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Graphic abstract 

 

 

Highlights:  

 PBM-DAEM coupled model is first time developed to predict biomass pyrolysis. 

 Population balance model is used to present the feedstock size distribution.  

 Non-isothermal kinetics without and with DEAM capture the intra-particle temperature 

distribution. 

 Noticeable difference of heating-up time between single and distributed particle size is observed. 
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Abstract 

Pyrolysis is a promising and attractive way to convert lignocellulosic biomass into low carbon-

emission energy products. To effectively use biomass feedstock with size distribution to produce 

biofuels, a comprehensive kinetic model of the process, occurring at particle level, is important. In 

this study, the population balance model (PBM)-distributed activation energy model (DAEM) coupled 

model is first time developed to predict biomass pyrolysis. The Population balance model is used to 

present the variable size distribution of solid, decomposed from virgin biomass to porous char. Two 

different kinetic models are embedded into the conservation equations of mass and energy. They are 

compared to demonstrate the prediction performance of heating-up time during the pyrolysis process 

of biomass with a normal size distribution. It is found that non-isothermal kinetics without and with 

DEAM capture the intra-particle temperature distribution. There is a noticeable difference of heating-

up time between single and distributed particle size. 

Key words: Distributed activation energy model (DAEM); Population balance model (PBM); 

Kinetics; Biomass pyrolysis; Temperature distribution 

Nomenclature 

Abbreviations 

CFD Computational fluid dynamics 

DAEM Distributed activation energy model 

PBM Population balance model 

M Moisture content 

VM Volatile matter 

FC Fixed carbon 

PHLEFR Plasma heated laminar entrained flow reactor  

SFOR Single first order reaction 

 

Roman symbols 

A Pre-exponential factor in Arrhenius expression 

Bi Biot number 

Cp Heat capacity 

E Activation energy  

H Reaction heat 

h External heat transfer coefficient 

k Kinetic constant 
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keff Effective thermal conductivity of biomass 

L Characteristic length 

N Division number of the finite volume approach 

�̃� Reaction heat absorbed by solid remains 

R Universal gas constant 

r Particle radius 

�̇�  Conversion rate 

T Temperature 

t Time  

V Volume 

X Mass fraction  

Greek symbols 

ρ Bulk density 

𝜌0 Initial density of biomass particle 

µ Mean value 

σ Standard deviation 

α Conversion degree 

ω Pore emissivity 

Subscripts  

B Biomass 

c Core of the biomass particle  

dev Devolatilization process 

dry Drying process 

M Moisture 

V Volatile 

C Char  

p Particle  

s Surface of the biomass particle 

0 Initial value 

Superscripts 

db Dry biomass 

 

1. Introduction 

The pyrolysis is a thermochemical conversion process which converts organic materials into liquid, 

solid and gases, occurring in the absence of oxygen [1]. The yields of the solid, liquid and gases 
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production from pyrolysis largely depend on the operation conditions [2], reactor configuration [3] 

and physicochemical properties of biomass [4]. The fast pyrolysis technology for liquid products has 

been developed in recent decades [5]. It can produce high yields of liquid fuel (up to 75 wt%) at 

moderate operation temperature and short residence times (less than 2s) [6]. Fast pyrolysis technology 

also can be used to recover energy from different types of waste,  e.g. municipal solid waste [7], 

sewage sludge [8], oily sludge [9] and plastics [10]. The fast pyrolysis represents the rapid heating-up 

rate, short vapours residence time, fast cooling down rate and high bio-oil yield [11]. As the liquid 

products have higher energy density than solid or gas fuels and they are easy to be transported and 

used, the fast pyrolysis of biomass currently attracts great attention in the field of energy [5]. The 

reaction path of the biomass pyrolysis is complex, including the primary decomposition of the 

biomass components, the secondary cracking stage and the re-polymerization process [12].  

In order to gain the maximum liquid production yield in fast pyrolysis of biomass, several features 

must to be characterized in the process [5, 13]: the operation temperature need to be controlled 

precisely around 500 oC; the moisture content within the biomass feedstock to reactor is less than 

10%; the particle size of biomass after pre-treatment is typically less than (e.g. 3mm for fluidised bed) 

to get high heating-up rate; the rapid removal rate and high removal efficiency of char and fast 

vapours cooling rate are needed to minimize the thermal cracking. The particle size is one of the most 

important design parameters in fast pyrolysis of biomass. Bennadji et al. [14] investigated the effect of 

particle sizes on the processing time and the product yield and  found that the required heating and 

devolatilization time increased as the particle size increasing. The heat penetration into biomass 

particles occurs from the surface, then transfer into the particle core by heat conduction [12]. Thus, 

the appropriate particle sizes will be a prerequisite to ensure a rapid heating rate during biomass fast 

pyrolysis. 

