and hydrodynamic
conditions. In this model, an unreacted core-shrinking
model for char gas reactions and a pyrolysis model
considering the effect of the particle size on the pyrolysis
products were integrated into the developed model.
However, tar formation and cracking were not included in
the model. Another research group, Gordillo et al. (Gordillo
& Belghit, 2011) developed a kinetic model of BFB gasifier
assuming one dimensional two-phase fluidization theory
under steady-state and dynamic conditions. The developed
model was based on gasification kinetics, mass, and energy
balances, and the model was subdivided into fluidized-bed
fluid dynamics and thermodynamics for simulation. In this
model, the tar formation and cracking were neglected.
Xiong et al. (Xiong, Mihandoost, et al.,, 2018) studied
steady-state kinetic modeling of rice husk gasification
process in a BFB reactor. The model comprised reaction
kinetics and flow hydrodynamics of gasifier bed and was
developed based on the two-phase fluidization theory.
However, in mass and energy transfer modeling, the mass
and energy transfer by diffusion between two phases was
neglected. Dang et al. (Dang et al., 2021) developed a
biomass gasification model in Aspen Plus to predict and
optimize syngas production. In this model, the reaction
kinetics and hydrodynamic conditions were incorporated
into the model by Fortran subroutine. However, tar
cracking kinetics were not included in the model. From the
above literature survey, it can be observed that kinetic
modeling of the biomass gasification process is still under
development. There is no well-developed model that
considers the diffusion effect, reaction kinetics, tar
cracking, and hydrodynamic behavior into the kinetic
model of the fluidized bed. Moreover, the previous studies
gave priority to sensitivity analysis that depends on a
single parameter investigation. However, this sensitivity
analysis can be extended to various parameters
simultaneously, which would then give solid information
on system performance analysis. In this regard,
optimization of operating conditions and product
compositions play a key role in gasification process.

The main aim of this study, to develop a robust kinetic
model for BFB gasifiers under dynamic conditions and
constructing a model that estimates syngas composition
and optimizes the operating parameters. In this regard,
the developed kinetic model is based on the two-phase
fluidization theory, which is comprised of reaction kinetics,
bed hydrodynamic parameters, diffusion effect, and
species transport equations. Furthermore, the thermal
cracking of tar was integrated into the model to increase
its prediction accuracy. In addition, to understand the
combined effect of important operational parameters on
gasification products and heating value of syngas, the
response surface was constructed using response surface
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method (RSM) in the Design Expert V.11.1.2.0 software.
The design matrix of the response surface was obtained
using a central composite design, which is a face-centered
type. More importantly, the optimal value of maximum
gasification products and corresponding operational
conditions was obtained by the desirability function in the
Design Expert V.11.1.2.0 software. Generally, the
developed model and optimization method developed in
this study lay out a strong foundation for future study on
enhanced process optimization in gasification work.

2. Mathematical model development

In this model development, the two-phase fluidization
theory proposed by Toomey and Johnson, and modified by
Davidson and Harrison (Nemtsov & Zabaniotou, 2008) was
implemented. Therefore, the bubble and emulsion phases
are considered separately, and mass and energy transfer
occur between them. In this study, the bubble phase was
considered free of solid particles, and the emulsion phase
was considered to be a mixture of solid and gas. In
addition, the bubble diameter was considered to change
with reactor height. However, for a bubble at the same
level in the reactor, the bubble diameter is constant, this is
known as effective bubble size (Gordillo & Belghit, 2011).
Xiong et al. (Xiong, Mihandoost, et al., 2018) developed a
two-phase model for bubbling fluidized beds under steady-
state conditions ignoring the effect of mass transfer by
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diffusion. In this model, the effect of mass transfer by
diffusion was considered. The following assumptions have
been made to develop the model.

e The gasification product is considered to contain
only Hz, CO, CO2, H20, and CHa,

e  Pyrolysis occurs instantaneously and decomposes
into gas, char, and tar,

e Biomass char product is considered as pure
carbon,

e The emulsion phase is in the minimum
fluidization condition,

e The gasifying agent used in the model was steam,

e The bubble phase is considered as free of solid,
and

e Gasification product gases are considered as
perfect ideal gases.

The fluidization condition in the BFB was confined to a
maximum and minimum amount, which were obtained by
controlling the inlet velocity of the gasifying agent. In this
regard, the inlet velocity of flowing fluidizing gas should be
less than the terminal velocity (u;) and higher than
minimum  fluidization velocity (umf). The major
hydrodynamic parameters used in the calculation are
listed in Table 1.

Table 1
Hydrodynamics parameters used in the modeling of fluidized bed gasifiers
Parameters Equations Ref.
Minimum fluidization [(27.2)% + 0.0408 Ar]% —272 (Nemtsov & Zabaniotou, 2008)
velocity Upp = Hg
dypyg
Archimedes number A dy’py(ps — pg)g (Sebastiani et al., 2021)
r-——mm—m@M8M8¥
H
Bubble diameter 0.3z Grace, 2020
dp = dpm — (dpm — dpo)exp (d_) ( )
t
Maximum limiting size of do =259 Edz (ug - umf) 04 (Grace, 2020)
the bubble bm = & [4 ¢ g5 ]

Initial bubble diameter

Bubble raise velocity
Bubble velocity

Bubble fraction at
minimum

0, = 138 [M
o 490'571,1
wpy = 0.711(gd,)V/?
Up = Up = Uy + Upy
Emp = 0.478Ar~—0018 177 < Ar < 4030

Bubble fraction & = Uy — Uy
Up — Uy
Emulsion velocity w = Unms
e
1—¢g,
Mass transfer coefficient DieEmypr 05
from the emulsion side K = 6.77 —B
b
Mass transfer coefficient 45Uy, (5.85D%° g%
from bubble side Kpe = d, + FEG
b

