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ABSTRACT: The influences of several important biomass pyrolysis process parameters 
such as the biomass feedstock type, flow pressure, biomass feeding rate and biomass 
particle size play an important role to ensure an efficient pyrolysis process. Unfortunately, 
the determination of these parameters can be cumbersome and often requires the method of 
trial and error. As a result, our work discusses the idea of the application of discrete phase 
modelling (DPM) in the fast pyrolysis process so that the optimum value of these essential 
parameters can be determined numerically. The numerical test demonstrated in this paper 
involving the fast pyrolysis of wood indicates that the application of DPM in the simulation 
is feasible for obtaining the initial prediction of the optimum process parameters.

Keyword: Fast pyrolysis, entrained flow reactor, biomass particle, discrete phase 
modelling, wood pyrolysis.

1.	 INTRODUCTION

At the fundamental level, pyrolysis is the thermal degradation process of biomasses 
in the absence of oxygen.1–6 Pyrolysis process produces two distinct classes of 
products, which are the primary products and secondary products. Conventionally, 
the primary pyrolysis products are classified into condensable and non-condensable 
products. For instance, tar is a condensable product whereas volatiles and char 
are non-condensable products. Also, the condensable products are often classified 
as liquids, whereas the non-condensable mainly consists of CO, CO2, H2 and 
carbons.1,2,5 
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Pyrolysis of biomass is one of the utmost effective technologies used to supply 
biofuel. Furthermore, it is a simple, cheap and promising technology which include 
bio-oils and bio-chars as the two substantial pyrolysis products. These products 
have their influential values which can be utilised in a viable way. An extensive 
experimental study concluded that the transformation of waste biomasses into 
beneficial and valuable energy products by pyrolysis is an appealing option.20–21 
Unfortunately, the process conditions, as well as the raw materials used, have 
varying effects on the yield of each product. Often, these process conditions are 
determined through experience via experimental observation or trial and error. 
Thus, a computational model of the pyrolysis process is required to enable the 
prediction of such optimum process conditions which will maximise the process 
yield. 

Above all, this work focuses on the numerical modelling of biomass particles 
dynamics in a typical fast pyrolysis reactor. In general, fast pyrolysis involves the 
process of rapid heating of organic materials in the absence of oxygen. Specifically, 
such a process occurs inside an entrained flow reactor (EFR).1 In this work, a 
computational fluid dynamics (CFD) computer program was used to account the 
tedious mathematical manoeuvring in the numerical analysis of this model. The 
EFR model was first designed using CAD software, and then the mesh of the model 
was generated using ANSYS meshing program (see Figure 1). The generated mesh 
of the EFR model was used by ANSYS Fluent for the numerical calculation of the 
solution to the problem. In this work, we proved that the application of discrete 
phase modelling for the fast pyrolysis process is capable of predicting the optimal 
process parameters such as the particle size and shape and the biomass particle 
residence time. Here, we define the particle residence time as the amount of time 
where a biomass particle flows from the EFR inlet to the outlet.

Most importantly, the residence time plays a vital role in ensuring efficient 
pyrolysis process. Correspondingly, the optimum residence time is always 
preferred such that the entire biomass particle volume is fully pyrolysed without 
leaving the unreacted fraction of the biomass particle flowing through the EFR 
outlet. Inevitably, a few process parameters may also affect the composition and 
temperature of gases products, such as the oxygen/steam-to-fuel ratio, particle size, 
biomass feeding rate and injection velocity. The particle residence time is sensitive 
to the changes in any of these process parameters. In particular, particle size 
influences the residence time required to complete the pyrolysis process.7,8  Here, 
a smaller biomass particle size enables the pyrolysis process to produce a higher 
gaseous product yield. Such a process behaviour is due to longer residence time 
which will allow more conversion of biomass.9 Papadikis et al. demonstrated that 
smaller particle sizes could produce a higher amount of syngas.4 Similar findings 
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were observed in a fluidised bed where a process is governed by the enhanced 
reaction kinetics for smaller particles.10 

Figure 1:  Entrained flow reactor meshed using ANSYS meshing tool.