As particle size primarily determines the heating up of biomass and its decomposition progress in 

biomass pyrolysis, a mathematical model to predict heat up time of bulk biomass is desirable but 

relevant literature is lack. One exceptional candidate is the population balance approach, which is 

applied to the particulate materials modelling process, describing the properties evolution of a group 

of particles with varying sizes as the function of time and position [15]. The population balance 

equations were firstly presented by Hulburt and Katz [16] in 1964, calculating the particle size 

distribution of the dispersed phase. Since then, the Population Balance Model (PBM) has been 

popularly introduced to particles in process modelling (e.g., the granulation [17-19] and crystallization 

[20] processes), to investigate the way of change in biomass particle size distribution. Basic 

mechanisms of the PBM for evolution of the particle size distribution are: nucleation, growth, 

aggregation and breakage [21]. In the thermochemical conversion, the change in the biomass particle 

size results from the particle volume shrinkage and char breakage behaviours [22, 23].  

A comprehensive understanding of the biomass pyrolysis kinetics plays an important role in 
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investigating mass and heat transfer mechanism, which contributes to a more accurate model for 

reactor design and process optimization when coupled with CFD simulation [24-27]. Many kinetic 

models have been proposed to describe biomass pyrolysis kinetics. The single first order reaction 

(SFOR) model has been used widely due to its simplicity, however, it is an empirical model limited to 

a single reaction with a single activation energy [28]. Currently, the state-of-the-art model applied to 

describe the thermal decomposition kinetics of solid fuels is the distributed activation energy model 

(DAEM) [25, 29-32]. It has been used to analyse the thermal decomposition kinetics of solid fuels, 

including biomass and its lignocellulosic components, coal, oil shale, waste plastics, and polymer etc. 

[32]. The model assumes that biomass pyrolysis takes a large number of independent parallel first-

order or nth-order reactions with their own activation energies reflecting variations in the bond 

strengths of biomass species [29] and  that the difference in activation energy can be described by a 

continuous distribution function (e.g., Gaussian, Logistic, Weibull distribution functions) [33, 34].  

The ultimate objective of this work is to develop a model framework, which can simulate the 

pyrolysis process of biomass with a size distribution by predicting (1) real time intra-particle 

temperature distribution, which update volume averaged temperature of non-isothermal kinetics 

model at each time step; (2) heating up time of biomass particles with a size distribution, which is 

helpful for the design of pyrolysis reactors and determination of optimal feedstock particle sizes. 

 

2. Model descriptions 

In this study, a particle level model framework coupled with PBM and DEAM is developed to: (1) 

simulate the intra-particle pyrolysis process, and (2) predict heating-up time of feedstock with a size 

distribution. The particle level model is primarily comprised of mass conservation and energy 

conservation equations, which are comprehensively described in section 2.1. Figure 1 shows the 

algorithm of PBM-DEAM coupled model. Model input requires particle size distribution, boundary 

conditions (e.g. particle temperature, pyrolysis temperature and particle density) and kinetic 

parameters. By using the kinetic parameters, the mass loss at each time step is calculated via DEAM. 

The partial differential equations of the particle heat and mass transfer are discretized and solved via 

finite volume method. The profile of particle temperature and mass are updated and recorded.  

PBM is used to present particle size distribution by sampling a finite number of feedstocks. The detail 

of PBM is described in section 2.2. Two different kinetics models (Non-isothermal with DEAM and 

without DAEM) are coupled into mass conservation equations to characterize the chemical reaction 

kinetics of biomass pyrolysis. The pyrolysis kinetics with DEAM for biomass pyrolysis is described 

in section 2.3. The numerical calculations are carried out in the Wolfram Mathematica software 

system. The finite volume approach is used to solve the energy conservation equation relating the 
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intra-particle heat transfer. Finite volume approach has two major advantages: (a) The flux (e.g. mass, 

momentum, energy) entering a given volume is identical to that leaving the adjacent volume, these 

methods are conservative; (b) it is easily formulated to allow for unstructured meshes to approximate 

complex geometries [35].  