Inter phase mass transfer
coefficient
Terminal velocity

1 1 1

Kbe N Kbc * Kce
_ (P —pg)9

= ,Re < 0.4
t 18, €
2 .q1/3
4 — 2
u = Hep—py) o° ,0.4 < Re < 500
Pl 225u4p,

(Grace, 2020)

(Rathbone, 1993)

(Rathbone, 1993)

(Xiang et al., 2019)

(Zheng & Vance Morey, 2014)
(Zheng & Vance Morey, 2014)

(Rathbone, 1993)

(Rathbone, 1993)

(Rathbone, 1993)

(Zheng & Vance Morey, 2014)
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2.1. Pyrolysis

Pyrolysis is an important step in gasification modeling. In
this study, a kinetic lumped model demonstrated in Fig. 1
(Agu et al., 2019) was used to model the pyrolysis of
biomass. This model considers the decomposition and
conversion of tar to gases as secondary reactions, which
gives good predictions for product yield. The biomass is
decomposed into non-condensable gases (Gas-1), tar, and
solid char by three competitive reactions. Tar produced
from initial pyrolysis is further converted to non-
condensable gases (Gas-2). In this study, the reaction
kinetic constants employed using the Arrhenius reaction
kinetic equation (5), are listed in Table 2 for wood biomass.

From the reaction network depicted in Fig. 1, the mass
conservation equation of each species obtained from
pyrolysis is given as shown below:

dCp; 1
% = —(ky + k3 + k3)Cpiomass W
ac, 2
aC{;:ar = k3Chiomass @
3

6ttar = k2Cgiomass — kKaCtar ®
0Cgas 4)

ot = k1Cgiomass + KaCar

Where, Cgiomass 1 the concentration of virgin biomass,
in kg/m3, Cy4ris the concentration of tar, in kg/m?, Cgysis
the concentration of non-condensable gases, in kg/m?3,
Ccnar is the concentration of char, in kg/m?® and k; is the
rate constant of the reactions expressed in 1/s and defined
by standard Arrhenius law given as:

kj = kojexp (— R_T{) ®)

Where, k,; is the pre-exponential factor of the reaction
j, expressed in (S'1), R is the universal gas constant, in
Jmol1KL, E,; is the activation energy of the reaction j, in
Jdmol! and T is the operating temperature, in K.

Using the kinetic parameters provided in Table 2, the
above set of pyrolysis equations were solved
simultaneously to predict the amount of tar, gas, and char
as a function of temperature over a given time. The
individual volatile gas composition and the mole fraction
of volatile gaseous (Hz, CO, COz2, and CH4) were obtained
from the primary biomass pyrolysis model given by product
distribution in equation (6) (Agu et al., 2019).

kz ki
Biomass Tar Gas-2

Char

Fig. 1 Pyrolysis model scheme (Agu et al., 2019)
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Table 2
Kinetic parameter applied in the pyrolysis model (Agu et al., 2019)

Reaction  ky; (SY) E,j (kd/mol)  AH,p (kd/kg)
1 1.30 x 108 140 64
2 2.00 x 108 133 64
3 1.08 x 107 121 64
4 1.00 x 10° 93.3 —42
9: = A_} A = ¢T3
TSI j =G (6)

Here, T is the mean temperature of the bed, and ¢; and
a; are model-fitting correlations for each gas are found in
reference (Agu et al., 2019). The correlation in equation (6)
for the uncorrected gas mole fraction A; was obtained in
the temperature range 1000-1070 K based on experimental
data from pine wood pellets (Agu et al., 2019).

2.2. Gasification model

In the BFB gasifier following the initial pyrolysis,
reactions occur among the gasification agent, char, and
volatile gases. In the gasification reaction, char was
assumed to be pure carbon, and tar was not involved in the
reaction during the gasification process. The major
gasification reactions considered in this model were Water
Gas-Shift (WGS), Boudouard, Steam char gasification
(SCG), Hydrogenation (Methanation) and Steam Methane
Reforming (SMR) reactions. The reaction systems of these
gasification reactions are listed in Table 3, along with their
respective kinetic reaction expression.

The equilibrium constant (K.,) is a function of
standard Gibbs free energy and temperature (Coker,
1995), and obtained from equation (7).

AGS (7
RT

InK = —

Where, AG? is a standard formation of Gibbs and R is
the universal gas constant.

dinK _ AH® (8)
dT ~ RT?

Integrating Equation (8) the heat of formation can be
calculated as follows:

AH® )
InK = jﬁ‘l‘]

Where I is a constant of integration and AH® calculated
from equation (11).

AHO_]+AAxT+ABT2+ACT3 AD (10)
R R 2 3 T

Where, by definition, AA =Y,;v;4; with analogous
definitions for AB, AC, and AD are -coefficients for
determining specific heats of gases and J is a constant
(Smith, 1950).

Substituting Equation (10) into equation (9) one gets,
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Bl
2" "6

AD
2T?

K=exp(—R]—T+AA><lnT+ an

+1)

The dependence of AG® on temperature was analyzed as
follows:

Bory 20
6 212

AB
AG°=]—RT[AA><lnT+7T+ (12)

Both J and I were calculated, respectively, from equation
(11) and equation (12) at a temperature of 298K.
Furthermore, in the modeling of gas-solid reactions, the
unreacted shrinking core model shown in equation (13)
was applied (Xiang et al., 2019). This model considers the
effect of mass transfer and particle size.
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U,d
Re = pgﬂg d (15)
g
T \?/3 (16)
= _5 -
pg =198 x10 (30())
Sc = Hg (17)
Dgpyg
1.75 (18)

