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INTRODUCTION

Biomass fast pyrolysis is a promising solid fuel conversion technology
due to its rapid process and high conversion efficiency [1]. Fast pyrolysis
implements a rapid heating rate in a moderate temperature (~500 °C) with a
short residence time to maximize the liquid product in an environment where
oxygen is absent [2]. Pyrolysis is preferred over other types of thermochemical
conversion due to the liquid form (bio-oil) of the main product; in which, the
upgraded bio-oil is a highly dense and useful form of energy with simple
storage and transportation requirements [3]. A fluidized bed reactor is a
common pyrolysis reactor that offers benefits including continuous operation,
simple design, uniform reactor temperature, excellent heat and mass transfers,
and solid mixing [4].

Numerous simulations have recently been conducted to investigate
pyrolysis in fluidized bed reactors, including the study [5] that explored the
yields of palm kernel shell pyrolysis. Jalalifar et al. [6] investigated the
parameters influencing pyrolysis yields. Clissold et al. [4] elucidated the
interphase heat transfer and fluidization behavior of pyrolysis in a fluidized
bed reactor. Their pyrolysis reaction used the simple reaction (global reaction
mechanism) proposed by Miller and Bellan [7], which has a limitation of
information on the quality of the pyrolysis products. The multistep
comprehensive mechanism, first proposed by Ranzi et al. [8], employs obvious
species, which enables exploring both pyrolysis product quantity (pyrolysis
yields) and quality, including the gas compositions, bio-o0il, and solid residue
species, with their elemental compositions. The comprehensive multistep
mechanism has undergone many improvements. Anca-Couce et al. [9] modified
the reaction by considering the secondary charring reaction (validated using the
Thermogravimetric analysis (TGA) method). Gentile et al. [10] implemented
extractive component thermal degradation (validated using biomass pellet
evolution, including the mass fraction and visual character). Debiagi et al. [11]
improved the accuracy of the mechanism to predict the solid residue yield and
its elemental compositions (validated in numerous experiments). Debiagi et al.
[11] also divided the hemicellulose into three distinct compositions, namely
softwood hemicellulose, hardwood hemicellulose, and grass hemicellulose.

Nonetheless, applications of the multistep comprehensive mechanism in
fluidized bed pyrolysis remain limited. Mellin et al. [12] and Ranganathan et al.
[13] reported pyrolysis in a fluidized bed reactor by using a multistep
comprehensive reaction that neglected metaplastic decompositions. The recent
work reported by Lu et al. [14] investigating fluidized bed pyrolysis used the
multistep comprehensive mechanism modified by Debiagi et al. [11]. Lu et al.
[14] focused on the pyrolysis product yields of a variety of biomass and the
impact of particle size. The pyrolysis product yields reflected those in the
experiments; the compositions of bio-oil and solid residue exhibited observable
differences. For example, the amount of carbon elements of bio-oil and solid
residue were lower than in the experiments, while their oxygen elements were
higher.
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In fluidized bed pyrolysis, the biomass is rapidly degraded through the
release of volatile matter and solid residue particles remain. Both should be
quickly removed from the reactor to avoid the secondary cracking of tar and the
catalytic effect of char reducing tar/bio-oil yields; however, too fast particle
removal promote the increase of unreacted biomass (UB) in the solid residue
[15]. During the devolatilization process, the biomass particles shrink in density
and diameter, affecting hydrodynamics behavior, heat transfer, and reaction
rate [16-18]. Hence, in a fluidized bed pyrolysis simulation, particle shrinkage
should be modeled to observe a more realistic solid particle flow in the reactor.
However, most studies have neglected the particle shrinkage effect and
considered the biomass particle as having a constant size during
devolatilization. Zhong et al. [16] developed biomass particle shrinkage models
based on the density and mass fraction of solid species calculation by
considering the mass conservation at a particle scale, which was a convenient
method with low computational requirements. They used numerous simple
pyrolysis mechanisms to illustrate the biomass pyrolysis in a fluidized bed
reactor, resulting in a disparity between hydrodynamics behavior and pyrolysis
product yields; however, their particle shrinkage models were limited by
dependency on the specific pyrolysis mechanism and temperature [16,18]. To
the authors’” knowledge, no study has correlated particle shrinkage to the
multistep comprehensive mechanism to elucidate the particle shrinkage effect
on pyrolysis product distributions. Moreover, many char density models used
in pyrolysis simulations are not investigated comprehensively for
hydrodynamics behavior and pyrolysis product distributions.