START

Initial Input

DAEM

Output

STOP

  

 PBM Sampling (Particle sizes)

 Boundary Conditions (ρb, Tc, Ts)

 Kinetic Parameters (A, μ, σ, f(E))

Particle Level Model

  
  

 Finite volume Method

 

YES

NO

Save Data
(1) Temperature, T(d_,t_) 

(2) Mass, ρb(d_,t_)

Tt,i=N/2 = Ts ?

Tt+Δt

 

Figure 1: Algorithm of PBM-DEAM coupled model. 

In this work, the modelled biomass feedstock was peach wood and the proximate analysis and the 

ultimate analysis of the peach branch were presented in Table 1. 
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Table 1: Proximate analysis and the ultimate analysis of the biomass material. 

Proximate analysis  

Moisture Volatile Fixed carbon Ash 

8.17 wt.% 79.22 wt.% 10.59 wt.% 2.02 wt.% 

Ultimate analysis 

C(db) H(db) O(db) N(db) S(db) 

49.51 wt.% 5.94 wt.% 41.89 wt.% 0.30 wt.% 0.16 wt.% 

 

 

2.1. Mass and energy conservation 

The governing equations of the mathematical model are consisted of the conservation of mass and 

energy. The ash of biomass particle is assumed to be constant during pyrolysis process. Li et al. [36] 

presented the equations to describe the mass evolution of biomass components. The mass evolution 

equations in this model includes the dry biomass (Eq. 1), moisture content (Eq. 2), volatile (Eq.3) and 

char (Eq.4). In the devolatilisation process, the reaction form is considered as:Biomass → volatiles +

char. Thus, the evolution of volatile and char content can be given by the fraction of column. 

∂m𝐵

∂t
= −𝑘𝑑𝑒𝑣m𝐵         (1) 

𝜕m𝑚𝑜𝑖

𝜕𝑡
= −𝑘𝑑𝑟𝑦m𝑚𝑜𝑖         (2) 

mv = 𝑣𝑣𝑜𝑙𝑎(m𝐵0 −m𝐵)        (3) 

mc = 𝑣𝑐ℎ𝑎𝑟(m𝐵0 −m𝐵)        (4) 

where m𝐵, m𝑚𝑜𝑖, mv, and mc are the mass of the dry biomass, moisture, volatile and char. The 

superscript 0 means the initial value of each column. At t=0, m𝐵0 = 𝜌𝐵V𝑃0(1 − 𝜑0), the 𝜑0 is the 

initial porosity of the particle. The conversion rate is assumed as the first order Arrhenius equation. 

The energy conservation of the solid particles is expressed by considering the heat conduction, 

radiation and heat release during the conversion. The energy conservation equation is described in 

Eq.5.  

(1 − 𝜑)𝜌𝐵𝐶𝑃(𝐵)
∂𝑇𝑃

∂t
=

1

𝑟2
𝜕

𝜕𝑟
(𝑟2𝑘eff

𝜕𝑇𝑃

𝜕𝑟
) + ∑𝑟�̇�∆𝐻𝑖 + �̃�     (5) 

where r is the radius direction of the particle, 𝑟�̇� represents the conversion rate (i=M, V, C representing 

the moisture, volatile and carbon, respectively). The initial and boundary conditions for the above 

equations are  

At 𝑡 = 0, 𝑇𝑝 = 298K 
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At 𝑟 = 0,
∂𝑇𝑃

∂r
= 0   

At 𝑟 = 𝑅,
∂𝑇𝑃

∂r
= 𝑘eff

𝜕𝑇𝑃

𝜕𝑟
−𝜔𝜎(𝑇𝑒𝑛𝑣

4 − 𝑇𝑝
4) 

The effective thermal heat transfer coefficient is described as Eq. 6 [37].  

𝑘eff = 𝜂 × 𝑘𝐵 + (1 − 𝜂) × 𝑘𝐶 + 𝜑 × 𝑘𝑉 + 13.5𝜎𝑇𝑝
3𝑙𝑝𝑜𝑟𝑒/𝜔    (6) 

where 𝜂��= mB/mB0, which is the ratio of the current biomass mass to the initial mass. The parameter φ 

is the local porosity of the biomass particle, which is related to the drying and devolatilisation 

processes [38]. It varies as a linear relationship with the conversion process. 

𝜑 = 𝜑0 + (1 − 𝜑0)[𝛼𝑀(𝑋𝑀0 − 𝑋𝑀) + 𝛼𝑉(𝑋𝑉0 − 𝑋𝑉) + 𝛼𝐶(𝑋𝐶0 − 𝑋𝐶)]   (7) 

where αM, αV and αC are the dimensionless parameter of the particle shrinkage during each 

conversion processes. XM, XV and XC are the mass fraction at time t. The particle volume varies 

during the conversion processes are considered from the total mass conservation, which means the 

final particle volume can be solved from the final residue biomass mass.  