Wood is mainly made up of cellulose, hemicellulose and lignin.1 Also, wood is 
a complex fuel that undergoes dramatic changes as it thermally degrades. When 
wood is heated, it undergoes pyrolysis process which liberates organic gases and 
leaves behind carbon-rich charcoal. Besides, it is an exothermic reaction that tends 
to be self-sustaining once started.1,11 Indeed, various models have been developed 
to describe the fast pyrolysis process, where most of these models attempt to 
predict the heat transfer, mass and momentum transport effects for every single 
biomass particle undertaking the pyrolysis process inside an EFR.3 The EFR used 
in this work is made up of stainless steel which has two inlets with each connected 
to the biomass particle feeder and the nitrogen gas input respectively. Also, the 
nitrogen gas is used to transport the pyrolysing biomass particle from the feeder 
input to the EFR outlet. It is vital to keep in mind that nitrogen gas is an inert gas, 
thus, it will not react with the biomass particles. 

2.	 MODEL DESCRIPTION AND ASSUMPTIONS

At this instance, the EFR used by Energy Laboratory, Universiti Sains Malaysia 
(USM), is illustrated in Figure 2. Fundamentally, the proposed fast pyrolysis 
model is a type of mass transport model, where the biomass particle is transported 
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by the inert nitrogen gas from the biomass particle injection point up to the outflow 
of the EFR.7,12 Recall that when the biomass particles are transported within the 
EFR, they undergo thermal degradation and produce pyrolysis products such as 
char, tar and gases. These products are also transported by the inert nitrogen gas 
throughout the EFR. 

Biomass feed

Biomass particle injectionSand  
(as heat transfer medium)

Pyrolysis products outflow 
(to the cyclone)

Nitrogen gas input

Figure 2:	 Illustration on how the entrained flow reactor works in fast pyrolysis process 
does.

Also, sand is filled at the bottom of the reactor and the nitrogen gas flows into the 
reactor from the bottom end of the reactor. The bubbling of the mixture of sand, 
biomass particle and the nitrogen gas do occur, but the sand’s purpose is merely 
to provide even heat transfer from the EFR environment to the biomass particle. 
Hence, the process efficiency can be maximised. However, the bubbling mixture 
of sand and nitrogen gas is neglected. Plus, it is assumed that a perfect and even 
heat convection occurs within the region of the reactor. Furthermore, the specific 
heat capacity of the biomass particle is a function of the radius of the particle. 
Such behaviour is due to the assumption that the reaction changes the particle 
density, but not the size.3,4 The size of the particle is assumed to remain constant 
throughout the entire course of the pyrolysis reaction.4 In other words, the simulated 
particle is assumed to have no volume shrinkage during the pyrolysis reaction. 
In this numerical model, the pyrolysis products are assumed to disintegrate from 
the portion of the particles shortly after it is produced.3 However, such a product 
disintegration does not cause the particle to change its size. Besides, the density 
and mass fraction of the biomass particle is changed instead.
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Additionally, the reaction will occur at the surface of the particle. Then, it 
continues to react towards the centre of the biomass particle.3,4 The injected 
biomass particles do not necessarily have equal sizes. Therefore, it is appropriate 
to assume that the biomass particle size population is distributed according to  
the Rosin-Ramler particle size distribution. The Rosin-Ramler probability 
distribution function will be described later in this article. Also, the biomass 
feeding injection is supported by the gravitational force. Here, biomass particles are 
injected along the negative direction of the y-axis (the direction of the gravitational 
force). At the injection point, the terminal velocity of the biomass particle is v0.  
It is critical to consider the drag force and buoyant force induced by the nitrogen 
gas continuum that acts upon the biomass particle. Intuitively, the relative velocity 
of the biomass particle is given by:

vR (t) = v(t) − U	 (1)

