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ABSTRACT 

The process of pyrolysis essentially entails heating of biomass in the absence of 

oxygen. It has been used to produce charcoal in the past, however, recently it has 

received significant attention for its ability to produce liquid fuels (bio-oil). Being the 

most abundant component of any biomass, cellulose has been often used as the model 

compound to study the process of pyrolysis. The process of biomass pyrolysis is 

challenging to model because of complicated chemical structure of biomass and 

underlying chemical reactions. Although several kinetic, network and mechanistic 

models for this process have been developed, a generalized model taking into account 

the kinetics, heat and mass transfer effects, the effect of inorganic species and possible 

interactions among particles is required to fully understand the process.  

In this study, a reactor scale model for pyrolysis of cellulose has been developed. 

Firstly, kinetic analysis of cellulose has been performed using experimental and 

literature data. A distributed activation energy model was developed to determine the 

intrinsic kinetics of pure and NaCl-loaded cellulose pyrolysis in a thermogravimetric 

analyser (TGA). A set of experiments was performed for a range of heating rates (5 to 

250 K/min) and for different concentrations of NaCl in cellulose (0.25 to 2 wt. %) 

which showed a pronounced effect of salt on the primary pyrolysis reactions of 

cellulose. The data obtained have then been used in a two component distributed 

activation energy model (DAEM) to calculate the kinetic parameters. The optimized 

kinetic parameters for the pure and NaCl-loaded cellulose were used in the Chemical 

Percolation Devolatilization (CPD) model, which was then used to predict the product 

yield. The model predictions showed that the fraction of gases and char in the pyrolysis 

products increased in the presence of salt, which is consistent with the literature.  

Secondly, the hydrodynamics of fluidized bed was studied using computational fluid 

dynamics (CFD) modelling. A multiphase model based on the kinetic theory of 

granular flow was developed to study the mixing behaviour of cellulose and sand 

particles in a bubbling fluidized bed. After model validation using available 

experimental data from literature, the effect of various operating parameters such as 

superficial gas velocity, mixture composition and particle size were analysed. The 

impact of these parameters on the particle segregation number, which is used to 

quantify the segregation behaviour of the fluidized bed, has been emphasized. The 
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results showed that the degree of mixing increased with gas velocities thus giving 

lower values of particle segregation numbers. Increase in the ratio of biomass in the 

mixture led to greater segregation while the increase in biomass particle diameter 

promoted the mixing. 

Finally, the reaction kinetics and hydrodynamic model were integrated to form a multi-

phase reactive model to simulate cellulose pyrolysis using CFD model and cellulose 

pyrolysis kinetic scheme. The model developed for cellulose pyrolysis using Broido-

Shafizadeh kinetic scheme was first validated and then kinetic parameters predicted 

from DAEM were used to compare the product yield obtained from a single value and 

distribution of activation energy. It was found that tar and char yield increased while 

gas yield decreased with the inclusion of DAEM. This shows that the distribution of 

activation energies has a profound effect on the rate of reaction and product yield, it is 

thus recommended to use distribution of activation energies instead of single activation 

energy for the accurate prediction of pyrolysis product yield.
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CHAPTER 1 INTRODUCTION 

It is expected that contribution of renewable sources into global energy demand will grow by 

one-fifth in the next five years. Among the renewable sources, which includes hydropower, 

wind, solar PV, solar thermal, geothermal and marine, bioenergy is currently the major 

contributor, and is likely to remain the biggest source in the period of 2018-2023 [1]. 

1.1. Research Background 

Several technologies have been developed for converting biomass into bio-fuels, including 

physical, thermal, chemical, thermochemical and bio-chemical processes. Figure 1.1 shows the 

respective operating conditions and the type of products of these processes. Via physical 

processes, the biomass is converted into solid fuels using crushing, grinding, drying and 

pressing under different temperature and pressure conditions. Transesterification is a chemical 

route for converting oil crops to bio-diesel in the presence of an acidic or basic catalyst. 

Alternatively, the biomass can also be directly combusted to produce heat which is then used 

to produce electricity. Bio-chemical processes produce bio-oil, gas and ethanol from biomass 

via fermentation, anaerobic digestion and enzymatic hydrolysis processes. Pyrolysis, 

gasification, hydrolysis, liquefaction, torrefaction and carbonisation are examples of the 

thermochemical conversion methods which are used to produce fuel and energy from biomass 

under different operating conditions. Pyrolysis thermally decomposes biomass in inert 

atmosphere to produce several useful products including bio-oil, gases, tar and char that can 

further be used for energy production. It is one of the oldest thermochemical conversion 

techniques used for different solid material such as coal, biomass, oil shale, polymers, etc. 
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Figure 1.1. Conversion processes for biomass to produce different bio-fuels. 

As a renewable energy resource, biomass comprises of cellulose, hemicellulose, lignin and 

other compounds such as ash and extractives. Figure 1.2 [2] presents the typical contents of 

these constituents in lignocellulosic biomass. Cellulose may be in the form of clusters of straight 

chains made of various number of glucose units, bounded by inter-chain hydrogen 

bonds,whereas hemicellulose has an amorphous polymeric structure. Sugars are the building 

blocks for hemicellulose. Lignin is a complex non-crystalline phenolic macromolecule. The 

base unit for lignin is an aromatic compound such as sinapyl, coniferyl, and coumaryl alcohols. 

Ash is considered to be a mineral matter and its composition depends on the type of biomass. 

It consists of sodium, potassium, calcium, silicon, phosphorous and magnesium which are 

found as oxides or salts as sulphates, phosphates and carbonates [3,4]. Biomass structure, its 

chemical composition and amount of components varies for different biomass materials 

depending on the source [5]. Although the amount of inorganic species is often small, it can 

significantly affect the biomass pyrolysis process, leading to a decrease in the bio-oil yield and 

increase in the yield of char and gas [6,7]. It also changes the decomposition temperature and 

the rate of pyrolysis [8]. In certain reactions, it acts as a catalyst such as biomass dehydration 

and volatiles cracking [9]. The catalytic effect of inorganic species on the biomass pyrolysis is 

one of the major challenges for the pyrolysis process as well as its modelling. 
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Figure 1.2. Lignocellulosic biomass composition [2]. 