𝑉𝑃 =
(1−𝜑0)𝜌𝐵0𝑉𝑃0−∆𝑚𝐵

(1−𝜑)𝜌𝐵
         (8) 

The values of the related variables in these equations are given in Table 2 Error! Reference source 

not found.. 

Table 2: Properties and kinetic data. 

Properties used in model  

 ρB Density 700 kg m-3  [39] 

 XM0 Moisture content (M) 8.17 wt.%   

 XV0 Volatile matter (VM) 79.22 wt.%   

 XC0 Fixed carbon (FC) 10.59 wt.%   

 XA Ash 2.020 wt.%   

 vvola VM/(1- M) 0.862 -   

 vchar FC/(1- M) 0.115 -   

 Cp(B) Heat Capacity of biomass 1112 + 4.85×(Tp-273) J kg-1 K-1  [40] 

 Cp(V) Heat Capacity of volatile 1050 + 0.18×(Tp-273) J kg-1 K-1   

 Cp(C) Heat Capacity of char 1390 + 0.36×(Tp-273) J kg-1 K-1  [41] 

 Cp(M) Heat Capacity of moisture 4280 J kg-1 K-1   

Kinetic parameters for devolatilisation  

 A Pre-exponential factor 1.1291×1016 s-1   

 E Activation energy 189.15 kJ mol-1   

Kinetic parameters for drying 

 A Pre-exponential factor 6×105 s-1  [42] 

 E Activation energy 48.22 kJ mol-1  [42] 

Thermal properties 
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 kM Thermal conductivity (moisture) 0.653 w m-1 K-1  [38, 43] 

 kV Thermal conductivity (volatile) 0.2 w m-1 K-1  [38] 

 kC Thermal conductivity (char) 0.15 w m-1 K-1  [38] 

 kA Thermal conductivity (ash) 0.1 w m-1 K-1  [38] 

 kB Thermal conductivity (biomass) 0.21 w m-1 K-1  [44] 

 ∆Hm Reaction heat (moisture) -270 kJ kg-1  [37, 45] 

 ∆Hv Reaction heat (volatile) -418 kJ kg-1  [37] 

 ∆Hc Reaction heat (char) -418 kJ kg-1  [37] 

Other values 

 ω Pore emissivity  1 -  [43] 

 lpore Pore size  5×10-5 m  [38] 

 σ Stefan-Boltzmann constant 5.67×10-8 w m-2 K-4  [46] 

 

Previous studies to explore the differences between the non-isothermal model and the isothermal 

model are available in the literature [47-49]. The isothermal model neglected the intra-particle heat 

transfer of biomass particles [50]. The isothermal model showed a reasonable pyrolysis behaviour for 

small biomass particles (Biot number < 1), while for large particles (Bi > 1), the isothermal model 

predicted a shorter reaction time compared with the thermally-thick model [51]. Thus, the non-

isothermal particle model can be considered to give more accurate simulation results than the 

isothermal model.  

In this study, two different kinetic models for biomass pyrolysis are considered (Table 3): (1) Non-

isothermal model with DAEM; (2) Non-isothermal model with Arrhenius model. 

Table 3: Three simulation conditions. 

Case No Models Kinetics equations and temperature 

1 Non-isothermal with DAEM  
DAEM (Equation 9-14) & averaged 

temperature 

2 Non-isothermal without DEAM 
First-order Arrhenius kinetics 

&Averaged temperature 

 

The kinetics parameters following the first-order Arrhenius kinetics are listed in Table 2 Error! 

Reference source not found., where R is the universal gas constant (8.3145 J K-1 mol-1).  𝑇𝑝 is the 

heating temperature of the biomass particle. For non-isothermal model, 𝑇𝑝 uses volume averaging 

method cross the particle every time step. Figure 2 shows the discretization of energy equation (Eq.5) 

in radial direction for intra-particle heat transfer, and volume averaged temperature is estimated to 

update thermal properties. The initial conditions of the samples are at 298 K and 1 atm, and it is 
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assumed that the particles exposed to the heating source at time 0. 

 

Figure 2: Schematic of intra-particle heat transfer, and average temperature calculation in non-

isothermal kinetics model. 

 

The primary assumptions made in this model are listed as follows: (1) the particle has a spherical 

shape; (2) the external heat convection to the particle surface is not involved, only the external heat 

radiation and intraparticle heat conduction is considered; (3) the thermal conductivity of the biomass 

particle is assumed as a constant (although it may change with the char formation).  

