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This paper presents a numerical study of operating factors on the product yields of a fast pyrolysis process in a 2-
D standard lab-scale bubbling fluidized bed reactor. In a fast pyrolysis process, oxygen-free thermal decom-
position of biomass occurs to produce solid biochar, condensable vapours and non-condensable gases. This
process also involves complex transport phenomena and therefore the Euler-Euler approach with a multi-fluid
model is applied. The eleven species taking part in the process are grouped into a solid reacting phase, con-
densable/non-condensable phase, and non-reacting solid phase (the heat carrier). The biomass decomposition is
simplified to ten reaction mechanisms based on the thermal decomposition of lignocellulosic biomass. For
coupling of multi-fluid model and reaction rates, the time-splitting method is used. The developed model is
validated first using available experimental data and is then employed to conduct the parametric study. Based on
the simulation results, the impact of different operating factors on the product yields are presented. The results
for operating temperature (both sidewall and carrier gas temperature) show that the optimum temperature for
the production of bio-oil is in the range of 500-525 °C. The higher the nitrogen velocity, the lower the residence
time and less chance for the secondary crack of condensable vapours to non-condensable gases and consequently
higher bio-oil yield. Similarly, when the height of the biomass injector was raised, the yields of condensable
increased and non-condensable decreased due to the lower residence time of biomass. Biomass flow rate of
1.3kg/h can produce favourable results. When larger biomass particle sizes are used, the intraparticle tem-
perature gradient increases and leads to more accumulated unreacted biomass inside the reactor and the pro-
ducts’ yield decreases accordingly. The simulation indicated that the larger sand particles accompanied by
higher carrier gas velocity are favourable for bio-oil production. Providing a net heat equivalent of 6.52 W to the
virgin biomass prior to entering the reactor bed leads to 7.5% higher bio-oil yields whereas other products’ yields
stay steady. Results from different feedstock material show that the sum of cellulose and hemicellulose content is
favourable for the production of bio-oil whereas the biochar yield is directly related to the lignin content.

1. Introduction

Environmental issues and the unsustainability of fossil fuels has
motivated many researchers to seek alternative energy sources [1,2].
Biomass can be used as a sustainable and eco-friendly source of energy
due to its abundance and formation process [3]. All organic material
such as agricultural products and its waste, forest residue, land and
aquatic animals can be classified as biomass [4-6]. Lignocellulosic
biomass contains high energy organics in the form of cellulose, hemi-
cellulose, and lignin which are available in agricultural waste, forest
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and harvesting crop residues such as corn stover, switchgrass, bagasse
etc. [7,8]. Extracted energy from biomass is greener and more sus-
tainable in comparison to conventional fossil fuels since it has lower
emissions of sulfur dioxides (SO,) and particulate matter (PM) [9].
Carbon neutrality is another benefit of biomass which means that due to
the life cycle of biomass, the photosynthesis process is able to recycle
the released carbon dioxide (CO,) into the environment [9,10]. Con-
version of biomass to an upgraded quality fuel such as a liquid or more
homogenous solid is also achievable [11,12]. The possible routes are
thermochemical conversions which are mainly; provision of heat via
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Nomenclature

List of symbols

A; Arrhenius constant,s~!

Cp Heat capacity, J/kg K

dg Particle diameter, m

Ea; The activation energy of reaction i, J/mole
g Gravity acceleration, m/s>

Ah Heat release, kJ/kg

k Thermal conductivity, J/kg K

ki Arrhenius rate constant of reaction i, dimensionless
MW Molecular weight, kg/kmole

R Gas constant, J/mole K

T Temperature, Kelvin

Upys Minimum fluidization velocity, m/s

Y Mass fraction

Greek symbols

a The initial mass composition of cellulose in the feedstock,
dimensionless

B The initial mass composition of hemicellulose in the
feedstock, dimensionless

y The initial mass composition of lignin in the feedstock,
dimensionless

0 Density, kg/m?>

u Dynamic viscosity, kg/m.s

n Product yield

& Volume fraction of phase i, dimensionless

Emf Minimum gas volume fraction, dimensionless

direct combustion, a synthesis gas generation by gasification; produc-
tion of bio-oil, char, and non-condensable gas through pyrolysis process
[10]. The generated products of biomass pyrolysis are beneficial for
some applications including bio-oil for liquid fuel as a source of high-
value chemicals; solid biochar (e.g. sustainable source for adsorbent,
soil amendment, or catalyst); and biogas for energy recovery [13,14].
Pyrolysis is categorized into three different groups; slow, fast, and flash
pyrolysis. Char is the primary product of slow pyrolysis whereas the
primary product of fast and flash pyrolysis is the liquid bio-oil. The
produced bio-oil can be used for co-generation of heat and power in
boilers, gas turbines, and diesel engines, or it can be upgraded to a
higher quality fuel after refining [15-17].