Mathematical modelling and simulation tools have always aided the understanding of 

mechanism of biomass pyrolysis. Researchers have worked tremendously in the field of 

biomass pyrolysis and modelling to reveal the basic reaction mechanism, reaction kinetics, 

predicting the product yield. Biomass contains three main components, i.e. cellulose, 

hemicellulose and lignin. These components are often modelled independently, and then 

superpositioned to predict the behaviour of bionass. Koufopanos et al. [10] used the Shafizadeh 

model [11] originally developed for cellulose, for the three components of biomass and 

concluded that the overall pyrolysis rate of one type of biomass can be obtained by adding the 

rates of its basic constituents. Later, heat transfer effects were included into these kinetic models 

for accurate calculation of pyrolysis rate [12,13]. Chemical kinetics and intra-particle heat 

transfer have also been coupled with the external heat transfer effects for cellulose particles in 

a fluidized bed reactor [14]. Modelling of biomass pyrolysis based on the model compounds 

led to some errors on pyrolysis products because of the effect of inorganic species on reactions 

and other possible interactions between different components in biomass [9]. Despite the major 

developments in the field, there is still need of further improvements in cellulose pyrolysis 

modelling. Few of the research gaps which need to be addressed are: understanding of the 

cellulose pyrolysis behaviour, effect of inorganic species on cellulose pyrolysis, integration of 

kinetics and hydrodynamics of pyrolysis systems, etc. These research gaps are discussed in 

detail in chapter 2 of this study. 
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1.2. Objectives 

This thesis focuses on the modelling and simulation of cellulose pyrolysis in a fluidized bed 

reactor. The main aims of this research are to analyse the kinetics of cellulose particles at slow 

and fast pyrolysis conditions in the absence and presence of inorganic species, to observe the 

mixing and segregation behaviour of cellulose particles, to develop a reactor scale model for 

cellulose pyrolysis in a fluidized bed reactor. The specific objectives in the present work are to:

  

1. Determine the kinetics of cellulose pyrolysis, in the absence and presence of 

inorganic species under slow pyrolysis conditions. This is to accomplish through 

experiments and modelling using thermogravimetric analysis (TGA) and distributed 

activation energy model (DAEM). 

2. Study the effect of inorganic species on the product yield of cellulose pyrolysis using 

chemical percolation devolatilizaion (CPD) model. 

3. Develop a computational fluid dynamics (CFD) model to examine the 

hydrodynamics of cellulose particles in a bubbling fluidized bed. 

4. Quantify the mixing and segregation behaviour of cellulose particles in the fluidized 

bed using particle segregation number and examining the effect of parameters such 

as mixture composition, superficial gas velocity and particle size on the segregation 

phenomena. 

5. Develop a CFD model to combine the reaction kinetics with the hydrodynamics to 

study the cellulose pyrolysis in the fluidized bed reactor and then incorporate the 

distributed activation energy model to compare the product yield with and without 

distribution of activation energy. 

1.3. Thesis Structure 

To accomplish these objectives, the tasks performed have been organized in this thesis as 

follows:  

Chapter 1 introduces the biomass pyrolysis and modelling with some research background and 

focuses the research objectives of this study. 

Chapter 2 reviews the literature including different models developed for the biomass 

pyrolysis. Specifically, it discusses about the kinetic, network and mechanistic models for 

biomass pyrolysis. It also highlights the challenges of biomass pyrolysis modelling including: 
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importance of inorganic species, interactions among the constituents of biomass and multi-scale 

modelling of biomass pyrolysis. This chapter also analyses the ways to use kinetic and network 

models for biomass pyrolysis in computational fluid dynamics. Advantages and disadvantages 

of pyrolysis models and their quantitative comparison have also been discussed. The 

importance of cellulose to be used as a resource and its modelling has also been briefly 

described in this chapter. 

This chapter also includes the research gaps, methodology and approach used in this work. 

Chapter 3 highlights the effect of inorganic species on the cellulose pyrolysis using CPD model 

scheme. For this purpose, the kinetic parameters for pure cellulose have been determined using 

TGA data and distributed activation energy model, and later the kinetic parameters of the salt-

loaded cellulose have been determined using the same approach. Optimized parameters have 

been then used to predict the product yield, and comparisons made between the product yield 

obtained from the pure cellulose and salt-loaded cellulose. 

Chapter 4 reports the mixing and segregation behaviour of cellulose particles in an inert bed 

of sand of a fluidized bed using multi-phase CFD model. It analyses the segregation behaviour 

qualitatively as well as quantitatively. The impact of different parameters such as mixture 

composition, particle size and superficial gas velocity has also been analysed. 

Chapter 5 discusses the details for the formulation of a multi-phase CFD model, aiming at 

developing a model for cellulose pyrolysis to include the distribution of activation energies 

rather than single activation energy. Yields of pyrolysis products have also been compared with 

or without including the DAEM in the CFD scheme. 

Chapter 6 offers concluding remarks on the experimental and modelling work of cellulose 

pyrolysis based on the results obtained from this study. It also provides some recommendations 

for the future work. 

Map of the thesis is presented in Figure 1.3.
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Figure 1.3. Map of the thesis
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CHAPTER 2 MODELLING OF BIOMASS PYROLYSIS 

2.1. Introduction  

Pyrolysis is one of the most promising technologies for converting biomass into bio-

oil, biochar and gases [15]. Research on biomass pyrolysis in the literature has been 

extensive [16–20], and near-commercial pyrolysis processes have also been developed 

for bio-fuel production [21–24]. From process optimisation point of view, developing 

models for simulating biomass pyrolysis becomes increasingly important. Previous 

studies [10,12,25–29] reported the understanding on fundamental reaction 

mechanisms and reaction kinetics of biomass pyrolysis, ranging from simple single-

step kinetic model to complex reaction model that includes hundreds of reactions. 

In the open literature, there are several classic reviews available on biomass pyrolysis 

reaction mechanisms and modelling. Di Blasi [4] presented a detailed overview of the 

biomass pyrolysis modelling including kinetics, transport and reactor scale models. 