This study compared the most recent modified multistep comprehensive
pyrolysis mechanism (Anca-Couce et al. [9], Gentile et al. [10], and Debiagi et al.
[11]) in a fluidized bed reactor and proposed a modification to improve the
accuracy in predicting the gas, bio-oil, and solid residue yields and
compositions applicable in the fluidized bed condition (dense and dilute
multiphase flows). Particle shrinkage was modeled based on the shrinking
unreacted particle model (SUPM), which offered more flexibility in the use and
was widely used for biomass particle shrinkage model in the gasification
simulations [19]. The different char densities were also investigated associated
with studies reporting disparities in char density, including the char density
lower than that of biomass [20], identical to that of biomass [21], and higher
than that of biomass [4,5] to elucidate the particle behavior and biomass
conversion characteristic in a fluidized bed reactor.

THEORETICAL FRAMEWORK

The comprehensive multistep mechanism has undergone many
improvements. Anca-Couce et al. [9] modified the reaction by considering the
secondary charring reaction (validated using the Thermogravimetric analysis
(TGA) method). Gentile et al. [10] implemented extractive component thermal
degradation (validated using biomass pellet evolution, including the mass
fraction and visual character). Debiagi et al. [11] improved the accuracy of the
mechanism to predict the solid residue yield and its elemental compositions
(validated in numerous experiments). Debiagi et al. [11] also divided the
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hemicellulose into three distinct compositions, namely softwood hemicellulose,
hardwood hemicellulose, and grass hemicellulose.

Nonetheless, applications of the multistep comprehensive mechanism in
fluidized bed pyrolysis remain limited. Mellin et al. [12] and Ranganathan et al.
[13] reported pyrolysis in a fluidized bed reactor by using a multistep
comprehensive reaction that neglected metaplastic decompositions. The recent
work reported by Lu et al. [14] investigating fluidized bed pyrolysis used the
multistep comprehensive mechanism modified by Debiagi et al. [11]. Lu et al.
[14] focused on the pyrolysis product yields of a variety of biomass and the
impact of particle size. The pyrolysis product yields reflected those in the
experiments; the compositions of bio-oil and solid residue exhibited observable
differences. For example, the amount of carbon elements of bio-oil and solid
residue were lower than in the experiments, while their oxygen elements were
higher.

METHODOLOGY

The Eulerian-Eulerian framework, the so-called multifluid model (MFM)
or two-fluid model, was chosen to account for continuity, momentum, and
energy according to the Navier-Stokes equation integrated with heterogeneous
chemical reactions because this approach requires less computational effort to
solve multiphase flows with thousands or millions of particles. In general, the
MEM treats particles as well as fluids as interpenetrating continua, and their
interactions, including drag force, heat and mass transfer, and chemical
reactions, are calculated using interphase exchange terms. The gas phase is
considered the primary phase, and the solid phases are treated as secondary
phases wherein the fluidized bed pyrolysis involves two solid phases (biomass
and sand). The gas-particle drag force was modeled using the Gidaspow [22]
equation; gas-particle heat transfer including gas-biomass and gas-sand were
calculated based on the Gunn formula [23]; biomass and sand heat transfer was
approached using Tomiyama’s equation [24], which was used in the fluidized
bed steam gasification model of Eri et al. [25]. The discrete ordinate (DO) model
available in Ansys Fluent [26] software was used to simulate the radiation
model, with a gas absorption coefficient of 0.07 m~! as previously implemented
by Qian et al. [27].

To achieve increased effectiveness and short computation time, a 2-D
domain was performed to model the fast pyrolysis in a fluidized bed reactor.
The reactor geometry is illustrated in Fig. 1, where the diameter and height are
72 cm and 65 cm, respectively, according to the experimental work by
Kantarelis et al. [28]. Biomass with a particle size of 0.85 mm consisting of
pinewood and spruce mixture was fed into the reactor at 1 kg/h at 27 °C. The
biomass mixture, comprising cellulose, hemicellulose, Lign-C, Lign-H, and
Lign-O (46.7%, 30.2%, 2.55%, 8.0%, and 12.55%, respectively), was calculated
using the average composition of pinewood and spruce as it also implemented
in our earlier study [29]. Silica sand 300 pm in diameter was initially packed
with a volume fraction of 0.55 and a height of 10 cm. Nitrogen as the fluidizing
gas was injected at the pyrolysis temperature (500 °C) from the bottom of the
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reactor at a superficial velocity of 0.25 m/s. The pyrolysis products including
yields and their compositions were compared to the literature [12,28].