Here, v(t) is the instantaneous terminal velocity of the biomass particle and U is the 
phase velocity of the nitrogen gas.3,4

Principally, the flow velocity of the nitrogen gas will always higher in magnitude 
compared to the terminal velocity of the biomass particle. The purpose of having 
the flowing nitrogen gas is to transport the biomass particle and the pyrolysis 
products to the EFR outlet. The drag force exerted by the nitrogen gas on the 
biomass particle is:

F v C A
2

1
D D

2t= 	 (2)

where t  is the density of the nitrogen gas, v is the velocity of the biomass particle, 
CD is the drag coefficient of the nitrogen gas and A is the area of the orthographic 
projection of the biomass particle on a plane perpendicular to the direction of 
the trajectory. However, Equation 2 is too general to describe the drag force 
that impedes the motion of the biomass particle. Theoretically, the specific drag 
function for the model must be derived using the basic concepts of physics.13

2.1	 Derivation of the Drag Function

Formally, the drag function is defined as the drag force per unit mass of the 
biomass particle. One can use Equation 2 to derive the drag function, δ(t), via some 
mathematical manoeuvres. There are several assumptions need to be considered 
to define δ(t). Firstly, the nitrogen gas flow is assumed to be laminar. Thus, the 
nitrogen gas continuum flows in parallel layers where there is no disruption in 
between these layers. Furthermore, the external forces exerted by foreign particles 
upon the biomass particle motion are neglected. Such an assumption is based on 
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the fact that the foreign particles count in the reactor is much smaller than the 
number of nitrogen gas particles.14 Secondly, the biomass particles are assumed to 
be perfectly round with an even surface.3,4 

At the rudimentary level, δ(t) is generally defined as: 

F
v vt m m C A t V C A t

2

1

2

1D
D R

p
D R

2 2t t td = = =] ] ]g g g 	 (3)

Theoretically, the Reynolds number for a perfectly spherical particle flowing 
through a laminar continuum is given by:

Re
vd tp R

n

t
=
def ] g

	 (4)

where t  is the density of the continuum, which is the nitrogen gas. Here, dp is 
the diameter of the particle, vR is the relative terminal velocity of the particle 
with respect to the nitrogen gas flow and μ is the molecular viscosity of the gas.3,4  
The volume of the biomass particle in terms of its diameter is given as:

V R d
3

4

24

4
p

3 3r r= = 	 (5)

The area of the orthographic projection of a biomass particle on a plane  
perpendicular to the direction of the particle trajectory is given by:

A R d
4

1
p

2 2r r= = 	 (6)

Hence, by solving for t  in Equation 4 and substituting the solved t, Equations 5 
and 6 into Equation 3 yields the drag function:
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Simplifying the form of Equation 7 gives the following:
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In Equation 8, the diameter of biomass particles is required. Here, the Rosin-
Rammler Probability Distribution Function (RPDF) is applied to sample the 
diameter of the simulated biomass particle. Mathematically, RPDF is defined as: 

a

; ,f d d ep p d
d
p

p

a =
-^ dh n 	 (9)

where d is the diameter of the particle, dp  is the mean diameter of the biomass 
particles and a  is the spread parameter of the biomass particle size population.15 
It is possible to practically determine the mean diameter of the biomass particle 
population in the laboratory. Also, the cumulative distribution data of the biomass 
particle diameter population can be constructed via multiple particle sieving 
procedure. Here, the average diameter value can be graphically obtained by 
determining the value of dp when f (dp) = e−1 ≈ 0.368. To illustrate, Table 1 shows 
the outcome of multiple sieving technique to screen the biomass size starting 
from the smallest size. At the same time, one must also record the corresponding 
mass fraction of the specified particle size. Hence, the mean value of the particle 
diameter is determined graphically on the cumulative probability density plot of 
Table 1.