Detailed modelling is required to better understand the pyrolysis of either single 

particle or particles at reactor scale. Understanding the detailed mechanisms of primary 

and secondary reactions, structural changes, gas and particle behaviour in a bed and 

requirement of an accurate model were few of the research gaps highlighted in the 

review. Since then extensive studies were carried out in this direction, largely 

addressing these research gaps. Later, Sharma et al. [30] discussed kinetic, particle and 

reactor models for biomass pyrolysis along with the process parameters and catalytic 

pyrolysis. In the review presented by Sharma et al. [30] different model discussed are 

kinetic (lumped and distributed), particle and reactor (phenomenological and CFD) 

models, however no comparison is made among the different types of models which 

has been focused in the current review. Anca-Couce [31] has recently given a detailed 

analysis of pyrolysis mechanisms including basic constituents, kinetic schemes, 

product compositions and pyrolysis models at molecular, particle and reactor level. 

The present work compliments the previous reviews and summarizes key topics that 

have not been thoroughly discussed previously, particularly those on key network 

models. It further summarises the contribution of network models to simulate biomass 

pyrolysis and also compares these network models with other significant (e.g. kinetic 

and mechanistic) pyrolysis models. 
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2.2. Pyrolysis Models  

2.2.1. Kinetic Models 

Chemical kinetics play a key role in explaining the characteristics of pyrolysis 

reactions and developing mathematical models. There have been extensive studies on 

biomass pyrolysis kinetics in the past decades for developing various kinetic models 

[32–34]. Most of kinetic models are considered as lumped models, because the kinetics 

are based on the yields of lumped products (i.e. char, tar and gas). The recent advances 

in kinetic models have been well reviewed in the literature [35–40]. Table 2.1 

summarizes the key findings of some recent review articles on the kinetic models.  

Kinetic models typically include one-step global kinetic model, parallel and 

competitive reactions model, models with secondary tar cracking, detailed lumped 

kinetic model, distributed activation energy model (DAEM) and nucleation growth 

model. Some typical models with respective reaction mechanisms are presented in 

Table 2.2, together with kinetic data (first order) for different reaction schemes 

determined experimentally and validated through modelling. 
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Table 2.1. Existing review articles on kinetic modelling of biomass pyrolysis in the open literature [35–40]. 

Reference  Year of 

publication 

Key aspects covered Key findings 

Sinha et al. [36] 2000 

 

 Modelling of physical and chemical parameters affecting 

pyrolysis and chemical kinetic schemes.  

 Uncertainties in kinetic parameters estimation for different 

types of biomasses. 

 Modelling should consider key parameters (e.g. temperature, 

heating rate, residence time, structural factors etc.) 

 To model biomass pyrolysis, experimental data inputs are 

required. 

Moghtaderi [37] 2006  Kinetic modelling of biomass pyrolysis at high temperature 

and high heating rate. 

 Simplification in modelling thermal and transport effects via 

respective assumptions. 

 Modelling requires the development of more accurate and robust 

chemical kinetic mechanism. 

 Hybrid models may be developed with both thermal and 

comprehensive scheme as sub-models. 

Babu [38] 2008  Considering single- and multi-step mechanisms for 

isothermal pyrolysis. 

 Estimating kinetic parameters via modelling. 

 Modelling reaction mechanisms and scheme for thermal 

plasma pyrolysis. 

 There is a need of designing a suitable pyrolysis reactor which can 

give gaseous products for a variety of feed mixtures under 

different operating conditions. 

 Modelling of plasma pyrolysis maybe improved via computational 

fluid dynamics. 

Prakash and 

Karunanithi 

[39,40] 

2008, 2009  Use of Koufopanos kinetic mechanism for determining the 

distribution of primary and secondary products under 

various operating conditions. 

 Comparison among various kinetic models for single-

particle pyrolysis. 

 A generalized model needs to be developed, taking into account 

particles of different shapes under different operating conditions. 

Papari and 

Hawboldt [35] 

2015  Review on various pyrolysis reactors. 

 Comparison among published biomass pyrolysis reaction 

models. 

 Spectrum for the feedstock properties and operating conditions 

should be broadened. 
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 Application of chemical percolation devolatilization model 

for maximizing bio-oil or biochar yield. 

Wang et al.[41] 2017  Review on new experimental techniques used for biomass 

pyrolysis 

 Macroscopic kinetic models analysis 

 Understanding the molecular simulations for biomass model 

compounds   

 Quantitative and qualitative technologies are required to unravel 

the complexity of biomass pyrolysis and to characterize pyrolysis 

products.  
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Table 2.2. An overview of kinetic data for different pyrolysis models [25–27,35,42–47] 

Model Reaction mechanism 

 

Feed Analysis 

technique 

Activation 

energy, (kJ/mol) 

 

Frequency factor 

(s-1) 

One-step kinetic  model 

[35,43] 
Woody	Biomass Volatile	gases	+	Chark

 

Cellulose TGA-MS E = 221 A = 1.47×107 

Three parallel reactions 

model 

[44,45] 

Biomass(xCellulose	+	yHemicellulose	+	zLignin	) Volatiles	+	Char  
Beechwood, 

Sawdust, 

Rice husk 

TGA, DTG E1 = 184-192 

E2 = 129-133 

E3 = 64-87 

A1 = 1.14×106 

A2 = 2.69×104 

A3 = 2.22×101 

Six independent first 

order reactions 

[46] 

Sv1 G
k1

Sv2 G
k2

Sv3 G
k3

Sv4 G
k4

Sv5 G
k5

Sv6 G
k6

 

Pinewood Steel reactor E1 = 83 

E2 = 146 

E3 = 77 

E4 = 60 

E5 = 139 

E6 = 130 

A1 = 0.70×105 

A2 = 0.20×1010 

A3 = 0.43×104 

A4 = 0.29×102 

A5 = 0.51×107 

A6 = 0.32×106 

Competitive reactions 

model 

[42] 

Gas

Tar

Char

k1
k2

k3

Solid

 

Cellulose, 

Wood 

Pyrex reactor E1=140 

E2=133 

E3=121 

A1 = 1.3×108 

A2 = 2.0×108 

A3 = 1.08×107 
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Mechanism with 

secondary interactions 

between charcoal and 

volatiles 

[18,19] 

 

Virgin Biomass B (n1 order decay)

k1 k2

k3
(Volatile + Gases)1 + (Char)1

(n2 order decay) (n3 order decay)

(Volatile + Gases)2 + (Char)2

 

Wood 

sawdust 

Isothermal-

mass change 

determination 

*G1=17254.4 

*G2=10224.4 

*L1=-9061227 

*L2=-6123081  

E3=81 

A1 = 9.973×10-5 

A2 = 1.068×10-3 

A3 = 5.7×105 

Cellulose k1 Active	cellulose
k2

k3

Tar

Char	+	Gas

k4 Gas

 