D, = 8677 x 107°

Where pg4 is the dynamic gas viscosity (kg/ms), pg is
the gas density (kg/m?3), €,,.4 is the bed voidage, C, bulk
concentration (kmol/m?3), Dyqs is the gas diffusivity, k, is
the mass transfer coefficient (m/s), k; is the reaction rate
constant, P is the gas pressure in Pascal, T is the

o= Cy (13) temperature (K), Sc is the Schmidt number and Uy, is the
U1 + 1 gas superficial velocity (m/s).
km ki The stoichiometric equation of tar cracking shown in
Table 3, the mass fraction y; resulting from the tar
Where, cracking for each component (Hz, CO, CO2, CHy, and tar)
was found in reference (Agu et al., 2019).
2.06UgR€_0'5755C_0'667 (14)
" =
€bed
Table 3
Major gasification reaction kinetic parameters
Name Stoichiometry The heat Reaction rates (kmol/m3.S) Ref.
of
reaction
(kJ/mol)
Boudouard C+C0O, < 2C0 173 7, = 3.616 x 10%exp (—77390) (Cco _ Ccoz) (Gopalakrishnan,
RT 2 Keq 2013; Wang &
Kinoshita, 1993)
SCG C +H,0 < CO+H, 131 r, = 1.517 x 10%exp (—121620) <CH o— (Gopalakrishnan,
RT 2 2013; Wang &
Cifi) Kinoshita, 1993)
eq2
Methanation C +2H, & CH, —75 ry = 4189 x 10 3exp (—19210) (CH 2 _ ﬂ) (Gopalakrishnan,
RT 2 Kegs 2013; Wang &
Kinoshita, 1993)
SMR CH, + H,0 206 _ 2 —36150 ( _ (Gopalakrishnan,
& CO +3H, * 73'301 x 10 2exp (<52 (Con, o 2013; Wang &
CCIZ&) Kinoshita, 1993)
eq4
WGS CO + H,0 —41 1 = 2.78 x 10%exp (ﬂ) (CCOCH o (Gopalakrishnan,
< C0,+H, RT 2 2013; Klose &
M) Kopsel, 1993)
. Keqs —93.37 .
Tar cracking tar - = (10)*98Exp Rt X Cyqr Where C,qr is (Xiong, Yeganeh, et

r]’crack

- ]/COCO + yCOZCOZ
+Ycn,CHy + vy, Ha
+ )/tarinertTar

the concentration of tar in the gas phase

al., 2018)

Where C; is given in kmol/m3
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2.3. Mass and energy balance equations

The gasification processes involved in BFB are very
complex phenomena. Fig. 2 (a) depicts the reaction taking
place in the BFB gasifier. The biomass was fed
continuously using a mechanical system to the bed section
of the reactor. The gasifying agent was sent from the
bottom of the bed through the distributer. The
devolatilization of biomass in the BFB gasifier occurred at
the inlet of the bed of the reactor. This devolatilization
decomposed the biomass into char, tar, and non-
condensable gases. Further, the produced char was
converted into other non-condensable gases and
unconverted char. Besides, the initial pyrolysis tar product
was converted into non-condensable gases and
unconverted tar in the secondary pyrolysis reaction stage.
The unconverted char and tar into non-condensable gas at
secondary stage was formed due to slow reaction kinetic
rate of gasification.

In this study, BFB was modeled as a two-phase system
(Fig. 2 (b)), which consists of the emulsion and bubble
phases (Zheng & Vance Morey, 2014). The emulsion phase
consists of char, gases, and bed material. Due to its
constituents, the reaction in the emulsion phase was
considered a heterogeneous reaction. The bubble phase
was considered to be free of solid and the reaction in the
bubble phase was considered as a homogenous reaction.

2.8.1. Mass balance equations

Fig. 2 (b) depicts a control volume AZA fixed in the fluidized
bed. The variation of syngas composition along the gasifier
can be obtained by the kinetic model analysis, which was
integrated with the mass conservation equation.
Therefore, the mass balance equation should be developed
for the bubble and emulsion phases for both solid and gas
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equations for species in bubble and emulsion phases are
given below, by equations (19) and (20), respectively.

d(epCip) _ 0(upenCip) + 9

at 0z 0z
— Kpeep(Cip — Cie) + &Ry

( aCib) (19)

ib€b EP

a(gecie) _ a(uegecie) 5] acie (20)
at oz +£(D"e£e az)

€p
+ Kbe _(Cib - Cie) + SeRie
Smf

In equations (19) and (20), the left terms are the rate of
mass accumulation of species (i) within the control
volume, the first and second terms on the right side are the
net rates of mass change for species (i) by convection and
diffusion, respectively. The third term is the net mass
exchange between the bubble and emulsion phases, and
the last term is the rate formation of species (i) due to
chemical reactions in the control volume. Detailed
description of the symbols used can be found in the
nomenclature section.

The diffusion coefficients (D;;) and (D;.) in the above
equations (19) and (20), for gas species in the bubble and
emulsion phases was calculated by the method of
Fairbanks and Wilke (Fairbanks & Wilke, 1950).

1—-y; 21
bi= yli &
Liexiy -
Where, y; is the mole fraction of gaseous species, and
D;i, is a binary diffusion of species and obtained from an

empirical correlation developed by Fuller et al. (Coker,
1995).

species in the kinetic reactions. 10-7T175 ( 1 + 1 )0'5 (22)
In the present study, the process was assumed to be in Dy = Mw; ~ Mw,
an unsteady state, and mass transfer by diffusion effect p [(V-)% e )%]2
was considered. Considering Fig. 2 (b), the mass balance t k
Char conversion U D
Product gas
H:0, CO: (C0O, CO:, Ha,
. a H:0, CHJ)
" a0ett Ha, CO
c,-a‘?},e
-
Emulsion Uz

Dryving and Devolatilization
- Char

NCAson

. C
Biomass Fead- —————
stock 7%0

(a) Fluidizing agent

.

w0 = :
- Non-condensable gases O O ubhle A Mass Il:ransfar
- Tar - O ///__J% )

- z+dzZ
Bubble phase  =—|-= Emulsion phase
- = Z=0
Ay *I A,

(b)

Fig. 2 (a) Schematic view of processes involved in BFB gasifier and (b) schematic view of a two-phase model
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The mass balance of solids particles over control
volume can be given as follows:

ac, 0(u.Ce) (23)
Mso1ia (a—fs) = (Win — Woue) — :V[solid %
a-C
+ Msolistr ?ZCS + Rcs

In the above equation, the left terms are the rate of
mass accumulation of solid within the control volume and
the first term on the right side is the rate of char

ZS 9(epCinCpp,Tp)
i=1

at
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consumption. The second and third terms on the right side
are the net rates of mass change for solids within the
control volume by convection and diffusion, respectively,
and the last term is the rate formation of species (i) due to
chemical reactions in the control volume.