Table 1:  The fraction of biomass particle with the specified diameter.

Diameter class, dpi
 (×10−5 m) Mass, mi (kg) Fraction, f (dpi 

) = mi /mtotal

< 0.1 0.11 0.08
< 0.2 0.15 0.12
< 0.3 0.19 0.15
< 0.5 0.35 0.28
< 0.6 0.78 0.63
< 0.7 0.98 0.79
< 0.8 1.23 1.00

2.2	 Determination of Biomass Particle’s Equation of Dynamics

Vitally, one may introduce a force balance equation so that the biomass particle 
motion can be analysed further. Such a force balance equation must equate the 
biomass particle inertia with the forces acting on it.3,4 There are various types 
of force which act upon the biomass particle. The primary force is the resultant 
buoyant force, FB/ , experienced by the biomass particle due to the nitrogen gas 
flow and vice versa. The former type of buoyant force is given by gVt  where t  
is the density of the nitrogen gas and V is the volume of the nitrogen gas displaced 
by the biomass particle. The similar theoretical concept also applies to the buoyant 
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force acted by the biomass particle upon the nitrogen gas. The latter type of buoyant 
force is given as gVpt  where pt  is the density of the biomass particle and V is 
the volume of the biomass particle displaced by the nitrogen gas. Henceforth, the 
resultant buoyant force is given by:

F gV gV gVp pt t t t= - = -B ^ h/ 	 (10)

The buoyant force per unit mass of the biomass particle is given by:

F
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The secondary force is the drag force between the biomass particle and the nitrogen 
gas where it has been mathematically described using the drag function, td] g . 
Finally, the external forces, Fext , acting on the biomass particle are not neglected. 
These external forces include the impulsive force felt by the biomass particle when 
it hits the reactor wall.  Likewise, the forces due to the collision with other foreign 
particles are also considered as the external forces. Using Newton’s second law of 
dynamics:

F
vm dt
d

k
k

R=/ 	 (12)

Combining the forces acting on the biomass particle gives:

F F F F

k
= + +Dk B ext

/ 	 (13)

Substituting Equation 13 into Equation 12 yields:

v U
F F Fm dt

d
extD

-
= + +B

] g 	 (14)

It is known that the velocity of the nitrogen gas is kept constant, so U
dt
d = 0. Hence,

v F F
fdt

d
m m ext= + +D B 	 (15)

with fext = Fext /m. Next, Equations 8 and 11 are substituted into Equation 15 giving:

v
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Hence, 
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It is important to note that the particle’s density changes with time as the pyrolysis 
reaction progresses. Henceforward, the particle’s density now is a function of 
time, tt p ] g . For easiness, the second term’s coefficient on the left-hand side 
of the Equation 17 can be re-written in the form of a scalar function of time,  

tpC ] g , where:
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Therefore, Equation 17 can be simplified into:

p

v
v fdt
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If the biomass particle moves ideally without any external forces, fext must be set 
to a zero vector. Conveniently, for a biomass particle which is free from external 
forces, its equation of dynamic is given as:

p

v
v Udt

d t g1 0
t
t

C- - - - =] ] dg g n 	 (20)

Using numerical methods, Equation 20 can be solved to obtain the velocity function 
of the biomass particle. 

3.	 NUMERICAL RESULTS AND DISCUSSION

The dynamic behaviour of a biomass particle is often characterised by its position, 
momentum and the forces acting on it. The main objective of this section is to 
verify the discrete phase model of fast pyrolysis process to a test case involving 
a simple EFR geometry. Also, the change in biomass particle position inside an 
EFR is determined by the amount of the momentum transfer between the biomass 
particle and the nitrogen gas continuum. Plus, the momentum transfer between the 
biomass particle and some other foreign particles may also cause such a change.
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3.1	 Products Formation