Cellulose Pyrolysis 

reactor 

E1=58 

E2=47 

E3=36 

A1 = 1.7×1021 

A2 = 1.9×1016 

A3 = 7.9×1011 

Detailed lumped kinetic 

model 

[27] 
Cellulose

Active	
Cellulose

Volatiles	+	Char

Char	+	H2O

k1

k4 Levoglucosan

k2

k3

 

Cellulose  FTIR, TG-MS E1=192.5 

E2=125.5 

E3=133.9 

E4=41.8 

A1 = 8.0×1013 

A2 = 1.0×109 

A3 = 8.0×107  

A4 = 4**T 

Distributed activation 

energy model 

[47] 

1
√2

1
2  

Wood TGA E=102.7±6.06 

σ=1.92±0.42 

 

A=5.98×106±0.18 

* Fitting parameters for modified Arrhenius equation , f (E) is the Gaussian distribution of activation energies 

**T represents the temperature. 
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One-step global kinetic models are the simplest models available which represent the 

conversion of biomass to the volatiles and char as a first order single-step reaction. 

Since pyrolysis products only consist of char and volatiles [48], most of the researchers  

have used the global reaction model coupled with appropriate heat transfer and volume 

reaction models [39,49]. Kinetic parameters of these models can be estimated either 

experimentally or using different models such as Kissenger Model, Kissenger-Akahira 

Sunose (KAS) and Flynn-Wall-Ozawa (FWO) [35] models. 

However, global kinetic models have certain limitations as they do not include 

elaborate reaction mechanism and only consider the primary reactions. Hence, other 

kinetic models were later formulated to include the secondary reactions [50]. The 

formation of gases from tar decomposition and the conversion of tar to char by 

polymerization were included in the kinetic model as secondary reactions [51]. 

Shafizadeh and Bradbury model [11] included both primary and secondary 

decomposition reactions. In this model, cellulose was first converted to active 

cellulose, which is further decomposed to other secondary products. This model gave 

good predictions for the product yield, but the determination of activation energy was 

difficult for this model as the composition of the active material was unknown. This 

model has been used extensively by researchers in its original form as well as extended 

forms [4,12,52]. 

A detailed lumped kinetic model for biomass pyrolysis was proposed by Cuoci et al. 

[53]. This mechanism included 15 reactions with 30 lumped species. Ranzi et al. [27] 

extended this mechanistic model to describe the biomass pyrolysis, devolatilization 

and gas phase reaction of the released gas species from the three reference components 

of biomass. Generalized form of this model for cellulose  is presented in  Table 2 along 

with the feed and kinetic parameters, while the detailed mechanism proposed for 

hemicellulose and lignin can be found in the literature [27].  The recent development 

in this regard is given by Corbetta et al. [29]. The previous multi-step model [27] has 

been revised with new experimental data and modelling of secondary gas phase 

reactions has also been included. These reactions have been discussed by Couce et al. 

[54]. 

Recently, distributed activation energy model has also been employed to better 

understand the complexity of biomass pyrolysis, as it takes into consideration the 
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decomposition of species over a large number of independent parallel reactions with 

different activation energies, represented by a continuous distribution function usually 

Gaussian distribution [55]. In some cases, when there exist auto-accelerated reactions 

during cellulose pyrolysis such as random nucleation or nuclei growth, first order 

reaction kinetics are not enough to model the process [56]. Hence, nucleation growth 

model using either Avrami-Erofeev or Prout-Tompkins equation is used. This model 

was first formulated for the decomposition kinetics of potassium permanganate, and 

later used for other solid materials like cellulose, paper, algal kerogens, etc [57–59]. 

Weight loss data obtained from thermogravimetric analysis of cellulose fits best to the 

Avrami-Erofeev equation in the form of equation 2.1, with α representing degree of 

degradation against time, t [62,63].  

			, 	      (2.1) 

Reynolds and Burnham [62] compared the different types of kinetic models with the 

experimental data for cellulose and paper. Kinetic parameters were determined using 

different methods including discrete distribution, the modified Friedman, modified 

Coats-Redfern, three-parameter nucleation and nth-order methods. The pyrolysis 

profiles for different cellulose materials and the regression analysis indicated that the 

three-parameter kinetic model shows good fitting data as compared to other methods 

[59,62]. These kind of models have not been addressed much for biomass and need 

more attention. Kinetic models have been implemented to the whole biomass [29]  as 

well as the biomass constituents individually [63–65]. However, cellulose being the 

most abundant component of the biomass has gained the maximum attention [56,66–

68]. Xiong et al. [69] assessed different kinetic model schemes for biomass pyrolysis 

using computational fluid dynamics (CFD) simulations. Three reaction schemes were 

compared: Scheme I: single-component single-step, Scheme II: single-component 

two-step and Scheme III: multi-component multi-step. The modelling results were 

then compared with the experimental data. 

Kinetic models have made enormous contribution to biomass pyrolysis modelling.  

However, there are certain limitations in their applications. Thermogravimetric 

analysis has been widely used to determine the reaction kinetics at low heating rates, 

but the kinetics under slow pyrolysis conditions may not be applicable to pyrolysis at 

higher heating rates. Biomass pyrolysis performed at high heating rates may give 
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appropriate reaction kinetics but come with a challenge of limitations in heat transfer. 

Also except detailed kinetic schemes, all the other models give lumped product 

compositions (tar, char and gases) which are not sufficient to explain the complex 

heterogeneous reactions taking place during biomass pyrolysis and formation of 

hundreds of species. Therefore, other types of models (i.e., network models) have been 

employed to address the issues related to kinetic models. 

2.2.2. Network Models 

Pyrolysis is also sometimes referred as devolatilization, which is a term often only 

reserved for removing volatiles from coal before its conversion to liquids or gas. It 

involves reactions including molecular level deploymerization and repolymerization 

[17,70], mechanisms [71,72] of which can be divided into 4 stages  as shown in Figure 

2.1. These 4 steps are the basics for network models.  

 

Figure 2.1. Devolatilization mechanism for network models [71,72]. 