2.3.2. Energy balance equations

The energy balance and heat transfer equations for each
gas species in the bubble phase are given by equation (24).

(29)

d 5 ib
=92l (Sbub CipAHyp) + = (%Z DipHip al >+£bz HipRip

— epHpe(Ty — T,) + €pAg

5] (arb)
99z\ 0z

Where H;, is the species (i) specific enthalpy in the
emulsion phase and is defined as:

Hi, = Hg98,i + Cpe,iTe (25)

In equation (24), the term on the left is the rate of
energy accumulation within the control volume, and the
first and second terms on the right side are the net rates of
energy change in the control volume by convection and

{ZS a(seciecpe,iTe)} { Emf) Z a(eeclecpelT )}
i=1 ot homo ( )

a 5 —¢€ 5}

=- <_Z (eeueCicAHye) + —mf_Z

0

homo Emf

E‘mf) d

ac; (1-
(S ) 0
homo mf

Z 1
+ { i geRLeHLe + V Rcchhar} +
i=1

Where, H,pqr is the specific enthalpy of char (k//kg) and
can be expressed as:

@7

1
Hepar = M_(Hg‘)&char + Cpe,charTe)
wc

In equation (26), the left-turn term is the rate of energy
accumulation within the control volume, and the first and
second terms on the right side are the net rates of energy
change in the control volume by convection and diffusion,

M 0 (Ccs Cpchar Tchar)
solid T

d(C.cusAH,) d
= _Mchar%‘l' Msolistra(

heonvA(Tpea — Tenar) + O-TadgradA(Tbed
In equation (28), the term on the left is the energy
accumulation in char particles. as for the terms on the
right side, the first term is the net energy change of char
by convection heat flow, the second is the energy change by
solid dispersion in the axial direction, the third is the net
heat generation by kinetic reaction of char, the fourth is

aC,
char 9z

diffusion, respectively. The third and fourth terms are the
rate of energy generation by kinetic reaction and net heat
exchange for species between emulsion and bubble phases
in the control volume, respectively. The last term on the
right side is a change of net energy in the control volume
caused by conduction heat in the bubble phase.

The energy balance and heat transfer equations for
each species of gases in the emulsion phase is given by
equation (26).

(26)

hetero

2
(geueCieAHie) >
=1 hetro

l

2 9C;, )
9 e H )
Z(Zizl ¢ 02 ) prero

b, (T, —T,) + A*a(aTe)
gmf be\'b e gesaz

0z

respectively, for both homogenous and heterogeneous
species. The third and fourth terms are the rates of energy
generation by kinetic reaction for both gas and char
particles, and net heat exchange for species between
emulsion and bubble phases in the control volume. The last
term on the right side is a change of net energy in the
control volume caused by conduction heat in the emulsion
phase.

The energy balance and heat transfer equations for
solids is given by equation (28).

(28)

azTchar
dz2

) + Rcchhar + vchar/ls

char)

the net energy exchange by conduction of char, the fifth is
the net energy exchange by convection between the bed
and char, and the last one is the net energy exchange by
radiation between char and the bed. The major parameters
used in the calculation of the energy equations are
presented in Table 4.
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2.3.3. Initial and boundary conditions of mass and energy
balance equations

For any partial differential equations, the boundary
conditions (BCs) must be specified over the perimeter or
enclosing boundary of the modeled region (Daners, 2008).
In the case of the BFB gasifier model, the BCs were
specified at the inlet (bottom) and the outlet (top) of the
gasifier. In this modeling of the BFB gasifier, three types
of BCs were used at the bottom and top of the gasifier for
different variables. At the bottom, the concentration of
different gas species for both bubble and emulsion phase
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_ ngsr aCcs _ Cco

“ Ue 0z Msolid
Solid temperature BC,
Tenar = Tin

The Neumann BCs at the exit of the gasifier
(z = Hp;t > 0) for n gaseous species in the bubble and
emulsion phases and solids in the bed can be written as
follows:

Bubble phase gaseous specious BCs,

. . aC;
use Robin type BCs and for temperature, the Dirichlet BCs L where,i =1,2...5
were used. At the top of the gasifier, for all variables, the 0z
Neumann BCs were used. Emulsion phase gaseous species BCs,
The BCs at the inlet of the gasifier (z = 0;t > 0) for it" ac.
gaseous species in the bubble and emulsion phase were as a—‘e =0 wherei=12..5
. Z
follows: Solid-phase concentration BC,
Bubble phase gaseous species BCs, ac
cS
SbDib aCib i _—=
ih — a7 &pCiy where,i=1,2..5 0z
. U 0z ) Bubble phase temperature BC,
Emulsion phase gaseous species BCs,
SeDie aCie . aTb —
e — v, 0z =¢&,C;, Where,i=1,2..5 . e
Bubble phase temperature BC, Emulsion phase temperature BC,
Ty = Thea aT,
Emulsion phase temperature BC, Fr 0
Te = Thea Solid-phase temperature BC,
For solids, the it" solid species in the emulsion phase the 0T char
inlet (z = 0;t > 0) boundary conditions, 9z 0
Solid-phase in emulsion BC,
Table 4
Parameters used in the energy balance of the fluidized bed gasifier
Parameters Equations Ref.
ifi i T, + T, C i
Specific heat of species Cp =R x (A n B( e o) n b (Tez +T2 4 TeTa) n ﬁ) (Smith, 1950)
e’ o