2.2. Population balance model   

 

 

Figure 3 Particle size sampling from a normal distribution (𝜇𝑝=1000μm, 𝜎𝑝=200)  

Figure 3 shows particle size sampling from a normal distribution with mean particle size, μp= 1000 

μm and standard deviation, σp = 200 μm. The lines represent the continuous probability of selecting a 

particle of a given size. The discrete 50 points represent the particles which were randomly selected 
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from the distribution using the Monte Carlo method. In stochastic method to solve the equations of 

population balance, the sample number of PSD influences accuracy and computational cost when the 

number of particles changes with process time. The increase of sample number improves the 

prediction accuracy while increasing computational cost in the process of particle growth by 

coalescence [52]. In this study, the number of particles remain constant, thus the appropriate sample 

number is used to balance accuracy and computational cost.  

The Biot number (defined by Eq. 9) is a dimensionless number which describes the ratio of internal 

heat resistance of a body (which occurs through conduction) to the external heat resistance of a body 

(which occurs through convection). 

𝐵𝑖 =
ℎ�𝐿𝑝

𝑘′
����������������������(9) 

where ℎ is the external heat transfer co-efficient, 𝑘′ is the thermal conductivity, and 𝐿𝑝is the 

characteristic length of the particle. As the heat transfer coefficient has not been considered in this 

model, assumed values for the heat transfer coefficient and thermal conductivity have been used in 

calculating the Biot number. The thermal properties were assumed as: ℎ= 650 W/m2 K and 𝑘′ =0.25 

W/m K [53]. Figure 4 shows the relationship between Biot number and particle size to be able to 

convert between the two values if necessary. It should be noted that, in a real process, the relationship 

between the Biot number and particle size is not linear as the heat transfer coefficient of biomass is 

affected by particle size. 

 

Figure 4: Biot number against particle diameter. 

 

2.3. DEAM model  

The DAEM equation can be derived based on the following assumptions: (1) the thermal 

decomposition of biomass involves a large number of independent and parallel first order reactions; 

(2) each reaction has its own activation energy and all reactions share the same frequency factor; (3) 
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the activation energies of all reactions can be described by a continuous distribution [29, 54-56]. With 

these assumptions, the general form of the DAEM equation can be obtained [29]: 

𝛼(𝑡) = ∫ {1 − exp [−∫ 𝐴exp (−
𝐸

𝑅𝑇
)d𝑡

𝑡

0

]} 𝑓(𝐸)d𝐸
+∞

0

���������������������������������������(10) 

  

d𝛼

d𝑡
(𝑡) = ∫ 𝐴exp [−

𝐸

𝑅𝑇
−∫ 𝐴exp (−

𝐸

𝑅𝑇
)d𝑡

𝑡

0

] 𝑓(𝐸)d𝐸
+∞

0

���������������������������������(11) 

where α is conversion degree (dimensionless), A is the frequency factor (s-1), E is the activation 

energy (J mol-1), t is the time (s), T is the temperature (K), and f (E) is the activation energy 

distribution (mol J-1). The Logistic activation energy distribution is considered in this work because of 

its advantages in the representation of the kinetics of lignocellulosic biomass pyrolysis  (Figure 5) 

[56]. 

 𝑓(𝐸) =
𝜋

√3𝜎

exp[−
𝜋(𝐸−𝜇)

√3𝜎
]

{1+exp[−
𝜋(𝐸−𝜇)

√3𝜎
]}
2 ��������������������������������������������������������������(12) 

where μ is the mean value (J mol-1) and σ is the standard deviation (J mol-1) of the activation energy 

distribution. 

 

Figure 5: Activation energy distribution for biomass pyrolysis (𝜇 = 189.15 kJ mol-1 and 𝜎 = 14.73 kJ 

mol-1) 

For coupling DAEM and PBM, the mass transfer of biomass and conversion rate can be obtained: 

𝛼 = 1 −
𝜌

𝜌0
��������������������������������������������������������������(13) 

d𝛼

d𝑡
(𝑡) =

d (1 −
𝜌
𝜌0
)

d𝑡
(𝑡) = −

1

𝜌0

d𝜌

d𝑡
(𝑡)����������������������������(14) 
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d𝜌

d𝑡
(𝑡) = −𝜌0∫ 𝐴exp [−

𝐸

𝑅𝑇
−∫ 𝐴exp (−

𝐸

𝑅𝑇
)d𝑡

𝑡

0

] 𝑓(𝐸)d𝐸
+∞

0

�����������������������������(15) 

where 𝜌 is the density of biomass particle at time t, and 𝜌0 is the initial density of biomass particle. 