Network models were first proposed for coal devolatilization and later modified for 

biomass pyrolysis. Reviews on network models of coal devolatilization are available 

in literature [72–74]. Network models consider the detailed structural changes of 

material during pyrolysis, thus they are also known as structural models. The typical 

network models for biomass are Bio-FG-DVC (Functional Group Depolymerization 

Vaporization Crosslinking) model [75], Bio-FLASHCHAIN model [76] and Bio-CPD 

(Chemical Percolation Devolatilization) model [77].  

FG-DVC is the model consisting of two sub-routines, one is FG (Functional Group or 

species evolution model) and the other is DVC (Depolymerization, Volatilization, and 

Cross-linking or tar formation model) [78,79]. It comprises of six important concepts: 

functional groups, macromolecular network, network coordination number, bridge 

breaking, cross-linking and mass transport of tar. The whole concept can be defined as 

the formation of light gases as a result of decomposition of functional groups and at 

the same time depolymerization of macromolecular network due to breakage of 
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bridges and formation of some new fragments which are transported to form tar. The 

composition of volatile species can be analysed using functional group (FG) model, 

while DVC determines the amount and molecular weight distribution of tar and char 

formed [80,81]. Solomon and co-workers [78,82–84] have made significant 

contributions to the development of FG-DVC model for coal. 

FLASHCHAIN model includes a four step reaction mechanism which depicts the 

chain structure and its analogy with flash distillation. Niksa [85–88] proposed the 

FLASCHAIN model for the rapid coal pyrolysis. The same model was modified for 

biomass pyrolysis, named Bio-FLASHCHAIN [89]. Three concepts were used to 

formulate this model from previous research, i.e., DISCHAIN, DISARAY and 

FLASHTWO theory. DISCHAIN theory includes the straight chain configuration 

model to determine the qualitative impact of the macromolecular configuration 

[90,91]. This is explained by two different phenomena: depolymerization and cross-

linking. Depolymerization indicates the evolution of tar from the main reactant chains 

to small fragments. The monomers may reattach to the long fragments forming tar 

precursors by cross-linking to char. DISARAY theory is same as that of DISCHAIN 

theory. The only difference is, instead of straight chains it is implemented to the two 

dimensional structures, i.e., bethe lattice [92]. FLASHTWO theory depicts the 

pressure effects which have not been included in the previous models.  

CPD model considers the biomass as a macromolecular structure of aromatic clusters 

connected through chemical bridges. When biomass is heated some bridges break to 

form light gases and tar, while others remain intact and form char. Percolation theory 

gives the mathematical expressions based on lattice statistics for the modelling of 

devolatilization processes therefore it is termed as chemical percolation 

devolatilization model. The model was developed to calculate the tar, char and gas 

yield on the basis of structural properties. Residence time, temperature, pressure and 

heating rate are the key parameters for predicting product yield. The coal pyrolysis has 

been well studied in the past using CPD model. Fletcher and co-workers [93–97] 

proposed a chemical model for coal pyrolysis using Percolation Lattice statistics 

instead of Monte Carlo techniques (proposed by Solomon et al. [83]). They extended 

their research for black liquor and biomass as well [98,99]. Sheng and Azevedo [77] 

proposed the CPD model for the main components of biomass. Lewis et al. [100,101] 
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assumed that biomass pyrolysis takes place as a weighted average of its main 

components, i.e., cellulose, hemicellulose and lignin. CPD model was applied to all 

the three components individually and then calculated the weighted average yield from 

all the three components to determine the yield of whole biomass.  

2.2.2.1 Defining the Networks for Biomass 

Biomass pyrolysis modelling started with the characterization of the macromolecular 

structure of biomass, which was based on the three basic constituents of biomass, i.e., 

cellulose, hemicellulose and lignin. The structural configurations of these components 

are shown in Figure 2.2. 

 

Figure 2.2. Structure of major biomass components: (a) cellulose; (b) hemicellulose; (c) lignin [102]. 

For network models the structures are defined based on statistical techniques either 

Monte Carlo or Percolation lattice theory. Serio et al. [103] used Monte Carlo 

calculations for FG-DVC model, which has been implemented particularly for lignin 
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pyrolysis, since the structure of lignin is considered to be analogous to coal. A typical 

macromolecular network for lignin consists of a chain of ‘l’ monomers having a 

molecular weight distribution and these clusters of monomers are connected through 

crosslinks as shown in Figure 2.3 [103]. However, for percolation theory bethe lattice 

is used which allows the number of free monomers to be expressed as a function of 

coordination number and the probability of bonds being unbroken. Percolation 

statistics are preferred over the Monte Carlo for biomass components because of the 

use of bethe lattice, better understanding of the network behaviour and being less 

computationally demanding [93]. Statistics of two and three dimensional arrays are 

quite complex therefore pseudo-lattices (bethe lattice) were developed to provide the 

analytical solutions. Coordination number defines the number of possible bridges per 

cluster and plays an important role for the characterization of lattices. In FG-DVC, for 

a bethe lattice co-ordination number is 2 (σ+1), one of which represents the evolution 

of volatile species and the other is for the tar formation at the same time [104,105].  

 

Figure 2.3. Macromolecular network used in Monte Carlo simulation [103]. 

In Bio-FLASHCHAIN biomass is represented as a chain copolymer of cellulose and 

lignin like component with the coordination number, σ+1=2.0. The size of these chain 

fragments may vary from one monomer to an infinite chain [89].  

The macromolecular network for CPD model is often the bethe lattice with different 

coordination number. An example of trigonal bethe lattice with the coordination 

number, σ+1=3 is shown in Figure 2.4. 
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Figure 2.4. Trigonal bethe lattice structure with coordination number 3 [93]. 

2.2.2.2 Biomass Geometric Characterization 

Structural parameters are one of the input parameters for all three network models. 

These are feed specific parameters and totally depend on the type of biomass. These 

parameters include coordination number, initial bridge population, molecular weight 

of monomers, initial fraction of labile bridges, charred bridges, molecular weight of 

one cluster, side chains molecular weight, etc. The parameters including the aromatic 

nuclei are specified only for coal and do not play any role for biomass feedstock [106]. 

The structural parameters are determined using different experimental techniques such 

as py-FIMS, 13CNMR, SEM/X-ray, etc.  