Specific heat of inert

CPsotia = <166.228 —36.857 x 1073T, + 8.9291 x 105T; 2 — 20957, 05

(Richet et al.,

bed material 1982)
T\ —0.08731
+48.706 x T, 3 {(1 -3 427) - 1}) [Mgouq for 260 < T,
<844 K and
CPsoria = (65.277 + 5.5288 X 1073T, — 18.463 X 105T;2) /M,y for 866 < T, < 1676 K

Where M,,;;, is the molecular weight of inert bed material

Specific heat of char _ . 8.79 x 10° (La Villetta et
CPenar = 17.166 + 4271752 —r [k /kmol K] al., 2017)
Solid thermal A —ed +e As (Di Blasi,
conductivity s T EbTrg TEbT 2004)
s _41.43(1 - 1.2¢,)
[ |
Where,
A, = 0.0013 + 0.05(T,/1000) + 0.63(T,/1000)?

Arg = 400.05T7 and A, = 400.85T7
Emulsion side heat EmfhgPgChe gy (Rathbone,
transfer volumetric Hee =6.78 ( Mwgyd3 > 1993)
coefficient
Bubble side heat . . ( ( Agpo Cpb,g)1/2> e (Rathbone,
tran§fe'3r volumetric e 5(ttmsPgCPb4) : Mw, g 1993)
coefficient Hpe = Mw,d, + PR

b

Inter phase volumetric i _ L + i (Rathbone,
heat transfer coefficient H,, H, H, 1993)
Nusslet number Nu, = (~0.83 + 16.21¢, — 14.67¢2)(1 — 0.01Re32Pr,") + (1.50 — 2.60¢, + 1.31eZ)ReSPr,”*  (Zhuet al,
correlation Where, 2019)

Pr, = —Cps";i:x"g and Re, = _PgZZuE‘
Effective radiation 1-¢ 1 -1 (Agu et al.,
coefficient kyoa = _[ e a? + 8_1 2019)

D w
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In a bubbling fluidized bed reactor, the initial condition
was set to the gas species obtained from initial pyrolysis.
In addition, the initial temperature for the bubble
phase(T},), emulsion phase (T,), and solid in the bed (T,j4;)
were set to the same as bed temperature.

2.4. Solving method

Despite the simplifying assumptions made in the model,
partial differential equations (PDEs) developed in the
model have to be solved for the simulation of bubbling
fluidized bed gasifiers. A set of developed mass and energy
balance PDEs, which are one-dimensional unsteady state
PDEs, are non-linear, parabolic and can be solved using
initial conditions and boundary conditions. The result of
these PDEs gives the transient distribution of temperature
and concentration of species along the gasifier height. In
addition, to obtain the fluidizing condition in the bed, the
inlet velocity of the fluid to gasifier, is confined to a
minimum and maximum amount of fluidization velocity. A
detailed computational flow diagram used in the model is
shown in Fig. 3.

The calculation flow chart contains three basic
subroutines, which needed to be evaluated. The first
subroutine was a devolatilization subroutine, the second
was a hydrodynamic one and the last one was a kinetic
reaction one, which involved a homogenous reaction in the
bubble phase and heterogeneous reaction in the emulsion
phase. Boundary conditions and initial conditions
explained in previous section are coupled with equations
(19), (20), (23), (24), (26) and (28), and solved using PDEs
solver toolbox in MATLAB software. In MATLAB, the
system of PDEs are solved using a toolbox called pdepe.
The pdepe solver solves the system of parabolic and elliptic
PDEs in one space variable x and time t of the form given
by Equation (29). The pdepe solver solves a PDEs by
converting them to ordinary differential equations at a
specified node defined by the user using a second-order
accurate spatial discretization.

In Equation (32), the terms f(X,t,u,z—z) and

Ju
s(x,t,u,;) are called flux term and source term,

respectively. The coupling of the partial derivatives with
respect to time is restricted to multiplication by a diagonal

matrix ¢ (x, t,u, Z—Z). The 14 PDEs developed in this study

were solved using toolbox called pdepe in MATLAB
software simultaneously. In equation (29), u is the variable
that needs to be solved for a system of partial differential
equations. In this study, variable u represents the bubble
and emulsion phases gas components and temperatures
variable of developed partial differential equations.

C(xtua_u)f’_uzx_mi<xmf(xtuf’_u)> @)
" ox) ot 0x T ox
ou
+s(x,t,u,a)

The convergence criteria used in this model are the
relative and absolute tolerance values of the resulting
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variable. The absolute and relative tolerance values, which
are used as a test for convergence criteria of the result,
were obtained from the PDE model. The pdepe solver has
an optional parameter which was used to set or define the
relative and absolute tolerance values for the resulting
variable. Hence, in this model, to test the accuracy of the
result, the relative and absolute tolerance values were set
to 107* and 107°, respectively. The corresponding relative
error between these values was 0.01% and the
convergence of the solution within the defined values was
achieved.

2.5. Sensitivity analysis, Design Expert and Optimization

Primarily, the developed model was validated with
experimental data (Li et al., 2018). After that, the model
was used to investigate the sensitivity analysis of a single
parameter on gasification products and heating value. In
this work, the effect of varying temperature from 650 °C to
850 °C and varying steam-to-biomass ratios from 0.1 to 2
was investigated.

The Design Expert V.11.1.2.0 software is then used to
study the mutual effect of temperature and steam-to-
biomass (S/B) ratio on gasification products and heating
value. Central Composite Design Face-centered type was
applied to generate the design matrix for the response
data. The latter were evaluated by multiple regression
equations to fit a power transform quadratic polynomial
model. The coefficient of determination and analysis of
variance were used to investigate the best fit of the
regression model and the response surface was
constructed. Besides, the numerical optimization executed
by desirability function, and the optimal operational
conditions along with optimum gasification product yield
and heating value were selected based on desirability
function criteria and checked.