In recent years, numerous experimental [3,18-23] and numerical
[24-35] studies have investigated the biomass pyrolysis process. Al-
though performing an experimental test is inevitable for finalizing the
design and optimization of the pyrolysis process, it is very costly and
time-consuming. In addition, a detailed understanding of complex
physical phenomena such as multiphase flow dynamics, heat and mass
transfers, and chemical kinetics that take place simultaneously inside
the reactors, is challenging. Computational Fluid Dynamic (CFD)

Table 1
CFD studies of typical reacting multiphase flow.

modelling techniques can be used as a tool in a better understanding of
these types of systems. Moreover, CFD can model the internal tem-
perature and pressure changes that are hard to measure in the harsh
conditions of the reactor environment. CFD simulations can provide an
insight into transport phenomena by giving an indication of the product
yields of the pyrolysis process in reactors. In CFD simulations different
reaction mechanisms can be exchanged in and out depending on
feedstock and pyrolysis conditions/reactors. The heterogeneity of the
biomass and the multiphase flow make the reaction mechanism com-
plex, however global reaction rates have been proposed by various
researchers e.g. [30,31]. Typically, global reactions are assumed where
the biomass is converted through a series of primary and secondary
reactions [36]. The reaction rates are typically derived in reactors
where heat and mass transfer resistances are minimized. To properly
model a pilot or commercial scale reactor, these resistances must be
included in the form of transport equations.

Widespread applications of fluidized bed reactors (FBR) have
prompted the use of CFD simulations as a tool in design [27-34,37-41],
to investigate impacts such as nitrogen and sidewall temperature, sand
particle size, biomass feed rate and particle size, feedstock material,

Author(s) Reactor type Process type Dimension

Major findings

Cardoso et al. [25] BFBR Gasification 2-D

Tendency of biomass particles is to be in the middle and upper regions of the bed whereas sand

particles accumulate at the middle and bottom of the bed.

Lighter biomass particles move towards the top of the bed, and heavier biomass particles mixed with

the sand particles.

Increased superficial gas velocity improved the binary mixing.
Biomass particles move upwards across the bed at the reactor’s centreline and downwards in the

near-wall region.

Eri et al. [44] BFBR Fast pyrolysis  2-D

Kulkami et al. [45] Vortex reactor ~ Fast pyrolysis

Smaller biomass particles allowed for a better heat transfer.

Cellulose-rich biomass produces more bio-oil than other biomass types.

The content of lignin has a close relationship with char production.

Segregation of unwanted char particles towards the exhaust leads to lower undesirable gas-char

contact, which resulted in more convective heat transfer coefficient between gas-solid and
eventually higher yield of bio-oil.

Peng et al. [46] BFBR Fast pyrolysis  2-D

The product yields and reaction rates are a strong function of pyrolysis temperature
Cellulose had the strongest ability to produce bio-oil, while lignin had the strongest ability to

produce char.

Zhong et al. [47] BFBR Fast pyrolysis  2-D

The particle shrinkage effect is applied to the complex pyrolysis mechanism.
The scheme has little impact on volume fraction and temperature distribution but influential impact

on velocity distribution, mass fraction, diameter, and density, which finally effects the product
yields.

Lathouwers and Bellan FBR 2-D
[48,49]

Aramideh et al. [50,51]

Fast pyrolysis

Auger reactor  Fast pyrolysis  3-D

The most influential factor on the bio-oil yield is the operating temperature.

The optimal wall temperature for maximum bio-oil production is about 823 K.
Increased pre-treatment temperature of biomass led to lower bio-oil yield.
Higher nitrogen flow rate resulted in higher bio-oil whereas increased biomass feed rate led to lower

bio-oil yield.
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residence time and nitrogen velocity. The amount of extracted bio-oil
from pyrolysis of biomass is determined by feedstock, operating tem-
perature, and residence time of the condensable vapours [42]. At higher
temperatures and longer vapour residence time, the possibility of sec-
ondary cracking reactions increased leading to lower yields of non-
condensables and higher water content. There are some techniques to
vary the residence times in fluidized beds such as the variation of
carrier gas velocity and the location of the biomass feed injector relative
to the reactor height [38]. The biomass feed rate is a factor in solid
particle residence time. There is a balance between minimizing sec-
ondary reactions and ensuring the biomass particles are well mixed and
reach thermal equilibrium [35]. To enhance heat transfer between hot
sand and cold biomass particles, they need to be blended together.
Hence, the nitrogen velocity must exceed the minimum fluidization
velocity in order to maximize the mixing of solid particles. However,
too high nitrogen velocity causes sand carryover from the reactor. The
biomass particle size determines the heating rate of the particle and
ideally fine particles are used to minimize intraparticle heat and mass
transfer resistances. However, there is a balance between minimum
particle size and costs to grind to this size [43]. Table 1 illustrates some
other studies and discusses the application of CFD and their major
findings in reacting multiphase flow.