Figure 3 illustrates the simulated plot of the char mass fraction of the pyrolised 
biomass particle. The simulated plot of the char mass fraction is based on the 
reaction kinetic theory of biomass pyrolysis which will be reviewed later in this 
text. In Figure 3, the char mass fraction is interpreted by the coloured particle 
tracks. As the biomass particle is transported along the positive axial direction by 
the nitrogen gas, it underwent a few reactions which are described by the two stages 
semi-global model of fast pyrolysis reaction of wood.8,12,16,17  The particle tracking 
result is given in Figure 3. It shows that as the particle moves in the positive axial 
direction, the production of char increases. The char is fully produced before the 
actual path of the biomass particle enters the EFR outflow.18,19 Figure 4 illustrates 
the simulated char mass fraction against time.

Figure 3:	 Illustration of chosen biomass particle track (full-coloured illustration is 
available in the digital version).
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Figure 4:	 The pyrolysis reaction is assumed to obey the exponential form of the Arrhenius 
equation of reaction.

From the plot in Figure 4, the char mass fraction is monotonically reduced 
according to the exponential trend. Such a curve trend of mass fraction, W, can be 
derived from the following rate equation:

dt
dW kW 0n- = 	 (21)

where k is the reaction factor and is the order of the reaction. Here, Equation 21 
can be reduced to a first-order differential equation by simply setting n = 1 and  
it has the solution of the form:

W W ekt0= 	 (22)

where W0 is the initial mass fraction. The value of k for each different types of 
biomass feedstock can be obtained via the static thermogravimetric analysis 
(TGA) of the feedstock. Most importantly, the reaction factor k can be  
theoretically determined by the use of Arrhenius equation:

T k T
E
B

a

k Ae=] g 	 (23)

where A is the frequency factor, Ea is the reaction activation energy, kB is the 
Boltzmann constant and T is the reaction temperature.3,7 In this numerical test, 
the value of A and Ea for wood is obtained from the reference value given by  
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Sinha et. al. which is A = 108 s–1 and Ea = 125.4 kJ mol–1.12 The reaction  
temperature, T, is chosen to be 600K, which is the optimum value being used by 
USM Energy Laboratory for a fast pyrolysis process. 

3.2	 Particle Tracks Analysis

The transport phenomenon of the simulated biomass particle is first analysed 
so that the factors that affect fast pyrolysis process yield can be understood.  
At t = 0 s, the initial velocity of the biomass particle is 2 m s–1 heading towards 
the positive x-direction. This value is equal to the biomass particle injection 
velocity. At this stage, the biomass particle moves in the direction which is 
perpendicular to the course of the nitrogen gas flow. Thus, the biomass particle 
motion is distorted by the continuum flow. The simulation result shows that when  
t < 0.02 s, the particle bounces several times within the confining reactor walls. 
At 0.02 s < t < 0.06 s, the biomass particle tries to stream through the nitrogen 
gas laminar flow. Within this period, the biomass particle requires time to “relax” 
itself until it attains the same velocity as the nitrogen gas phase velocity. Such 
a timespan is also known as the biomass particle relaxation time, τp. Formally,  
τp is a typical time for a biomass particle response in a flow, or in other words, 
it is the typical timescale of the particle’s reaction to changes in the nitrogen gas 
phase velocity. For t > 0.06 s, the velocity magnitude of the biomass particle  
blows up due to the escape boundary wall. On the other hand, the biomass particle 
has escaped through the outflow of the EFR.