3. Result and discussion

3.1. Model validation

The prediction accuracy of the developed model for BFB is
compared with the experimental work of Li et al. (Li et al.,
2018), who studied the steam gasification of softwood
pellets in a dual fluidized bed reactor. In their study, the
BFB gasifier had an internal diameter of 0.28 m and the
bed inventory material was 120 kg silica sand of mean
particle size 143 pm, initially loaded to a height of 1.27 m.
The operating temperature range of the BFB gasifier was
690°C to 830°C, the feeding rate of softwood pellets was 10
kg/h, and the steam flow rate was 10 kg/h. It should be
noted that in the work of Li et al. (Li et al., 2018), the
circulation rate of inert bed material was not clearly
defined. However, for simulation purposes, the circulation
rate of the bed material was calculated from the solid
circulation flux and the average value was taken. The
detailed properties of softwood pellets, as well as the
experimental operating conditions, can be found from of Li
et al. (i et al., 2018).
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Fig. 3 Solving method flow char

Fig. 4 portrays the model prediction for the yield of dry
gas species from steam gasification of softwood pellet in a
BFB reactor as a function of gasifier bed temperature.
Comparing the model developed in this study with the

prediction accuracy of the model developed by Agu et al.
(Agu et al., 2019), the present model has good agreement
with the prediction of Agu et al. (Agu et al., 2019) model for
experimental data. The error of the model may arise from
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several kinetic reactions considered in the model (only the
most common kinetic reactions are considered), in the
determination of parameters such as humidity, feed and so
on. Furthermore, as explained in literature (Agu et al.,
2019), the scattering of the experimental points is due to
variation of S/B ratio from 0.94 to 1.05. In this study, S/B
ratio 1 was taken for validation. The mean absolute error
expressed in equation (30) was used to compare the
prediction of the model with other work, and the
compassion is presented in Fig. 5. In the present, as model
compared to the Agu et al. (Agu et al., 2019) model, the
absolute relative error for H2 and CO dry gas species was
slightly higher. Nevertheless, for CO2 and CH4 dry gas

HZ
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=
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S 04
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=
0.1
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Bed temperature (°C)
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species, gave better results than the Agu et al. (Agu et al.,
2019) model. In general, the present model gives
satisfactory prediction when compared to the experimental
data of Li et al. (Ii et al., 2018).

Absolute error (%) (30)

|XModel EXP |
( Z s ) x 100
Where, XM°4¢! is the model prediction value, XL.E *P is an

experimental value obtained from literature (Li et al.,
2018) and n was the number of experimental iterations.

CcO
Eldpe——— e R
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503 A A A &
@02
=
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Bed temperature (°C)
CH,
Predicted
= 0.4 A Expriment
ELEL
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Fig. 4 Predicted dry gas species mole fraction compared with experimental data (Li et al., 2018) at S/B=1 and different bed
temperatures.
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Fig. 5 Absolute error (%) of literature model predictions and present study over temperature range 690 °C to 830 °C.
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3.2. Application of the model to sensitivity analysis
3.2.1.  Effect of bed temperature on syngas composition

Fig. 6 (a) shows that the bed temperature has a significant
impact on the distribution of gas streams. The mole
fraction of Hz increased significantly from 18.73 % to 36.87
%, CO reduced slightly from 39.97 % to 34.2 %, CO:
reduced from 26.3 % to 17.28 % and CH4 slowly reduces
from 15.01 % to 11.65 % within a temperature range of
650°C to 850°C, based on dry gas analysis.

As portrayed in Fig. 6 (a), the higher temperature
favored the production of H2 gas. At high temperatures,
steam methane reforming and steam gasification of char
shift toward the product side according to Le Chatelier's
principle (Hai et al., 2019; Xiong, Mihandoost, et al., 2018).
Furthermore, the water gas shift reaction also favors the
production of Hs gas. The production of Hz via these
reactions and the consumption of H2 in the methanation
reaction gives the overall increase of Hz with the rise in
temperature. Therefore, H2 production dominates its
consumption reaction and increases with temperature rise.
The generation of CO was controlled by the Boudouard
reaction, steam gasification reaction, and steam methane
reforming reaction. At high temperatures, these reactions
contribute considerably to the CO concentration. However,
higher consumption of CO in the exothermic water gas
shift reaction at high temperatures reduced the overall
amount of CO slightly, as portrayed in Fig. 6 (a). The result
also showed that the mole fraction of CO2 and CH4 were
inversely related to bed temperature. As for CHa, the
steam methane reforming directly resulted in its
consumption at higher temperatures. The exothermic
methanation reaction was less favorable for CHgs
production at higher temperatures. The decreasing trend
of CHs under the evaluated conditions was due to the
synergetic effect from these two reactions. As for COz, the
Boudouard reaction directly resulted in its consumption at
high temperatures. At these temperatures, the Boudouard
reaction shifts to the product side, and more COz was
consumed to form CO.

From the above discussion, it can be concluded that the
net effect of operating bed temperatures increasing from
650°C to 850°C slightly decreased the amount of CH4 and
CO, while significantly increasing the concentration of Ho.
It also reduced the concentration of CO2 significantly.
3.2.2.  Effect of steam to biomass (S/B) ratio on syngas