There are a number of CFD software packages capable of modeling
reacting multiphase flow dynamics in different types of reactors and
processes. For instance, ANSYS FLUENT [25,44,47,52-54], Multiphase
Flow with Interphase eXchanges (MFIX) [33,37,55,56], OpenFOAM
[26,27,29,30,35,38,57,58] etc. have been used frequently for simula-
tion of reacting multiphase flow including combustion [52], gasifica-
tion [52-54] and pyrolysis process [44,47,48,52,56,59]. Among them,
ANSYS FLUENT has attracted the attention of engineers and researchers
due to features including its user-friendly environment, capability of
modelling complex geometries inside ANSYS workbench interface,
programming facility by adding user defined functions (UDF), having
most recent empirical correlations for granular heat transfer and drag as
well as the KTFG (Kinetic Theory of Granular Flow); models that are
needed for description of interphase transport phenomena. Therefore,
ANSYS Fluent is an appropriate tool for numerical simulations of

Biomass Phase

Sand Phase
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reacting multiphase flow for different reactor types with complex
geometries from lab-scale and pilot scale to industrial scale.

In this paper, a CFD model is implemented to study a 2-D standard
lab-scale bubbling fluidized bed reactor (BFBR). The model is validated
first based on the available experimental data. A parametric study has
then been conducted to address the effect of the most important in-
fluential parameters on the product yields of the process. In addition to
the aforementioned parameters, the present paper investigates the ef-
fect of the intraparticle temperature gradient, biomass preheat and
different feedstock material (seven feedstocks) on product yields. A
wide range of biomass feed rate is analysed so that the effect from this
parameter, on the product yields, can be more thoroughly assessed.
This can assist in identifying an optimal setting with more efficient
energy consumption. The possible methods for achieving the optimum
amount of desired yields are proposed.

2. Methodology

In this paper, multi-phase fluid dynamics is taken into account by
using conservation laws of mass, momentum, energy, and species in
Eulerian-Granular approach. To simulate biomass fast pyrolysis, a
combination of Multi-Fluid Model (MFM) and a chemical solver is es-
sential. Description of MFM model and chemical kinetics are as follows.

2.1. Multi-fluid model

In the MFM, all phases are treated as inter-penetrating continua.
Typically, MFM consist of one gas phase (primary phase) and an arbi-
trary number of solid phases (secondary phases). In this study, as shown
in Fig. 1, each phase consists of different species; three species for gas
phase (condensable vapours, non-condensable gases, and nitrogen),
seven species for biomass phase (virgin cellulose, virgin hemicellulose,
virgin lignin, active cellulose, active hemicellulose, active lignin, and
biochar), and one species for sand phase. Thus, eleven species are in-
volved in the process. By considering the volume fraction of each phase,
the conservation equations for each phase are derived separately. In
addition to the fundamental conservation equations, some extra

Fig. 1. Chemical reactions and exchange of mass, momentum, and heat between phases.
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Table 2
Pre-exponential factors and activation energies for the biomass component
[371.

Components Reaction A (s) EMJ/ Heat release, Ah (MJ/
kmole) kmole)
Cellulose kic 2.8 x 10'° 2424 0
kac 3.28 x 10™  196.5 41.35
kac 1.3 x 10 1505 -3.24
Hemicellulose  kyp 2.1 x 10'®  186.7 0
Kon 8.75 x 10" 202.4 33.69
Kant 2.6 x 10''  145.7 —-2.64
Lignin kip 9.6 x 108 107.6 0
Ko 1.5 x 10° 143.8 53.09
kap 7.7 x 10° 111.4 -4.16
Tar kq 425 x 10° 108 —4.2

equations such as stress-strain tensor for momentum equations, con-
ductive heat flux for energy equations, and diffusive flux for species
equations are needed. However, in the derivation of the equations,
some unknown terms are produced which necessitates using closure
models. In the interaction of gas-solid phases, two models are proposed.
The first model is the empirical correlations (drag and heat transfer
correlations) which is required for interphase transport correlations and
the second is the Kinetic Theory of Granular Flow (KTFG) [60], which is
needed for calculation of granular temperature, pressure, viscosity, etc.
Detailed description of the models can be found in the literature
[29,33,35,37].