The result of the above velocity plot is the solution of Equation 19. One can 
possibly solve Equation 19 using numerical methods to obtain the velocity profile 
of the biomass particle by considering the three Euclidean basis components of 
the differential equations. In the three-dimensional Euclidean space, ℝ3, the three 
components of the differential equations are given as follows:

fdt
dv t v U 0,ext

x
x x xC- - - =] ^g h 	 (24)

fdt
dv t v U g1 0

y
y y

pt
t

C- - - - - =
,ext y] ^ dg h n 	 (25)

fdt
dv t v U 0

z
z zC- - - =

,ext z] ^g h 	 (26)

Note also that Equations 24 and 26 do not have the term (1−ρ/ρp)g since the 
gravitational acceleration in the direction of x-axis and y-axis is zero. In addition, 
the velocity of the nitrogen gas is divided into three components and can be 
expressed as:
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Here, U is a velocity vector field of the nitrogen gas flow. By assuming 
that the solution of the three differential equation as vx(t), vy(t) and vz(t) and  
correspondingly, the velocity of the biomass particle can be stated as:

v
v
v
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	 (28)

Also, the velocity magnitude of the biomass particle can be easily calculated using:

v v v vx y z
2 2 2= + + 	 (29)

The instantaneous momentum of the biomass particle can be calculated using:

p vm t t= ] ]g g 	 (30)

Crucially, the biomass particle mass changes over time since they undergo 
reactions whilst being transported by the nitrogen gas continuum. Theoretically, 
m(t) is related to the reaction kinetics of the pyrolysis reaction and m(t) has the 
form of Equation 22. Plus, the reaction kinetics must be consistent with the two 
stages semi-global model of wood as proposed by this work.3,4,14  

4.	 CONCLUSION

In summary, the main goal of this work is to propose a numerical model describing 
the dynamic transport of the biomass particle inside an entrained flow reactor 
during the fast pyrolysis process. Based on the discrete phase modelling of the fast 
pyrolysis process, this work proposed a dynamics equation (given in Equation 20) 
which describes the dynamics of the biomass particle inside the EFR. To achieve 
a better and accurate solution of this differential equation, one must include all 
possible external forces which are acting on the biomass particle inside the EFR. 
With the currently available mathematical methods and techniques, the dynamics 
equation can become a handy tool for predicting the dynamic behaviour of biomass 
particles. However, there is no specific analytical method exists in an attempt to 
solve the differential equation since the equation can be in any forms, depending on 
the biomass particle material characteristics and its surrounding condition. From 
the numerical result of a test case involving the pyrolysis of wood, it is feasible 
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to simulate the fast pyrolysis process using the discrete phase approach. With this 
tool, it enables us to estimate the optimum pyrolysis operating conditions that give 
maximum pyrolysis process yield.

5.	 ACKNOWLEDGEMENTS

The authors wish to express their gratitude to USM for financing this research 
through grants Research University Grant (RUI), no. 1001/PFIZIK/814250 and 
1001/PFIZIK/814228.

6.	 REFERENCES

1.	 Bridgwater, A. V., Meier, D. & Radlein, D. (1999). An overview of fast pyrolysis 
of biomass. Org. Geochem., 30, 1479–1493. https://doi.org/10.1016/S0146-
6380(99)00120-5

2.	 Abdullah, N. & Gerhauser, H. (2008). Bio-oil derived from empty fruit bunches. 
Fuel, 87(12), 2606–2613. https://doi.org/10.1016/j.fuel.2008.02.011

3.	 Papadikis, K. et al. (2009). Application of CFD to model fast pyrolysis of biomass. 
Fuel Process. Technol., 90, 504–512. https://doi.org/10.1016/j.fuproc.2009.01.010

4.	 Papadikis, K., Gu, S. & Bridgwater, A. V. (2009). CFD Modelling of the fast 
pyrolysis of biomass in fluidized bed reactors: Modelling the impact of biomass 
shrinkage. Chem. Eng. J., 149, 417–427. https://doi.org/10.1016/j.cej.2009.01.036

5.	 Mellin, P. et al. (2014). Computational fluid dynamics modelling of biomass fast 
pyrolysis in a fluidized bed reactor, using a comprehensive chemistry scheme. 
Fuel, 117, 704–715. https://doi.org/10.1016/j.fuel.2013.09.009