HHHH proavees

Freeboard

65.0

Biomass

I E i ces

Fig. 1. Illustration of 2-D fluidized bed reactor (unit, cm).

The improved comprehensive mechanism was proposed in our earlier
study [29-31]. This model was developed based on reported mechanisms
(Anca-Couce et al. [9], Gentile et al. [10], and Debiagi et al. [11]), with different
bio-0il species, enhanced carbon element in the solid residue, modified
metaplastic decompositions, and simplification of the reaction steps. All
reactions were expressed using the first-order Arrhenius equation, as given by

- ool S

0

where ki denotes the kinetic constant of reaction rate, A; is the Arrhenius
pre-exponential constant, and E; indicates the activation energy of the chemical
reaction. R and T are the universal ideal gas constant and temperature,
respectively. The reaction constants (ki) and heats of reaction (AH) were
integrated using user-defined functions (UDFs) written in C++ code via
DEFINE_HET_RXN_RATE and DEFINE_SOURCE macros, respectively.

During devolatilization, biomass particles reduce in density and size by
releasing volatile matter and leaving solid residue, known as the shrinkage
effect. In this work, the shrinkage effect was modeled using numerous
variations, which are illustrated in Fig. 2. The apparent density of particles is
influenced by the densities of biomass, char & metaplastic, and void; void
density was treated as gas density according to the simulation by Liu et al. [21].
The apparent density of biomixture particle (ps;y) was calculated using volume
weighted mixing law, as given by

903



Thoharudin

1
pap - Yb Yc Ya Yv
2+ 424V
pb pc pa pv

)
where p and Y denote density and mass fraction, respectively, and subscript b, c,

a, and v indicate the biomass, char & metaplastic, ash, and void, respectively.
Model 1

Promass = 600 kg/m’
Puar = 350 kg/m®
Model 2

Pyomes = 600 kg/m’®
P = 600 kg/m®

Model 4
Puonsss = 600 kg/m’
pcher = 350 kglrn:i
Model 5

Pyomacs = 600 kg/m®
P =600 kg/m’

Fig. 2. Particle shrinkage model illustration.

As shown in Fig. 2, Models 1-3 represent the biomass particle shrinkage
in density with a constant diameter where the simulations in section 3.1 were
conducted using Model 1. Models 46 illustrate the biomass particle shrinkage
in both density and diameter where the biomass particle shape was assumed to
have a sphere geometry, with the particle size evolution calculated as follows
[19,32]:

d; =do0- X )"
©)

where d; and dy are the final and initial biomass diameter, respectively,
while X. is the local carbon conversion which was adapted as the local biomass
conversion for this pyrolysis case and was expressed by the char mass fraction.
The relationship between the biomass particle size and char mass fraction is
illustrated in Fig 3. The biomass particle size evolution equation was integrated
using UDF through DEFINE_PROPERTY macros.
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Fig. 3. The relationship between char mass fraction and biomass particle size.
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RESULT AND DISCUSSION
Pyrolysis Products Comparison

Fig. 4a depicts the biomass mass fractions at the times the simulations
exhibited the decrements of the biomass mass fractions. After 30 s, the
decrements were negligible; thus, 40 s of simulation time was used in further
work. Pyrolysis product yields for solid residue, noncondensable gas (NCG),
and bio-oil (consisting of a mixture of organics and water) modeled using a
kinetic mechanism of Anca-Couce et al. [9], Gentile et al. [10], Debiagi et al. [11],
and this improved model is presented in Fig. 3b. The mechanism proposed by
Anca-Couce et al. [9] included a secondary charring reaction that enhanced
carbon, water, carbon dioxide, and hydrogen in the reaction steps, modified
using the pyrolysis mechanism improved by Corbetta et al. [33].