2.2. Chemical kinetics of a single biomass particle

Since many elementary reactions are involved in the biomass pyr-
olysis process [61], lack of knowledge about the actual chemical re-
actions and compounds formed for the specific biomass makes devel-
opment of a detailed and fundamental decomposition mechanism
difficult [62]. In order to capture the devolatilization of the biomass
and secondary cracking, a lumped global kinetics was used. A single-
component single-step reaction kinetics was first proposed by Shafi-
zadeh and Chin [63] to describe the wood thermal decomposition.
However, the proposed method was not able to predict the secondary
cracking caused by depolymerization [64]. Further, it is proposed that
the biomass is initially devolatilized to reach an intermediate stage, or
activated biomass [65]. These shortcomings are addressed using single-
component multistep reaction kinetics proposed by Shafizadeh and
Chin [63]. Subsequently multicomponent single-step reaction kinetics
was considered to individually account for the effect of each biomass
component (cellulose, hemicellulose and lignin) [66]. Eventually,
multicomponent, multistep reaction kinetics have been proposed by
Ward and Braslaw [67], Koufopanos et al. [68,69], Orfao et al. [70],
Miller and Bellan [71]. It is proposed that multicomponent multistep
reaction kinetics is the most accurate and feasible method for practical
application [72]. Although using the lumped reaction schemes is
straightforward, the predictability of the product yields using numerical
simulations is strongly dependent on the accuracy of the reaction

Table 3
Thermo-physical properties of species [49].
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kinetics. Thus, in recent years, some research has been performed
considering comprehensive and relatively complex reaction kinetics
[73,74].

In this study, a superimposed reaction kinetics based on multi-
component multistep reaction kinetics is used to simulate the fast
pyrolysis of the biomass. As mentioned, the feedstock material is con-
sidered a lignocellulosic biomass, which can be stated as:

Biomass = « Cellulose + SHemicellulose + yLignin

@

where (a,8,v) is the initial mass composition of biomass. The rate of
pyrolysis is the sum of each component’s rate so that the contribution of
each component is proportional to its mass fraction. In the kinetic
model, virgin biomass converts to “active material” which then reacts
to condensable, non-condensable and char. Subsequently in the sec-
ondary reaction, condensable reacts to form non-condensable. As illu-
strated in Fig. 1, three different phases including biomass phase, sand
phase and gas phase are taken into account. Each phase involved in the
process has a number of species. The biomass phase includes virgin and
active biomass and char while the gas phase includes condensable, non-
condensable and nitrogen. The sand phase and nitrogen are inert and do
not participate in the chemical reactions. The reaction rate constants
are calculated as below:
Ea,—

ki = Ai exp(——)

RT (2

)
1

where k;is the rate constant for reaction “i”, and A;and Ea;are the as-
sociated Arrhenius constant and activation energies. “T” is the tem-
perature in Kelvin and “R” is the gas constant. As indicated previously,
overall, eleven different species are included in this reaction scheme;
the solid reaction phase (virgin biomass, active biomass and biochar),
the condensable/non-condensable phase, and the non-reacting sand
phase. The nitrogen is included in the gas phase as it contributes to
partial pressures but does not react. The values of the kinetic para-
meters for the reaction scheme and the obtained values for heat of re-
action are outlined in Table 2. Y is the formation ratio for the char
component, which is 0.35, 0.6, and 0.75 for pyrolysis of cellulose,
hemicellulose, and lignin, respectively [37]. The thermo-physical
properties of species involved in the reactions of the biomass are given
in Table 3. It is worth noting that the incompressible ideal gas model
calculates the density of gaseous species and the viscosity of the solid
species are calculated based on the granular models.

3. Experimental validation

To validate the numerical simulations, a standard lab-scale bubbling
fluidized bed reactor based on the experimental study of [33] is used.
The 2-D computational domain is shown in Fig. 2. Biomass with a
diameter of 0.4 mm at an inlet temperature of 300K is fed at a rate of
100 g/h. Nitrogen flows from the bottom of the bed at a velocity of
0.36 m/s and temperature of 773 K. The sand with a diameter of
0.52 mm is initially packed to a height of 5.5 cm with a volume fraction
of 0.59. The outflow boundary condition is used at the outlet. No-slip
wall condition is applied to the solid walls. To simulate external

Species Density Particle diameter Molecular weight Heat capacity Dynamic viscosity Thermal conductivity
o (kg/m®) d; (m) (g/mol) Cp U/kg K) u (kg/ms) k (J/kg K)

Condensable - - 100 2500 3x10° 2.577 x 102

Non-condensable - - 30 1100 3 x 10° 2.577 x 102

N, - - 28 1121 3.58 x 10°® 5.63 x 107

Biomass 400 4x10* * 2300 - 0.3

Biochar 2333 4x10* 12.01 1100 - 0.1

Sand 2649 5.2 x 10 60.08 800 - 0.27

*Molecular weight of the biomass components are 162.14, 132.11, and 208.21 (g/mol) for cellulose, hemicellulose, and lignin, respectively.
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Outflow
A A A

3.81cm
aa >

34.29 cm

55em

0.36 m/s
773 K

Fig. 2. Schematic geometry of 2-D model of bubbling fluidized bed for simu-
lations.