3. Results and discussion  

3.1. Model validation 

The developed model framework is firstly validated with a comparison of the numerical results 

(surface temperature, mass loss and size reduction) to corresponding experimental data obtained from 

pyrolysis of spherical wood particles [42]. The experiment was carried out by Huang et al. [42], 

utilising a fixed-bed reactor integrating a high-transparency quartz tube with an electrically heated 

furnace to study the pyrolysis behaviour of wood particle in spherical shape. The surface temperature 

of woody biomass in Figure 6 displays the comparison between the experimental data and the model 

predictions. It is clear that the trend of the numerical predictions (from non-isothermal model without 

DEAM and with DEAM model) are consistent with the experimental data at 150~400 s, meanwhile a 

bit over-prediction can be observed before 150 s. The increase of surface temperature is 

predominantly controlled by boundary conditions, consisting of convective and radiative heat transfer 

from surrounding pyrolysis environment. The mass loss shown in Figure 7 demonstrates the pyrolysis 

characteristics, with the weight loss mainly happened at 150 to 250 s, corresponding to surface 

temperature at 700–750K. The numerical curve of mass loss largely fits the experimental data, with a 

slight over-prediction of decomposition speed.  

 

Figure 6: Particle surface temperature. Experiment data obtained from [42].( d=20mm, 773K). Jo
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Figure 7: Residue mass fraction (d=20mm, 773K). Experimental data from Huang et al. [42]. 

Ultimate analysis data obtained from Sadhukhan et al.[57]. 

Shrinkage percentage is a ratio of instantaneous diameter to initial diameter of the wood sphere. There 

is no uniform standard of shrinkage model in the literature. Contradictive experimental phenomena 

were also found that, wood pellets shrinkage increases with temperature in the range 300–1000 °C 

[58] , whereas wood spheres shrinkage decreases with temperature in the range of 673 to 973K [42]. 

Two shrinkage models were incorporated into the model framework to simulate the size reduction of 

wood sphere with 20mm during pyrolysis at 773K. As shown in Figure 8, the shrinkage model 

developed by Huang et al. [42] using a mathematical function based on Boltzmann fitting, agrees the 

experimental data fairly well, as the case specific parameters are directly regressed from 

investigational data size reduction. The shrinkage model developed by Yang et al. [38] is based on 

mass balance, which could directly apply to this validation with successful prediction of final size, but 

the accuracy of temporal size reduction is less than the shrinkage model of Huang et al.   

 

Figure 8: Size reduction comparison. Shrinkage model from: Huang et al. [42] and Yang et al. [38]. 

3.2. Mass losses 

From Section 3.2 to Section 3.5, different kinetics models are utilised to simulate the fast pyrolysis of 

peach wood with a normal size distribution (in Fig. 3). From the perspective of mathematical 

modelling, the heat, mass and kinetic transfer phenomenon occur simultaneously in the 
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thermochemical conversion process of lignocellulosic biomass [59]. Once the particle exposed to the 

heating source, the biomass particle is heated up and the temperature transferred from the surface. In 

the heating process, the biomass particle is decomposed while producing volatiles and char, at the 

same time, the moisture content within the particle is vaporized in a short time period [60]. The mass 

loss rate of the pyrolysis stage strongly depends on the temperature distribution inside the biomass 

particles [59]. 

 

 

Figure 9: Mass loss rate predicted (d=1.03mm, 773K): (a) Non-isothermal model with DAEM; (b) 

Non-isothermal model without DAEM. 

 

Figure 9 presents the individual mass change prediction of 1.03 mm spherical biomass particle, which 

refers the progress of drying and devolatilization known as the two main stages occurred during 

biomass fast pyrolysis. Therefore, the rate of mass change reflects the accuracy and capture ability of 

the different models. The drying process terminates quickly less than 2s in the numerical prediction of 

both non-isothermal models, and predicted high devolatilization rate of non-isothermal model with 

DEAM appears at 4~8 seconds, which is relatively delayed compared to that of non-isothermal model 

with DEAM . 