Moreover, the formations of sugars such as levoglucosan and xylose
monomer were substituted by those of other products because sugars are
sensitive to temperature and mineral earth content in the biomass, affecting the
organic yield decrement. As a result, the mechanism developed by Anca-Couce
et al. [9] resulted in lower organics with higher NCG yields compared with
those of Gentile et al. [10] and Debiagi et al. [11]. Gentile et al. [10] proposed a
comprehensive pyrolysis mechanism with a high fraction of metaplastic phase
and slow metaplastic decompositions; thus, this mechanism yielded a large
fraction of solid residue with a small amount of NCG because much NCG was
still trapped in the solid residue, as a metaplastic phase. Debiagi et al. [11]
developed a comprehensive pyrolysis mechanism with a lower metaplastic
phase; therefore, despite its slow metaplastic decomposition, it had a lower
solid residue yield compared with the mechanism developed by Anca-Couce et
al. [9] and Gentile et al. [10]. Both Gentile et al. [10] and Debiagi et al. [11]
neglected the effect of secondary charring and the presence of mineral earth in
the biomass; thus, a large percentage of the bio-oil was organic—larger than in
the experiment. Nonetheless, the solid residue yield of the mechanism of
Debiagi et al. [11] was close to that of the experiment, namely 17.73%.

a) Anca-C tal., 2017 b)so
—— Anca-Louce at al., 9
1.0+ —o— Gentile et al., 2017 | gg‘;?i'lgz;’g? e;:;'_;,2017
k4 Debiagi et al., 2018 I Gontile ot al.,
) ' 1 I peb tal., 2018
¥ —— This model — 50 eblagi et al.,
o8k R
8 ﬁk £ 404
© i o
m 0.64 1 °
+= L = 30
2 >
IEU 044 3 204
S -
e, 09_
0.2 104
0 10 20 30 40 0-

Time [s] Solid Residue NCG Organic Water A
Fig. 4. a) Simulated biomass mass fractions; b) pyrolysis product yields.

After adopting the Debiagi et al. [11] mechanism with its low metaplastic

fractions, considering the secondary charring reaction in which carbon and
water product are enhanced, the existence of mineral earth in the biomass
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(which removes the sugar compositions), and the bio-oil end-product species
largely found in the experiment, the improved mechanism was constructed.
The solid residue yield was somewhat higher than that of the experiment, but
those of the other products, such as NCG, organics, and water, were
comparable. Compared with the experiment, the improved model had relative
errors of 11.8%, —15.2%, 12.6%, and —8.0% in predicting solid residue, NCG,
organics, and water, respectively.

Pyrolysis is a complex thermochemical conversion where physical and
chemical parameters contribute to the final products. The condenser
temperature and gas feeding rate of the condenser were neglected in the
simulation. In the study reported by Westerhof et al. [34], a higher condenser
temperature of 30 °C reduced the amount of organics trapped in the condenser
by approximately 2%-7%, depending on the gas feeding rate. The
lignocellulosic interactions such as cellulose-hemicellulose and cellulose-lignin
contributing to water, CO, and CO: formation and tar reduction were also
neglected in the simulation. The secondary reactions converting organics into
water vapor and NCG were also neglected in the simulation due to their little
contribution, as the operating temperature was lower than 600 °C[33,35]. In
short, the lower predicted NCG and water with higher organic components
yields in the simulation using the improved model was reasonable due to the
complexity of actual pyrolysis.

Bio-oil is a complex mixture of several hundred organic species;
however, to simplify the model compound, only large species involved in
multistep comprehensive mechanisms were included. The species can be
categorized into groups such as sugars, aldehydes, ketones, carboxylic acids,
and phenols. Pyrolysis of pinewood and spruce, softwood materials with high
cellulose components, resulted in considerable production of ketones &
aldehydes, carboxylic acids, and phenolics, with small amounts of furans and
sugars, in the experiment (Fig. 5). Anca-Couce et al. [9] modeled
hydroxyacetaldehyde (HAA) and formaldehyde as the main products of
cellulose and hemicellulose pyrolysis; thus, the ketones & aldehydes
components were much larger (by more than twice) than those obtained in the
experiment. Carboxylic acids and phenolics percentages, mainly derived from
hemicellulose and lignin (Lign-C, Lign-H, and Lign-O) pyrolysis, were lower
than those in the experiment. In addition to sinapaldehyde and phenol as
phenolics species in the Anca-Couce et al. [9] mechanism, formaldehyde and
acetone were nonaromatic species derived from lignin pyrolysis; thus, the
phenolics group was present in little amounts in bio-oil. Anca-Couce et al. [9]
considered omitting levoglucosan formation as a sugar product due to the
sensitivity of the product to mineral earth content in biomass, and this was
relevant for the experiment (less than 2%; Fig. 6).