Carrier gas

heating, the wall temperature is kept constant at 800 K up to a height of
8 cm. The bed temperature is initially set to 773 K. The biomass feed-
stock is red oak with a composition of (a, 8,y) = (0.41, 0.32, 0.27). A grid
independency study is carried out using 2-D mesh with four different
grid resolutions for pure cellulose as a feedstock. The number of meshes
for cases 1-4 are 225, 910, 2055, and 3640, respectively. The centreline
temperature distribution of the reactor is shown in Fig. 3. Since there is
no significant difference between cases 3 and 4, to save computational
costs, case 3 with 2055 meshes is selected for further simulations. At the
beginning of the simulations, small time step size of 1 x 10*s is used to
avoid numerical instability. However, the adopted grid resolution al-
lows us to increase the time step size to 5 x 10 s without any nu-
merical instability. In the species transport equations, the mass fraction
of each species must sum to unity. Therefore, the Ny, mass fraction is
determined as one minus the sum of the N-1 solved mass fractions. To
reduce the numerical error, the Ny, species should be selected as the
species with the overall largest mass fraction (nitrogen in the gas phase
and cellulose in the biomass phase).

For the numerical simulations, FLUENT solver V18.0 is used. The
Eulerian-Granular approach is taken into account for the solution of
laminar multiphase flow by activating both the energy and species
transport equations. The conservation equations are solved in two
fractional steps. In the first fractional step, reaction terms set to zero
considering only the spatial solution of the multiphase species. In the
second fractional step, a stiff ODE (Ordinary Differential Equations)
solver is employed by integrating the reactions terms in each cell. The
second-order implicit method is used for time discretization. The least
square cell-based is applied to the pressure-based solver and phase
coupled SIMPLE-algorithm for the pressure-velocity coupling.
Momentum, energy and species equations are discretized by the second

620
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order (upwind) method. The volume fraction is calculated using the
QUICK algorithm. Finally, each phase, especially the sand phase, is
initialized by hybrid initialization; and are patched based on the initial
packing limit.

The product yields are calculated by integrating across the reactor
outlet. For example, the condensable yield is calculated as follows:

_ tsss+AL
Ncondensable = {j; jo.utlet (Egpg L]gY;:nndensable)dAdt

fsss+AL
/./t.m -/o.utlet [Egpg Ug(yl d ble + Ynon—L 1 ”)

+Ebiomasspbiomaxg Ubiamass (Ybiochar + Yunreac[ed—biomass)dAd[}

3

where t; is the time for reaching statistically steady state condition, At
is the last 20 s of the simulation physical time after reaching statistically
steady state condition. ¢, p, U is the volume fraction, density, and ve-
locity of each phase, respectively. Index g in Eq. (3) represent the gas
phase. Y is the mass fraction of each species in the specified phase. The
comparison of product yield for pyrolysis of red oak as a feedstock
material against experimental data [33] is shown in Table 4.

The predicted results for biochar show a good agreement with the
published experimental data. The results obtained for condensable va-
pours are comparable to the experimental ones. However, the results
for non-condensable gases under predicted the experimental values.
The difference between the numerical and experimental bed reactor
temperature is due to heat transfer from hot sands, heated wall and hot
carrier gas to cold virgin biomass. The percentage of discrepancy be-
tween the experiment and the simulation results for condensable, non-
condensable, biochar, and operating temperature are 13, 17.6, 13.8,
and 1.4, respectively

4. Results and discussion

In this section, the results for biomass fast pyrolysis in the bubbling
fluidized bed reactor illustrated in Fig. 2 are presented. The common
method for calculation of the product yields, used by researchers
[27,29,33,35,37,38] monitors the product outflux at the reactor outlet.
Since many fluctuations are witnessed in the outflux of the product in
the reactor outlet, the decision about the time of achieving the statis-
tically steady state condition (a state in which the mean field of vari-
ables are the object of interest despite the fluctuations in some flow
properties) is challenging. It should be noted that statistically steady
state condition for the simulation results occurs at a different physical
time for different parameters. Thus, the criteria for deciding whether
the steady state condition is obtained or not is carried out by taking into
account the temperature outlet and outflux of products (condensable,
non-condensable, and biochar).