For implementation of FG-DVC to lignin, the important parameters are molecular 

weight of monomers (Mavg), molecular weight between cross-links (Mc), standard 

deviation (σ), oligomers length (Q) and crosslinks per gram (mo). The method of their 

determination has been discussed by Serio et al. [103] in detail. There are three basic 

structural parameters which are important for Bio-FLASHCHAIN i.e. bridges, 

dehydrated bridges and char links. For CPD model, these parameters are based on the 

three components of biomass i.e. cellulose, hemicellulose and lignin. Since the 

structure of cellulose and hemicellulose is considered to be analogous so the base unit 

for both of them is the fixed anomeric carbon and attached hydrogen. Lignin bears the 

structure same as that of low rank coals, so the base unit for lignin is coniferyl, 

coumaryl and sinapyl alcohol which are shown in Figure 2.5 [100].  
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Figure 2.5. Base units for cellulose and lignin used in CPD model. 

Structural parameters have different values for different materials, some of which are 

shown in the Table 2.3. Initially, there were no advanced characterization tools 

(CNMR data) for biomass, and these parameters were essentially assumed based upon 

the structure of biomass components [77]. In recent studies, these parameters have 

been determined using the CNMR techniques [107]. 

Table 2.3. Structural parameters for different biomass [98,99,108]. 

Structural Parameters Materials 

Sawdust Black 

Liquor 

Green 

River Oil-

Shale 

Cellulose Hemi-

cellulose 

Hardwood 

Lignin 

Molecular weight of 

cluster, MWcl 

81.0 77.5 208 297 776 

Molecular weight of side 

chains, Mδ 

22.7 21.5 39 37 131 

Initial fraction of intact 

bridges, p0 

1.0 1.0 0.71 0.71 0.5 

Coordination number, 

σ+1 

3.0 3.0 3.5 3.6 5.0 

Initial fraction of char 

bridges, c0 

0.0 0.0 0.0 0.0 0.0 
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2.2.2.3 Reaction Mechanism 

The basic mechanism of bridge breaking and forming for lignin according to FG-DVC 

is shown in Figure 2.6, where the monomers are shown as circles and the number in 

them is the molecular weight of the monomer and attached bridges. Pyridine was used 

to extract the two types of lignin (ALC and SEYP) which are 100% soluble in pyridine 

[103]. Grey circles represent the fraction of char molecules insoluble in pyridine while 

pyridine soluble fraction is represented as white circles, and tar formed is represented 

as rectangles. Single lines represent the breakable bridges while the double lines are 

for stable or unbreakable bridges. The original biomass represented as a polymer 

would have both breakable and unbreakable bridges. During the tar formation, some 

breakable bridges may donate hydrogen so that there are only unbreakable bridges in 

the final char. 

 

Figure 2.6. Representation of lignin molecule in DVC simulation [103]. 

In the bio-FLASHCHAIN mechanism, there are four basic steps: bridge scission, 

spontaneous condensation, bimolecular recombination and peripheral group 

elimination as shown in Figure 2.7. The fraction of fragments which are reacting to 
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form intermediates, metaplast, tar and non-condensable gases are determined using 

statistical probability relationships [89].  

Figure 2.7. Reaction mechanism in Bio-FLASHCHAIN model [89]. 

In the CPD model, the bridges which break easily are named as labile bridges and the 

ones which remain stable are the charred bridges. The three basic reactions which take 

place during the thermal decomposition of biomass are: bridge breaking, gas and char 

formation and cross-linking. The reaction scheme for this bridge breaking and 

formation of intermediates and the stable products is shown in Figure 2.8 [94]. 

 

Figure 2.8. CPD reaction scheme [93]. 
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The labile bridges (L) break to form an intermediate (L*) which is quite unstable and 

is converted to the stable products by the two parallel reactions. The side chains (δ) 

represent the finite fragments which dictate the mechanism of tar release. The 

fragments are divided into three categories: (i) the low molecular weight species which 

condense at room temperature are classified as tar, (ii) species of intermediate 

molecular weight which do not get vaporized and are termed as metaplast, and (iii) the 

species which do not condense follow reaction path to form light gases (g1). In 

addition, stable char forms with the release of light gas (g2) in parallel to the tar 

formation [93].  

2.2.2.4 Reaction Kinetics for the Basic Processes  

The basic processes which control the network devolatilization are bridge breaking, 

cross-linking and the distribution of the products. Rate of each process depends on the 

reaction kinetics. Hence, kinetic parameters are second input parameters for these three 

models other than the structural parameters. For FG-DVC and CPD the reaction 

kinetics are determined using TGA-FTIR analysis. The reaction rates for these models 

are based upon distributed activation energies. These processes with their kinetics and 

the most commonly used rate equations are elaborated in below sections.  

2.2.2.5 Bridge Breaking 

In FG-DVC model for lignin, the rate of bridge breaking reaction is:	k 1.0

10 exp	 24500 2000 RT⁄ sec  [104]. In this model, when a labile bridge 

breaks it requires a hydrogen to form a stable free radical. For coal it was assumed that 

all labile bridges contain donatable hydrogens and some of them break while the others 

donate hydrogen for stabilization. However, this concept is not true for biomass. As 

discussed by Serio et al. [103] for lignin pyrolysis, donating hydrogen does not 

produce unbreakable bonds. For Bio-FLASHCHAIN the bridge breaking step goes 

into two pathways: scission and spontaneous condensation, while the assigned values 

for these have not been reported in literature [89]. For CPD model the rate of bridge 

breaking reaction needs to be calculated for all the three species individually. The rate 

specified for pure cellulose on the basis of kinetic parameters is  as : k 1.0

10 exp	 59000 1800 RT⁄ sec  [77]. Similarly, rate of bridge breaking reaction 

has also been determined for hemicellulose and lignin [77]. 
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2.2.2.6 Cross-linking 

For FG-DVC of coal, the cross-linking reaction is due to the gas evolution particularly 

CO2 and CH4, while in case of biomass particularly lignin, it is assumed that the 

evolution of high temperature water and methanol is responsible for cross-linking 

reactions [103]. In Bio-FLASHCHAIN, the small fragments produced as a result of 

scission recombine to form char links which is analogous to cross-linking. Initially, it 

was assumed that there was no cross-linking process in CPD, later it was considered 

that cross-linking arise due to the reattachment of the metaplast to the infinite char 

matrix, and was included with the rate of reaction as: k 3.0

10 exp	 65000 RT⁄ sec  [77]. Kinetics of the cross linking reaction of biomass 

have been kept same as that of coal and same value has been used for different 

materials. 