composition

The model was also used to investigate the effect of the
S/B ratio on dry syngas composition at a bed temperature
of 750 °C. Fig. 6 (b) portrays the effect of S/B ratios ranging
from 0.1 to 2 on dry syngas composition. It was already
known that an increase in S/B ratio represents a higher
concentration of steam, which in turn favors the forward
reactions of SMR, WGS, and SCG, and enriches the
production of Hs. The content of Ha thus increased from
21.11 % to 28.3 % under this range. Similar observations
were also found in (Safarian et al., 2019; Xiang et al., 2019;
Xiong, Mihandoost, et al., 2018). It can be concluded that
the S/B ratio is a key variable which promotes the
production of Ha. Over the investigated range of S/B ratios,
the concentration of CO reduced significantly from 48.02 %
to 33.03 %. This indicates that the exothermic WGS
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reaction was promoted by high steam concentration, which
in turn favored the conversion of CO to Hs. Furthermore,
the increase of steam concentration caused the WGS
reaction to dominate the SCG and SMR reactions, which
are beneficial for CO production. This implies that increase
of the S/B ratio leads to a large consumption of CO.
Meanwhile, the concentration of CO2 increased
significantly from 16.3 % to 25.42 %. The increase of CO2
production under an increase in S/B ratio is attributed to
the WGS reaction and the consumption rate of CO2 by
carbon to form CO in the Boudouard reaction. The impact
of the S/B ratio on CH4 was very small, as was illustrated
in the previous section (temperature effect); over the
investigated range of S/B ratios, the CH4 content reduced
from 14.58 % to 13.25 %, which is almost negligible.

3.2.8.  Effect of temperature and steam to biomass ratio

on of heating value of syngas

The energy content of syngas of biomass is expressed based
on its higher heating value (HHV) and lower heating value
(LHV). The HHYV of syngas refers to the heat released from
the dry syngas and steam generated, while the LHV is only
based on dry syngas (La Villetta et al., 2017). The HHV and
LHYV of biomass syngas were calculated by equations (31)
and (32) respectively.
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N
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Bed temperature (°C)
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02 04 06 08 1 12 14 16 18 2
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(b)
Fig. 6 (a) The effect of bed temperature on gas composition at
biomass feed rate of 10 kg/h and steam flow rate of 10 kg/h and (b)
The effect of S/B ratio on gas composition at a biomass feed rate of
10kg/h and bed temperature of 750 °C.
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Table 5
Volumetric heating values of product gas from biomass
gasification (P. B. T.-B. G. and P. Basu, 2010)

Gases He co CO: CH.

HHV 12.74 12.63 39.82
(MJ/Nm?)

LHV 10.78 12.63 35.88
(MJ/Nm?)

The higher heating value of syngas is obtained as
follows:

= (31)
HHVsyngas = Z HHV; yoimetric * Yi
i=1

Where HHV; ,oimetric represents the volumetric higher
heating value of each component, which their values are as
given in Table 5, and Y; is the volume fraction of each
component in the produced gas on a dry basis.

The lower heating value of syngas is calculated as
follows:

- (32)
LHVsyngas = Z LHV; yoimetric * Vi
i=1

Where, LHV; yoimetric Tepresents the volumetric lower
heating value of each component in the produced gas and
their values are given in Table 5.

Fig. 7 (a) and (b) respectively portray the effect of an
increase in temperature and steam to biomass ratio on
HHYV and LHYV of syngas. The rise of bed temperature and
steam to biomass ratio showed the opposite effect on the
HHYV and LHYV of syngas. HHV of syngas increased from
13.41 MJ/Nm?3 to 13.70 MJ/Nm? and LHV increased from
2.83 MdJ/Nm? to 13.27 MJ/Nm3 in the investigated
temperature range of 650°C to 850°C. However, the HHV
and LHV of syngas decreased from 14.56 MJ/Nm? to 13.05
MJ/Nm3 and from 13.57 MJ/Nm3 to 11.98 MdJ/Nms3,
respectively, for steam to biomass ratio range of 0.1 to 2.
The opposite behavior of temperature and steam to
biomass ratio on HHV and LHV of syngas depends on CO
concentration. As explained previously, the molar fraction
of CO increased with a temperature rise, and decreased
with a S/B ratio rise. Therefore, it can be said that the
molar fraction of CO provides a higher influence than Hs
in the HHV and LHV values of syngas. Indeed, the HHV
and LHV of CH4 are three times higher than those of CO
and Hz but the CH4 mole fraction was very low both the
investigation of the effect of temperature and S/B ratio. A
similar observation was also found in the work of Tavares
et al. (Tavares et al., 2020).

3.3. Response surface

The response surface plot (Fig. 8 (a)) depicts the mutual
effect of temperature and S/B ratio on syngas composition.
From this figure it can be observed that the combined effect
of temperature (650 °C < T < 750 °C) and steam to biomass
ratio (0.1 < S/B < 2) had a positive impact on Hz yield.
Indeed, as was observed, higher temperatures and S/B
ratios led to a high amount of Hz. This condition was also
observed in the sensitivity analysis of Hz. Besides, a higher
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molar fraction of H, can be obtained at lower S/B ratios and
higher temperatures or at higher S/B ratios and higher
temperatures. The response surface depicted in Figure 8
(b) shows the mutual effect of temperature and S/B ratio
on CO content. As observed, high contents of CO were
produced at lower S/B ratios and lower temperatures. In
addition, at higher S/B ratios and lower temperatures
higher amounts of CO were produced. However, the
mutual effect of higher S/B ratio and temperature had a
negative impact on CO content. This effect is also shown in
the sensitivity analysis of CO.

Furthermore, Fig. 8 (c) depicts the response plot of the
mutual effect of temperature and S/B ratio on COs. As it
can be seen, increase in temperature reduces the CO2 and
increase in S/B ratio favors production of CO2 contents.
Fig. 8 (d) demonstrates the mutual effect of temperature
and S/B ratio on CHa. As observed, the mutual effect of
temperature and the S/B ratio has a negative effect on
CH4. However, at lower temperatures and higher S/B
ratios or higher S/B ratios and lower temperatures high
amount of CH4 can be obtained.
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Fig. 7 (a) Effect of bed temperature on the heating value and (b)
Effect of S/B ratio on heating value
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Next, the mutual effect of temperature and S/B ratio on
the heating value of syngas have also been illustrated by
the response surface. As observed in Fig. 8 (e) and (f), an
increase in temperature had a positive impact on the
heating value of syngas, while an increase in the S/B ratio
had a negative impact. This trend was also observed in the
sensitivity analysis of heating values to temperature and
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S/B ratio, individually. As it is depicted in Fig. 8 (e) and (f),
higher temperatures and lower S/B ratios led to higher
heating values. However, higher temperatures and higher
S/B ratios led to lower heating values. This is due to the
fact that at high temperatures and high S/B ratios, CO and

CH4 amounts were significantly low, as observed from Fig.
8 (e) and ().