Case 4

———Case 3

cmsem Case 1 e Case 2

800

Gas temperature at the centerline (K)

0.05 0.1 0.15 0.2

Axial position (m)

0.25 0.3 0.35

Fig. 3. Axial distribution of gas temperature at statistically steady state con-
dition using different grid sizes. case 1: 225 meshes, case 2: 910 meshes, case 3:
2055 meshes, and case 4: 3640.
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Table 4
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Comparison of product yield for red oak pyrolysis (wt%) between simulation and experiment.

Components Condensable Non-condensable Biochar Unreacted biomass Temperature (°C)
Experiment [33] 717 £ 1.4 20.5 £ 1.3 3+15 500
Current study 62.4 16.9 9.5 493

4.1. Effect of biomass feed rate

Fig. 4 shows the effect of biomass feed rate on the product yields. It
can be seen that below 1.3 kg/h the product yields are relatively con-
stant. This implies that when the biomass feed rate is not too high, the
biomass contact with heated wall and mixing with hot sand, and hot
carrier gas, results in high heat transfer and possible lower fluctuations
in temperature therefore reaction rates are not affected by the feed
rates. These findings are comparable with other published results
[35,49]. However, by introducing more mass flux (> 1.3kg/h), the
supplied heat is insufficient for biomass particles to reach the operating
temperature of the reactor. The small increase in biochar is not sig-
nificant whereas the large increase in unreacted biomass is significant
which resulted in lower production of condensable vapours and non-
condensable gases. This range of feed rates was used to find an optimal
energy consumption, which in this case is 1.3kg/h. We need to find
how far we can increase the feed rates to prevent waste of energy.

4.2. Effect of biomass particle size

In Fig. 5, the effect of biomass particle size on the product yields is
shown. Contrary to other published results [35], in this study, the effect
of the intraparticle temperature gradient is considered. It is noteworthy
that for larger particles the intraparticle temperature gradient plays an
important role in the product yields as the larger particles show a
higher unreacted biomass fraction. However, it should be noted that
with respect to the reacted biomass, the particle size does not play a
role in the ratios of the different products (i.e. 0.66, 0.2, 0.14 for
condensable, non-condensable, and biochar, respectively). There is no
limit for the size of large particles used. As long as the provided heat is
sufficient, larger biomass particles can be used if they are surrounded
by sand particles of suitable sizes to maximize heat transfer from hot
sand particles to cold virgin biomass particles. However, it is more ef-
ficient to have smaller biomass particles since the intraparticle tem-
perature gradient is lower for smaller particles. Therefore, despite the
increased costs, grinding biomass particles are inevitable. On the other
hand, if the biomass particles are too tiny, unreacted particles may be
thrown out of the reactor bed by the carrier gas. In conclusion, deciding
on an optimal size for biomass particles depends on many different
factors and cannot be determined with certainty.

4.3. Effect of sand particle size

For specific nitrogen velocity, the bed expansion is lower for larger
sand particles. In other words, the larger the sand particle size the less
efficient is the fluidization. When larger sand particles are used, the
minimum fluidization velocity rises and necessitates higher carrier gas
velocity in order for the particles to fluidize. The minimum fluidization
velocity [35] is;

2
S

3
Emf
8(0,—p,)
My

150

Uns
1=Cmy ©)

where d; is the mean sand particle diameter, ¢, is the minimum gas
volume fraction, g is the gravity acceleration, g, and p, are the density
of solid and gas phases, respectively. Table 5 illustrates the variation of
minimum fluidization velocity with respect to sand particle’s diameter.
The predicted product yields with respect to sand particle’s dia-
meter are shown in Fig. 6. As it can be seen, the trend is similar to the

effect of nitrogen velocity (Fig. 8). By increasing the sand particle size,
the required carrier gas velocity for effective fluidization rises, and
consequently the residence time decreases which minimizes secondary
cracking of condensable vapours to non-condensable gases. Moreover,
when biomass particles are surrounded by larger sand particles, ap-
propriate heat transfer from hot sand particles to cold virgin biomass
particles rises due to higher heat transfer area. This phenomenon results
in lower biochar yield and unreacted biomass. These results are con-
sistent with other researchers findings [35].

Hot sand particles plays the role of heat carrier to the biomass
particles. Sand particles need to surround the biomass particles effec-
tively in order to facilitate the heat transfer between hot sand particles
and cold virgin biomass. Therefore, it will be more efficient if sand
particles are larger than biomass particles. This will also increase the
heat transfer surface area. The only limit for using larger sand particles
is their fluidization. Therefore, the optimal condition that can be
decided for sand particle size depends on some factors including bio-
mass particle size and fluidizing gas velocity.