6.	 Mellin, P. et al. (2013). A Euler-Euler approach to modelling biomass fast pyrolysis 
in fluidized-bed reactors: Focusing on the gas phase. Appl. Therm. Eng., 58, 344–
353. https://doi.org/10.1016/j.applthermaleng.2013.04.054

7.	 Di Blasi, C. (1996). Heat, momentum and mass transport through a shrinking 
biomass particle exposed to thermal radiation. Chem. Eng. Sci., 51(7), 1121–1132. 
https://doi.org/10.1016/S0009-2509(96)80011-X

8.	 Di Blasi, C. (2000). Modelling the fast pyrolysis of cellulosic particles in fluid-
bed reactors. Chem. Eng. Sci., 55, 5999–6013. https://doi.org/10.1016/S0009-
2509(00)00406-1

9.	 Ravindra K. A. (1985). On the use of the arrhenius equation to describe cellulose 
and wood pyrolysis. Thermochim. Acta, 91, 343–349. https://doi.org/10.1016/0040-
6031(85)85227-8

10.	 Sulaiman, F. & Abdullah, N. (2011). Optimum conditions for maximizing 
pyrolysis liquids of oil palm empty fruit bunches. Energy, 36, 2352–2359.  
https://doi.org/10.1016/j.energy.2010.12.067

11.	 Bridgwater, A. V. (2012). Review of fast pyrolysis of biomass and product  
upgrading. Biomass Bioenergy, 38, 68–94. https://doi.org/10.1016/j.
biombioe.2011.01.048



Journal of Physical Science, Vol. 31(1), 105–119, 2020	 119

12.	 Sinha, S. et al. (2000). Modelling of pyrolysis in wood: A review. Sol. Energy Soc. 
Ind., 10, 41–62.

13.	 Holzer, A. & Sommerfeld, M. (2008). New simple correlation formula for 
the drag coefficient of non-spherical particles. Powd. Technol., 184, 361–365.  
https://doi.org/10.1016/j.powtec.2007.08.021

14.	 Brown, D. J. (1982). The questionable use of the arrhenius equation to 
describe cellulose and wood pyrolysis. Thermochim. Acta, 54, 377–379.  
https://doi.org/10.1016/0040-6031(82)80032-4

15.	 Aarne Vesilind, P. (1980). The Rosin-Rammler particle size distribution. Res. Rec. 
Conserv., 5, 275–277. https://doi.org/10.1016/0304-3967(80)90007-4

16.	 Wai-Chun, R., Chan, M. K & Barbara B. K. (1985). Modelling and experimental 
verification of physical and chemical processes during pyrolysis of a large biomass 
particle. Fuel, 64, 1505–1513. https://doi.org/10.1016/0016-2361(85)90364-3

17.	 Mate, M. (2016). Numerical modelling of wood pyrolysis. Post-graduate diss., 
KTH Institute of Technology, Stockholm, Sweden. 

18.	 Ranzi, E., Debiagi, P. & Frassoldati, A. (2017). Mathematical modeling of fast 
biomass pyrolysis and bio-oil formation. Note I: Kinetic mechanism of biomass 
pyrolysis. ACS Sustain. Chem. Eng., 5, 2867–2881. https://doi.org/10.1021/
acssuschemeng.6b03096

19.	 Rodriguez-Alejandro, D. A. et al. (2018). Numerical simulation of a pilot-scale 
reactor under different operating modes: combustion, gasification and pyrolysis. 
Biomass Bioenergy, 116, 80–88. https://doi.org/10.1016/j.biombioe.2018.05.007

20.	 Alper, K., Tekin, K. & Karagöz, S. (2015). Pyrolysis of agricultural residues 
for bio-oil production. Clean Tech. Environ. Policy, 17, 211–223. https://doi.
org/10.1007/s10098-014-0778-8

21.	 Karagöz, S. (2009). Energy production from the pyrolysis of waste biomasses.  
Int. J. Energy Res., 33, 576–581. https://doi.org/10.1002/er.1493