Similarly to Anca-Couce et al. [9], Gentile et al. [10] modeled organic
species from cellulose and hemicellulose pyrolysis as consisting mainly of HAA
and formaldehyde as the aldehydes product; however, considering
levoglucosan as the product of cellulose degradation, levoglucosan was the
most prevalent organic species in bio-oil. Carboxylic acids and phenolics
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groups were also present in minute fractions, while the furans group exhibited
a marginally higher fraction compared with the experiment. In short, the
organic species modeled by Gentile et al. [10] consisted mainly of sugars and
aldehydes.

Debiagi et al. [11] modeled organic species to predominantly comprise
levoglucosan, similar to the Gentile et al. [10] model, with a slower
levoglucosan formation reaction rate. The furans group existed as a large
fraction almost equal to that of ketones & aldehydes. Carboxylic acids
consisting of acetic acid and propionic acid had ~70% lower than that in the
experiment because hemicellulose decomposition promoted furans and
aldehydes in addition to carboxylic acids. Similarly to Anca-Couce et al. [9] and
Gentile et al. [10], Debiagi et al. [11] modeled organic species derived from
lignin comprising mainly aldehydes & ketones, with phenolics species present
in a low fraction.

The improved model adopted Anca-Couce et al. [9] and removed
levoglucosan as the product from cellulose pyrolysis and substituted it with its
fragmentation products, including ketones & aldehydes and furans; thus, no
sugars were present in the bio-oil product. Ketones & aldehydes existed in a
proportion somewhat higher than that in the experiment. Carboxylic acids
comprised mainly acetic acid and propionic acid obtained through
hemicellulose pyrolysis exhibited a close relationship to the experimental
results. The proportion of phenolics group including simple phenol and
methoxy phenol was also highly correlated with that in the experiment. This
model implemented phenolics derived from both lignin pyrolysis and from
hemicellulose according experimental studies conducted by Michailof et al. [36]
and Zhao et al. [37]. This improved model predicted carboxylic acids, ketones &
aldehydes, furans, and phenolics of 11.5%, 20.9%, 17.5%, and 10.8%,
respectively.

Il Anca-Couce et al., 2017
50 - Il Gentile et al., 2017
[ Debiagi et al., 2018
This model

Experiment

Organic Species Group [wt.%]
W
o

Carboxylic Ketones & Furans Sugars  Phenolics

Acids  Aldehydes
Fig. 5. Organic species compositions.

The C, H, and O compositions of bio-oil are presented in Fig. 6. Anca-
Couce et al. [9], Gentile et al. [10], and Debiagi et al. [11] modeled bio-oil species
predominantly consisting of sugars and ketones & aldehydes, and which had a
low carbon content (<60 wt.%); thus, the bio-oil had less carbon content with
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higher oxygen composition compared with the experiment values. Differently
from the other mechanisms, the improved model implemented high carbon
content bio-oil species (C = 60 wt.%) in large fractions, such as acetone, furfural,
hydroxymethylfurfural (HMFU), and phenol; therefore, the elemental
compositions had high carbon content quite close to that in the experiment,
namely C, H, and O of 56.3%, 6.9%, and 36.8% with the relative errors of —2.3%,
3.6%, and 3.0%, respectively.

Il Anca-Couce et al., 2017
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C H 0
Fig. 6. Organic elemental composition.

Particle Shrinkage Model

Fig. 7 presents the biomass temperature distributions of the particle
shrinkage models. In general, they exhibited nonsignificant differences in
biomass temperature distribution, where the temperature of the biomass
suddenly increased from 27 °C to 500 °C, similarly to the phenomenon
described by Lu et al. [14]. As a consequence, the biomass mass fraction quickly
decreased by approximately half in the dense zone and gradually decreased in
the freeboard, as illustrated in Fig. 8a. By contrast, the char & metaplastic mass
fraction quickly increased by approximately 50% in the dense zone and
gradually increased in the freeboard (Fig. 8b). The distinct phenomenon
appeared on the gradient between the dense zone and the freeboard wherein a
coarse gradient was exhibited in the constant particle size models, and it
became coarser with increasing char density. By contrast, after particle size
shrinkage was implemented, the gradient between the dense zone and the
freeboard emerged smoothly, particularly observed in Model 4.
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Fig. 7. Biomass temperature distribution.
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Fig. 8. a) Biomass mass fraction; b) Char & metaplastic mass fraction.