DAEM predicted the mass loss rate in function of environment temperature (450~600 oC) is shown in 

Figure 10Error! Reference source not found.. The increase of environment temperature accelerates 

thermal degradation of peach wood. Influence of temperature on mass loss rate predicted from non-

isothermal model with DAEM (1.03mm). Figure 11 shows the extent of size reduction at different 

time periods for whole particle population. 
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Figure 10: Influence of temperature on mass loss rate predicted from non-isothermal model with 

DAEM (1.03mm). 

 

 

Figure 11: the extent of size reduction at different time periods for whole particle population (non-

isothermal model with DAEM) 

 

 3.3. Intra-particle temperature distribution, size reduction and 

porosity    

Error! Reference source not found. shows contour plot of radial temperature distribution over time 

at different Biot number. Fine particle with Bi <1 have achieved uniform temperature cross radial 

direction over the whole process. There is slight difference between core temperature and surface 

temperature of wood particle with Bi=1. At Bi >1, the radial temperature distribution within particle is 

symmetrical and parabolic. The heating up time increases with particle size. 
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Figure 12: Contour plot of radial temperature distribution over time at different Biot number: 

d=0.59mm (Bi<1), d=0.74mm (Bi=1), d=1.31mm (Bi>1) by Non-isothermal model with DAEM 

The variation of the pore structure within particles might be another reason for the low mass loss rate 

when shrinkage is tiny. Figure 13 shows the porosity and size reduction over time under two different 

kinetic models, respectively. It could be observed that rapid increase of porosity synchronize with 

rapid decrease of the wood mass as the increase of pore size could benefit the releasing rate of gas and 

tar. 

 

 

Figure 13: Particle diameter and porosity variation for different particles: d=0.59mm (Bi<1), 

d=0.74mm (Bi=1), d=1.31mm (Bi>1) at 773K. (a)Non-isothermal with DAEM. (b) Non-isothermal 

model without DEAM.  

3.4. Population level performance  
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Figure 14: Temporal evolution of particle size distribution at 773K. (a)Non-isothermal with DAEM. 

(b) Non-isothermal model without DEAM. 

Particle shrinkage of biomass leads to temporal evolution of particle size distribution, which is 

predicted and shown in Figure 14. The partially left shift of cumulative curve of population size 

distribution at 1 s in Figure 14 shows relatively smaller particles completed the decomposition and 

size reduction. The overall left shift of cumulative curve population size distribution at 3 s in Figure 

14 demonstrates most particles completed the decomposition and size reduction. 

 

Figure 15: Temperature at particle core at pyrolysis temperature of 773K. (a)Non-isothermal with 

DAEM. (b) Non-isothermal model without DEAM.  

Error! Reference source not found.Figure 15 shows the temperature of particle core, Tc, for particle 

population (presented as Bi number) at different times. There is always a decrease in Tc with 

increasing particle size.  At 1 s, the smallest particle (Bi = 0.47) has achieved a temperature 545K, 

whilst Tc of the largest particle (Bi = 2.3) is only at 360K. The initial heating rate of the smallest 

particle indicated rapid heating up occurring at fine particles in fast pyrolysis processes, which well 

agreed with the experimental observation. Furthermore, all particles with Bi <1 have achieved some 

extent of increase in temperature after just 0.1 s, with Tc decreasing as Biot number increases up. At 

Bi >1, Tc has not increased significantly from its initial temperature, and does not appear to be 

affected by particle size above Bi>1. This builds upon the idea that the critical Biot number is Bi=1 

([61], [62] and [63]), as above Bi=1, there is evidence that the heat transfer resistance of the particle 

has prevented Tc from being significantly increased. After 10 s, we see that Tc of particles with a Bi up 

to 1.2 have achieved the temperature of the surroundings, 773K.  Above Bi=1.2, there is again a 
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decline in Tc with increasing particle size. Figure 16 shows high pyrolysis temperature advantages 

heat transfer through the particle. 

 

Figure 16: Effect of pyrolysis temperature on temperature of particle core after 1 Second. (a)Non-

isothermal with DAEM. (b) Non-isothermal model without DEAM.  

Figure 17 demonstrates the capability of PBM to predict the temporal percentage of particle 

population to complete heating up process. The PBM model enables proper particle size of biomass 

feedstock to be selected for satisfying the affirmatory resident time distribution of pre-installed 

reactor. In Figure 17 (a), the numerical prediction of pyrolysis at 723K indicates that only 38% of 

particles have undergone complete heating-up process after 10 s. It takes 17.2 s for all of the particles 

in the size distribution to complete heating-up process. At 823K, we see that a significantly higher 

proportion of the particles have achieved complete thermal transfer after 10s, around 98%.  