2.2.2.7 Product Distribution 

In the FG-DVC model, the FG part becomes dominant for the gaseous product 

evolution. TGA-FTIR has been used for different materials to determine the reaction 

kinetics and evolution of the gaseous species [103,105,109]. In the initial versions of 

FG models, around 19 functional groups were defined to determine the product yield. 

However, in the recent studies for biomass, only CO, CO2, H2O, CH4 and tar were 

specified. Tar evolution for the coal FG-DVC was considered as a part of the DVC but 

for biomass it is modelled along with gaseous species.  

In bio-FLASHCHAIN, the intermediate fragments produced as a result of bridge 

scission and spontaneous condensation tend to produce the metaplast. Tar is formed 

from this metaplast by flash distillation [89]. Flash distillation with chemical kinetics 

and fragmentation statistics determines the fragments going into the vapour phase or 

in the condensed phase and then overall product yield.  

For CPD model the reaction kinetics for the gas evolution are determined on the same 

basis as that for FG. The overall reaction rate for gas evolution is taken as the weighted 

average of its functional groups [104]. The rate of gas formation for pure cellulose 

using functional group is: k 8.23 10 exp 43180 3000 RT⁄ sec  [77]. 

As char formation and the gas evolution goes parallel to each other in the CPD 

mechanism, so a constant kinetic ratio, ρ for these reactions is defined ( . The 
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value of ρ differs for different materials. Tar release is included in the CPD model 

using Raoult’s law and flash distillation. When the CPD model was first implemented 

to the biomass, only primary pyrolysis reactions were considered [77] but later, the 

secondary tar cracking model was also included in the CPD to predict the more 

accurate yield of tar and gas.  

 

2.2.2.8 Overall Pyrolysis Product Yield 

Chen et al. [104,105] studied six different biomass materials and analysed them using 

TG-FTIR. The yield of volatile species and the functional groups amounts were 

determined at three different heating rates, 3, 30 and 100 K/min using experimental 

data. FG-DVC model was also used to predict the volatiles at higher heating rate of 

1000 K/sec but the results obtained were not satisfactory. Figure 2.9 shows rate of 

formation of different gaseous species and tar predicted from FG-DVC at 30 K/min. 
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Figure 2.9. Product yield predicted from FG-DVC model for populus deltoids at 30 K/min [105]. 

Pyrolysis product yield for different biomasses such as bagasse, beech, silver birch and 

eucalyptus were predicted using bio-FLASHCHAIN model assuming two components 

pure cellulose and lignin. Experimental data was used to predict the input parameters 

and then those parameters were used in the model to predict the char, tar and gas yield 

and the effect of ash catalysis was studied comparing the pyrolysis yield from original, 

potassium exchanged and acid washed beech [110]. The results obtained from bagasse 

devolatilization at 1000 K/sec and 0.1MPa pressure for total weight loss and the tar 

yield are shown in Figure 2.10 [89]. The graph represents that predicted total weight 

loss and the tar yield from bio-FC model is comparable to experimental data points 

above 800K. 
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Figure 2.10. Product distributions for bagasse devolatilization[89]. 

For the CPD model, the overall yield of tar, char and gas for the biomass pyrolysis was 

determined using the weighted average of the yield of cellulose, hemicellulose and 

lignin. Lewis and Fletcher [100] predicted the sawdust pyrolysis yield using CPD 

model and compared  the results  with the experimental data obtained from flat-flame 

burner experiments. Bio-CPD model has been implemented to various biomass under 

different conditions [111–113]. For all the cases, CPD model has been used for the 

individual components such as cellulose, hemicellulose, lignin, kraft lignin, black 

liquor, xylan and glucomannan, Predicted pyrolysis yields of tar, char and gas has been 

compared to different experimental data available in the literature there exists a good 

agreement between experimental and modelling results. Comparison of the pyrolysis 

product yield for xylan and glucomannan obtained from experimental data [114] and 

the CPD model predictions is shown in Figure 2.11 [108]. Other than biomass, the 

CPD model calculations have been extended to the green river oil shales as well 

[107,115,116]. 
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Figure 2.11. Comparison of pyrolysis product yield from CPD model and experimental data [108]. 

2.2.2.9 Summary of Network Models 

Network models discussed in the previous sections, are essentially feed specific, and 

have been used only for few materials because of the structural limitations. However, 

they have still produced accurate results for biomass pyrolysis. The objective of this 

study is to highlight all the features of network models including the areas which need 

attention for the future applications. A summary of these models is given in Table 2.4. 
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Table 2.4. Key points summarizing network models. 

Model Heating 

Rate  

Influence of mineral 

matter 

Interaction among 

particles 

Future Work 

FG-DVC 

[104] 

Low heating 

rates 

Implemented to the whole 

biomass and its 

components individually, 

however did not consider 

the effect of minerals. 

Has been implemented 

to the whole biomass 

and for pure lignin. 

Interaction among 

constituents has been 

neglected. 

Secondary 

reactions, effect of 

minerals, 

interaction among 

species and 

heating rate effects 

should be 

included.  

Bio-

FLASHC

HAIN 

[89] 

High heating 

rates 

Implemented to two 

components of biomass 

and also included the 

impact of ash catalysis. 

Only cellulose and 

lignin are considered 

as feed, neglecting 

hemicellulose and 

other constituents. 

Understanding the 

chemistry of bond 

breaking and 

cross-linking 

reactions. 

CPD 

[100] 

For both low 

and higher 

heating rates 

Cellulose, hemicellulose 

and lignin have been 

modelled neglecting 

mineral matter and ash 

contents  

Product yield is 

predicted individually 

for model compounds. 

 Using the model 

for the whole 

biomass including 

inorganic species 

and interaction 

among biomass 

constituents.  

2.2.3 Mechanistic Models 

The mechanistic models reveal the mechanism of biomass pyrolysis, including all the 

reaction paths and the components formed. These are mechanism based models which 

are not lumped and explain elementary reactions. Efforts have been made by different 

researchers to reveal the biomass pyrolysis mechanism, however not many literature 

data are available for such models [117,118].  

The mechanistic modelling at a molecular level is normally based on two different 

methods, the force field method based on molecular mechanics and the first-principles 

or ab initio method based on electronic structure calculation. To model and simulate 

the physical and chemical interactions, different methods used are shown in Figure 

2.12. Molecular dynamics and Monte-Carlo techniques are used for the simulation of 

mechanistic models at molecular levels. 
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Figure 2.12. Molecular level methods to model physical and chemical interactions [119]. 