4.4. Effect of biomass injector location

As the biomass injector is moved to a higher location, the produc-
tion of condensable vapours rises and non-condensable gases decreases
(Fig. 7). Moving the injector to a higher location decreases the solids
and vapour residence time and thereby minimizes cracking of con-
densable vapours to non-condensable gases. In this case, the rate of
secondary crack of condensable vapours to non-condensable gases
varies from 0.089 to 0.036 kg/h in the range of 16.5-20 mm of injector
height. It is worth noting that the limit for biomass injector location is
the maximum packing limit. Otherwise, the higher the position of the
injector, the shorter the residence time and the higher the yield of
condensable vapours. Therefore, the optimal height for the biomass
injector depends on the initial packing limit of the sand particles.

4.5. Effect of nitrogen velocity

The effect of superficial nitrogen velocity on the product yields is
shown in Fig. 8. As the carrier gas velocity increases, condensable yields
increase, non-condensable and unreacted biomass decrease, whereas
the char yields remain constant. The increase in condensable and a
decrease in non-condensable values are due to shorter residence time
(minimizing secondary cracking reactions). These results are in
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Table 5
Minimum required nitrogen velocity for effective fluidization.

Minimum fluidization velocity (m/ Sand particle size Nitrogen velocity

s) (um)
0.08 400 0.2
0.13 500 0.3
0.19 600 0.4
0.25 700 0.5
0.33 800 0.6
0.42 900 0.7
0.52 1000 0.8
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agreement with previous findings from literature [33,35,38]. The lower
limits for nitrogen velocity are determined by the minimum fluidization
velocity, which depends on the sand particle size (Table 5). However,
the carrier gas velocity can be increased to the extent that does not
force the unreacted biomass particles and sand particles out of the
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reactor bed. Therefore, the optimal nitrogen velocity depends primarily
on particle sizes.

4.6. Effect of operating temperature

In Fig. 9 the effects of both sidewall and nitrogen temperature on
the product yield are demonstrated. The yield of non-condensable is
constantly growing for two possible reasons. Firstly, a rise in the tem-
perature improves devolatilization and increases the reaction rates.
Secondly, at higher temperatures, secondary crack occurs which con-
verts condensable vapours to non-condensable gases. For instance, the
secondary reaction rate varies from 0.005 to 0.198 kg/h at a tempera-
ture range of 400-675 °C. On the other hand, the yield of condensable
initially increases as the devolatilization and reaction rates increase,
and then decreases due to the secondary crack, which decomposes
condensable vapours to non-condensable gases. These findings are in
accordance with a previous study [35]. The maximum bio-oil yields
occur in the range of 500-525 °C as an operating temperature. How-
ever, with further increase in temperature, secondary cracking reac-
tions are favoured and result in a precipitous decrease in condensable
yield. In other words, as the temperature exceeds 600 °C, the process
behavior is more like gasification than fast pyrolysis. Hence, con-
densable vapours, unreacted biomass and biochar decrease with the
increase in temperature. Fast pyrolysis process occurs at moderate
temperatures and its optimal temperature is in the range of 500-550 °C.
At higher or lower temperatures other than these values, the con-
densable yield decreases. Therefore, in this paper a temperature range
of 400-675 °C is considered to see the effect of lower and higher tem-
peratures on all product yields.

4.7. Effect of biomass preheat

The effect of biomass preheat prior to injection inside the reactor is
illustrated in Fig. 10. When the biomass is preheated, it reaches the
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active state more quickly and with a further heat transfer provided by
the heated wall, sand, and hot carrier gas, more proportion of biomass
is converted to the products. Therefore, unreacted biomass decreases
whereas biochar yield remains steady. In addition, more reacted bio-
mass means more production of condensable and non-condensable.
Since by preheating the virgin biomass, the active state is reached faster
and the residence time is shortened which leads to higher condensable
and lower non-condensable yields. Thus, altogether, preheating has a
favourable effect on condensable yields whereas non-condensable
yields remain stable. It is worth noting that preheating of the virgin
biomass from an ambient temperature of 298K to a temperature of
400K is equivalent to 6.52 W of net heat energy. Therefore, it would be
more efficient to spend some of the energy on preheating of the biomass
prior to reaching the reactor bed provided that no reactions occur
outside the reactor bed. The maximum temperature rise that is con-
sidered for pre-entry stage is AT = 102 K. Therefore, as long as no re-
action takes place in the biomass feeder, preheating the biomass will
maximize the bio-oil yield.