The char density affected the biomixture density, whereby a higher char
density enhanced the biomixture density, indicated by the sharper gradient
between the dense zone and the freeboard in Models 1 to 3 (Fig. 9a). Without
implementation of the particle size reduction, the biomixture particles tended to
accumulate in the dense zone, which promoted segregation. Similar to Models
1-3, the biomixture density of Models 4-6 increased with char density, with a
more homogeneous density distribution correlated to the particle size shrinkage

(Fig. 9b).
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Fig. 9. a) Biomixture particle density; b) Biomixture particle diameter.

The evolution of biomass particles is depicted in Table 1. The average
particle size and density increased with an increase in char density (Models 1-
6); thus, the particle volume and density reduction were diminished by the
increase in char density. Models 1-3 assumed that the particle size was
constant; thus, no particle volume reduction occurred in these models. By
contrast, in Models 4-6, the particle volume was reduced as the char density
increased, namely, 54.5%, 54.3%, and 50.7% for 350, 600, and 2333 kg/m3 of char
density, respectively.

Davidsson and Pettersson [38] reported that birchwood pyrolysis
resulted in 45%-70% particle volume reduction. In an experimental study
conducted by Caposciutti et al. [39], particle volume reduction during the
pyrolysis of beechwood particles was approximately 60%-66%. Kumar et al.
[40] investigated particle shrinkage of casuarina wood during devolatilization
in a fluidized bed reactor and reported that the volume of particles was reduced
by approximately 35%-58%. Schroder [41] reported that the pyrolysis of large
beechwood reduced the density, mass, and volume as the temperature
increased. At approximately 500 °C, they were reduced to approximately 65%,
30%, and 45% from those of the initial biomass particle, respectively. In short,
particle volume reduction ranges from 35% to 70%, and specifically for
fluidized bed pyrolysis is about 35%-58%.

Correlating with the simulation results, Models 4-6 represented a proper
particle shrinkage, where the particle volume reduction ranged from 35% to
58% according the literature for fluidized bed pyrolysis case.

Table 1. Biomass particle evolution.

Modell Model2 Model3 Model4 Model5 Model 6

Average final diameter

0.85 0.85 0.85 0.654 0.654 0.672
Average final density
(kg/m3) 121.5 141.8 173.6 115.3 1223 155.0
Volume reduction (%) 0.0 0.0 0.0 54.5 54.3 50.7
Density reduction (%) 79.8 76.4 71.1 80.8 79.6 74.2
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Fig. 10 presents the pyrolysis product yields with their compositions and
the corresponding particle shrinkage models. In general, the particle shrinkage
models exhibited nonsignificant differences in the yields and compositions, by
implementing the particle size shrinkage (Model 4-6) resulted in a little
reduction in the solid residue yields (<1.0%) with a slightly higher carbon
fraction in the same char density.
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Fig. 10. Comparison of pyrolysis yields and compositions of particle
shrinkage models.

CONCLUSION AND SUGGESTION

The improvement of multistep comprehensive reaction with particle
shrinkage models has been proposed for fast pyrolysis in a fluidized bed
reactor. Various biomass particle sizes were also investigated to elucidate the
particle behavior and biomass conversion characteristic in a fluidized bed
reactor. The improved model successfully reduced the number of reaction steps
to 24 and, overall, more accurately predicted solid residue, NCG, organic, and
water outputs, with relative errors of 11.8%, —152%, 12.6%, and -8.0%,
respectively. The organic product comprised carboxylic acids, ketones &
aldehydes, furans, and phenolics, most of which were accurately predicted
using the improved model. The organic elemental composition was
satisfactorily estimated in the improved model, with C, H, and O compositions
of 56.3%, 6.9%, and 36.8%, respectively. Implementing particle size shrinkage
influenced the hydrodynamics behavior of biomass particle flow in the reactor,
where both biomass and char & metaplastic mass fractions were distributed
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more homogeneously in the reactor, especially observed in Model 4. Models 4-6
represented a proper particle size shrinkage; their volume reductions were
54.5%, 54.3%, and 50.7 %, respectively. In addition, the particle shrinkage model
did not significantly affect the pyrolysis yields and compositions.
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