55
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Fig. 8 (a) The combined effect of temperature and S/B ratio on Hz, (b) The combined effect of temperature and S/B ratio on CO, (c) The
combined effect of temperature and S/B ratio on COq, (d) The combined effect of temperature and S/B ratio on CH4, (e) The combined effect
of temperature and S/B on LHV and (f) The combined effect of temperature and S/B
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Table 6
Optimization setup in design expert software, MATLAB simulation result, and predicted value of response at optimized conditions
T S/B H: CO COq CH4 LHV HHV

Criteria In range In range Maximize Maximize Minimize Maximize Maximize Maximize
Predicted 827.87 0.1 30.096 44.070 13.200 12.900 14.035 14.536
Matlab 827.87 0.1 32.168 39.108 16.201 12.523 13.543 14.024

3.4. Optimization

After demonstrating the mutual effect of temperature and
S/B ratio on syngas composition, LHV and HHV using the
Design Expert V.11.1.2.0 software, a numerical
optimization was executed by using the desirability
function in the software. The optimum condition was
obtained at a temperature and S/B ratio of 827.87°C and
0.1, respectively. The gasification products and heating
values corresponding to these conditions as predicted by
the desirability function are presented in Table 6.

The optimized operating condition was validated by
simulating the developed model in MATLAB under the
optimized temperature (827.87°C) and steam to biomass
ratio (0.1). The MATLAB simulation result concorded with
the prediction obtained by the desirability function, as is
depicted in Table 6. The root means square error (RMSE)
between the MATLAB simulation result and predicted
value of response at optimized condition was 2.5 based on
equation (33).

. (33)

1
RMSE = NZ(YiMa”ab _ YiDE)Z

i=1

Where YMatlab and YPE represent the Matlab simulation
result and the design expert prediction at optimum
conditions, respectively, and N is the total number of
changing variables.

4. Conclusion

In this study, a kinetic modeling of biomass gasification in
bubbling fluidized bed rectors was developed based on the
two-phase fluidization theory. The developed model
considered the reaction kinetics, hydrodynamic conditions,
convection and diffusion effects, and thermal tar cracking.
The developed model was coded in MATLAB and
simulated using the pdepe solver toolbox. Primarily, the
model was validated and a good agreement between
simulation and experiments was achieved. Sensitivity
analysis of temperature variation (650°C < T < 750°C) and
S/B ratio variation (0.1<S/B<2) on the gasification products
and heating values of syngas was then investigated. The
result signified that the impact of increasing bed
temperature promoted the production of H2, and reduced
CO, COg, and CH4 productions. The impact of an increase
in the S/B ratio on the production of H2 was a positive.
However, the production of CO decreased because the
WGS reaction consumed it to produce COz and Hz2. An
increase in temperature led to a higher syngas heating
values, while an increase in S/B ratio led to a reduction in
syngas heating values. Furthermore, the mutual effect of
temperature and S/B ratio was illustrated by response

surface based on regression model in Design-Expert
V.11.1.2.0. The desirability function was employed to
optimize the operational conditions in the investigated
range. Based on the desirability criteria the optimum
operational conditions were 827.87°C and 0.1 S/B ratio.
Finally, we believe that the developed model, regression
model, and optimization investigated in this research serve
as a solid ground for future study on performance
improvement of biomass gasification system.

Nomenclature
Symbols
Mqoiiq (k9) Weight of inert bed material or solid
Reony Convective heat transfer
C.s (kg/m3) Concentration of solid spices
Keq Equilibrium constant
Nu, Particle Nusslet number

R.s (kmol/m?) Rate of char generation/consumption

V.(m3) Volume of reactor
Win(kg) Rate of char into gasification processes
Woue (kg) Rate of char leaving gasification processes

xExp. Experimental value from the literature

L
X Model Predicted value by Design-Expert
d, (m) Reactor diameter
ky (m/s) Mass transfer coefficient
k,(s™) Pre-exponential factor
Kraq Effective radiation coefficient
ng Number of distributer hole
Uy, (M/s) Bubble raise velocity
u, (m/s) Superficial gas velocity

AG (K] /kmol)

C (kmol/m?)
Cp (k] /kgK)

D (m?/s)

H (k] /kg)

K (s™Y)

Mw (kg/kmol)
P (Pa)

R (kJmol™*K™1)
R (kmol/m®)
Re

Sc

T (K)

vV

d (m)

g (m/s?)

k (1/5)

r (kmol/m®)
u (m/s) x

y

Z

Greek letters
A
Eped
Emp

Free Gibbs energy

Enthalpy change

Cross sectional area
Archimedes number
Concentration of gas species
Specific heat

Gas phase diffusivities coefficient
Specific enthalpy

Mass interchange coefficient
Molecular weight

Pressure

Universal gas constant

Rate of formation of gas species
Reynold number

Schmidt number
Temperature

Diffusion volume

Diameter

Gravity

Constant rate of reaction
Rate of reaction

Velocity

Mole fraction

Axial position

Solid thermal conductivity
Bed voidage

Void fraction at minimum fluidization
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Ew Emissivity of wall material

Ag Gas thermal conductivity

a Volume fraction of inert bed material

£ Volume fraction

u Viscosity

p Density

o Boltzmann constant
Subscripts

hetero Heterogeneous

homo Homogeneous

b Bubble

cs Solid species

e Emulsion

g Gas

i Species

mf Minimum fluidization

o Initial

P Particle

s Solid
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