4.8. Effect of feedstock material

Since the model is capable of predicting product yields from dif-
ferent lignocellulosic biomass with different biomass components,
seven different feedstocks are taken into account to allow a wide range
of feedstock material to be studied. However, any other type of biomass
with other contentsuch as water content and impurities is beyond the
scope of this paper. Various feedstocks and their components are illu-
strated in Table 6. Fig. 11 shows the simulation results for different
feedstocks. The results show that the sum of cellulose and hemicellulose
content of the material is a more favourable component for the bio-oil
production whereas the lignin content contributes to more biochar
yields. Fig. 12 shows this trend in a different way. The biochar yield
linearly changes with lignin content and condensable yield rises when
the sum of cellulose and hemicellulose content increases. The most
condensable yield is anticipated from pure cellulose whereas the most
biochar yield is predicted from olive husk fast pyrolysis.

Although in the current paper the authors addressed most of the
influential factors in biomass fast pyrolysis in a bubbling fluidized bed
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reactor, the following factors can also be taken into account for future
studies:

e Initial sand packing limit: in this study, sand is initially packed to the
height of 5.5 cm with porosity of 0.61. The effect of other packing
heights can be taken into account.

® Effect of catalytic particles: in this paper, two solid phases are con-
sidered including solid phase 1 or reacting biomass phase and solid
phase 2 or inert sand phase. What happens if the solid phase 2 is
catalyst or a mixture of catalyst and non-catalyst particles? In this
case, the previous chemical kinetics and reaction rates are not ap-
plicable and other chemical kinetics need to be considered. For in-
stance, biochar particles can act as vapor-cracking catalyst and as
long as the condensable vapors are in contact with biochar particles
the effect of catalytic pyrolysis is yet to be considered. Therefore, the
effect of catalytic particles by considering their unique chemical
kinetics for secondary cracking can be a topic for future studies.

® Effect of particle shrinkage: in this paper the particles’ size are con-
sidered uniform whereas the particle shrinks during the process. The
effect of particle shrinkage can be taken into account by applying
UDF to the models.

® Moisture content and impurities in biomass feedstock: this paper con-
siders merely the lignocellulosic biomass whereas real biomass
feedstock may contain moisture content and impurities. Therefore,
considering these additional components necessitates some mod-
ifications for proposed chemical kinetics used for lignocellulosic
biomass.

5. Conclusion

In this study, a CFD model is implemented for simulation of a fast
pyrolysis process in a standard 2-D lab-scale bubbling fluidized bed.
Euler-Euler approach with a multi-fluid model (MFM) for a gas phase
and two solid phases including multiple species involved in each phase
are studied in the simulations. The multi-step global reaction mechan-
isms are considered to implement the chemical reactions.

The model validation is performed using experimental data for red
oak fast pyrolysis. The predicted results for biochar are in good
agreement with the experimental data. The results obtained for con-
densable vapours are comparable to the experimental ones. However,
the results for non-condensable gases under predicted the experimental
values.

The effect of various materials’ properties and operating conditions
on the product yield is also investigated. It is observed that operating
temperature, both sidewall and nitrogen temperature, plays an im-
portant role in the yield optimization of product. The optimum tem-
perature for production of bio-oil is in the range of 500-525°C. At
higher temperatures and longer residence time, a large proportion of
condensable vapours converts to non-condensable gases. Hence, using
higher nitrogen velocity, and moving the biomass injector to a higher
elevation up to the height of sand packing limit leads to higher con-
densable and lower non-condensable yields. When using larger biomass
particle size, due to the effect of intraparticle temperature gradient the
supplied heat is not sufficient to reach the centre of the particles and
consequently unreacted biomass increases. When the product yield is
divided into the reacted biomass parts, the same proportions (66, 20,
and 14% for condensable, non-condensable, and biochar, respectively)

Table 6

The initial mass fraction of biomass (a, 8,y)in Eq. (1).
Feedstock Pure cellulose Red oak Bagasse Corn Stover Switchgrass Maple Olive husk
Cellulose 1 0.41 0.36 0.48 0.42 0.40 0.22
Hemicellulose 0 0.32 0.47 0.30 0.34 0.38 0.33
Lignin 0 0.27 0.17 0.22 0.24 0.22 0.45
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are observed. When biomass feed rate increased beyond 1.3 kg/h, the
supplied heat for the effective reaction was not sufficient and conse-
quently, the product yields decreased. Larger sand particles necessitate
using higher carrier gas velocity for effective fluidization. Therefore,
the obtained results for this parameter are similar to increasing effects
of nitrogen velocity which has a shorter residence time which in turn
means higher condensable and lower non-condensable. Preheating the
virgin biomass as much as a net heat power of 6.52 W resulted in 7.5%
more bio-oil yields whereas other products’ yields remain constant. The
model can also be used for any lignocellulosic biomass to see the effect
of biomass component on product yields. It is predicted that the sum of
cellulose and hemicellulose content of the material is a more favourable
component for bio-oil production whereas the lignin content con-
tributes to higher biochar yields.
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