 

 

Figure 17: Percentage of PSD to complete heating up process predicted from different models under 

temperature. (a)Non-isothermal with DAEM. (b) Non-isothermal model without DEAM.  
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3.5. Heating-up time of normal size distribution 

 

Figure 18: Heat up time under different surrounding temperature. (a)Non-isothermal with DAEM. 

(b)Non-isothermal model.  

Figure 18 shows the dependence of heat-up time on the size of particle at different pyrolysis 

temperature of 723K~823K. As the particle diameter increases, so does the time taken for Tc to 

achieve surrounding temperature, which is in agreement with results reported in the literature [64]. 

For both non-isothermal kinetic models, the increase of exposure temperature accelerates heating up 

of biomass feedstock, especially for thermally thick particle.  

 

Figure 19: Comparison of heating up time prediction between single and distributed particle size 

using different kinetics models. 

 

Figure 19 shows the comparison of heating-up time between single and distributed particle size using 

different kinetics models. The order of predicted heating up time is: Non-isothermal without DEAM < 

Non-isothermal with DEAM. The heating up time of normal size distribution is always larger 

compared to that of single size for all three models. For non-isothermal model with DEAM, the heat-

up time for single size of 1mm in is found to be 11.1 and 9.0 s, respectively. This is in good agreement 

with the work of Wiggins, et al. [65], who found the time taken for the surface of a 1mm spherical 

particle to reach 773K to be 3 seconds. Figure 20 shows the comparison of heating-up time between 
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single and distributed particle size under different surrounding temperatures. 

 

Figure 20: Comparison of heating up time prediction between single and distributed particle size 

under different temperature. 

 

 

3.6. Heating up time of irregular size distribution 

In section 3.4, the results undoubtedly indicate that there is a noticeable difference of heating-up time 

between single and distributed particle size. In this section, we aim to explore the effect of particle 

size distribution on heating-up time prediction. Figure 21 shows the real case size distribution of 

biomass feedstock. It is reported by Tannous, et al. [66] for milling Douglas Fir in a hammer mill with 

a screen size of 1.6mm. As discussed, the particles are all mostly much smaller than the given screen 

size. The highest freqeuency of particles in this distribution are in the 0.32 to 0.64 mm class width. 

This is also where the average particle size, which was calculated at 0.38 mm, falls. The model 

framwork developed for normal size disitrubution is implemented to simulate the pyrolsyis of biomass 

with the irregular size distribution. Figure 22 compares the predictions of heating up time between 

single and distributed size using Non-isothermal with DEAM. The difference in values highlights the 

importance of considering the particle size distribution in reactor design of pyrolysis process. 

 

Figure 21 Size distribution of ground biomass from Douglas fir wood analyzed on 14 sieve apertures 

(data from Tannous, et al., 2012) 
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Figure 22 Comparison of heating up time prediction between single and distributed particle size using 

Non-isothermal with DEAM. 

4. Conclusions  

To effectively use biomass feedstock with size distribution to produce biofuels, the PBM-DEAM 

coupled model is first time developed to predict the pyrolysis of biomass particles. The PBM is used 

to present feedstock population of normal size distribution and irregular size distribution. Two 

different kinetic models (non-isothermal with/without DAEM), are built into conservation equations 

of mass and energy. They are compared to demonstrate the prediction performance of size reduction, 

porosity change and heating-up time during the pyrolysis process of biomass with a size distribution.  

It is found that  

 Non-isothermal kinetics without and with DEAM capture the intra-particle temperature 

distribution. They are appropriate to predict the heating up time for biomass feedstock with 

thermally thick particle (Bi>1).  

 Particle size of biomass feedstock has a significant impact on heating up time. As the particle 

diameter increases, so does the time taken for Tc to achieve surrounding temperature. 

 There is a noticeable difference of heating-up time between single and distributed particle 

size. 

 For non-isothermal models with and without DEAM, the increase of exposure temperature 

accelerates heating up of biomass feedstock, particular for thermally thick particle.  

The developed model successfully predicted the conversion performance of biomass feedstock 

with a size distribution. The beneficial outcome will be supportive for the design of pyrolysis 

reactors and determination of optimal feedstock particle sizes. Further development of the 

framework is the enhancement of particle habit consideration. In practice, the biomass particles 

show irregular shapes which have different surface area to volume ratio. This leads to varying 

conversion performance for different particles. Ultimately, the prediction of real heating-up time 

of biomass with a size and shape distribution will be calibrated by incorporating transport 

phenomena thought pore channels and on particle surface coupled with surrounding gas flow. 
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