For the complex structures of biomass, first-principle methods or the density functional 

theory (DFT) are more suitable. Density functional theory was used to study the 

dehydration of cellulose using cellotriose as model compound [120], which showed 

that the location of hydroxyl groups plays a significant role in cellulose dehydration. 

The work was further extended to understand the mechanism of pyran ring breaking 

[121]. Since a typical biomass contains thousands of species, it is practically not 

possible to include all of them in the modelling. Hence, the researchers have focused 

on understanding the pyrolysis mechanism of cellulose and other major constituents 

of biomass rather than considering the whole biomass. An overview of the work 

published on mechanistic modelling using different simulation methods such as MD, 

DFT and CPMD is shown in Table 2.5. 
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Table 2.5. An overview of the existing literature on mechanistic models [64,118,122–129]. 

Reference Year of 

publication 

Simulation 

method 

Material Outcomes 

Agarwal et al. 

[122] 

2012 CPMD Cellulose  Revealing the mechanism of conversion of cellulose to pre-levoglucosan and other 

products. 

Mettler et al. 

[123] 

2012 ab-initio 

CPMD 

Cellulose 

Carbohydrates 

 α–cyclodextrin was used for simulations instead of cellulose. 

 Revealing the condensed-phase pyrolysis chemistry. 

 Furans and glycoaldehyde formation takes place as a result of glycosidic bond 

cleavage. 

 Glycosidic bond cleavage and intra-pyran chemistry are interconnected.  

Huang et al. 

[124] 

2012 DFT Xylopyranose  Xylopyranose is first converted to an isomer through ring opening reaction which is 

converted to final products through five reaction pathways, among them two has been 

considered more feasible.  

Seshadri and 

Westmoreland 

[125] 

2012 Quantum 

chemistry 

statistical 

mechanics 

β-D-glucose  Activation energies for all the reactions: dehydration, ring-opening and formation, ring 

contraction, retro-aldol condensation and keto-anol tautomerization) were determined. 

Huang et al. 

[126]  

2013 

 

DFT Lignin  Syngas and acetylene are formed as a result of decomposition of poly p ethylene which 

is the model compound of lignin in the presence of hydrogen plasma.  

Bland and 

Silva [64] 

2013 

 

ab-initio quantum 

chemical DFT 

Chroman 

 

  

 An intermediate is produced as a result of retro-Diels-Alder mechanism which is 

further decomposed to benzene and fulvene. 

Mayes et al. 

[118] 

2014 Quantum 

mechanics 

Cellulose  Simulations for glycosidic bond cleavage and levoglucosan formation. 

 Rate coefficient for glycosidic cleavage is four times more than ionic breakage.  
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DFT 

Lu et al. [128] 2014 DFT β‐D‐

glucopyranose 

Cellobiose 

 The most favourable pathways for the conversion of β-D-glucopyranose and cellobiose 

to levoglucosenone are 1.2 dehydration, hydrogen transfer and enol-keto 

tautomerization which is the rate determining step.  

Lu et al. [129] 2018 DFT Cellulose  Chain ends produced during the decomposition are levoglucosan-terminated end, non-

reducing, reducing and a-cyclic glucose end which are significant for final product 

distribution. 
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One such mechanistic model was proposed by Vinu and Broadbelt [130]. The 

formation of levoglucosan from glucose-based carbohydrates involved two steps: mid-

chain glycosidic bond cleavage and unzipping of levoglucosan from the chain ends. A 

series of four reaction schemes was proposed: (i) conversion of cellulose to 

levoglucosan and glucose, (ii) formation of glycoaldehyde and low molecular weight 

products (LMWPs), (iii) conversion of glucose to a range of intermediates and (iv) 

conversion of low molecular weight products (LMWPs) to glyoxal, acetaldehyde, 3-

oxobutanal, formaldehyde and char. First reaction scheme for conversion of cellulose 

to levoglucosan and glucose is shown in Figure 13. The model tracked a large number 

of cellulosic species and 40 LMWPs in 99 individual reactions along with the time 

evolution. The results of the models were compared with the experimental results of 

Patwardhan et al. [131]. The predicted product yields matched well with the 

experimental data. This mechanistic model proposed for neat glucose was also used to 

study the effect of inorganics on the glucose pyrolysis [132] which is discussed in 

detail in Section 3 of this chapter. 

 

Figure 2.13. Mechanism of formation of levoglucosan and glucose through glycosidic bond cleavage 

and hydrolysis [130]. 
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Zhou et al. [133] also developed a mechanistic model using the elementary steps and 

respective kinetic parameters to predict 103 species in 342 reactions involving 

reactions of cellulosic chains and LMWPs. The fast pyrolysis mechanism of glucose, 

cellobiose, maltohexaose, cellulose and levoglucosan is revealed using the mechanistic 

modelling approach based on DFT. The model developed in this study was then 

validated using experimental data for fast pyrolysis at different temperatures and for 

different carbohydrates [127]. The model was able to predict the major products 

(levoglucosan, 5-HMF, glycoaldehyde, char, CO, CO2, H2O and methyl glyoxal), 

minor products (levoglucosenone, furfural, acetone, dihydroxyacetone, propenal) and 

some other pyrolysis products which were not quantified in experimental results. In 

addition to the product yield, the reaction time was also predicted using the 

mechanistic model. For example, it takes 1.75 s for the formation of levoglucosan 

during cellulose pyrolysis [127]. Broadbelt and colleagues [28,117,118] have carried 

out extensive work on the mechanistic modelling for fast pyrolysis of glucose-based 

carbohydrates.  

To better understand the use of glucose as a starting point for the molecular modelling 

of cellulose pyrolysis, Mettler et al. [134] studied the chain length effect and came up 

with less complex a more-established chemistry of glucose pyrolysis. Levoglucosan 

which is one of the major products of cellulose pyrolysis, is deoxygenated when 

present in the molten biomass, this was validated through experiments conducted for 

levoglucosan only and co-pyrolysis of levoglucosan and fructose [135].  

Researchers have worked extensively on understanding the mechanism for the 

pyrolysis of model compounds of biomass, but this approach still needs development 

to completely reveal the complex mechanism of whole biomass pyrolysis. 

2.3. Challenges of Pyrolysis Models 

2.3.1. Influence of Inorganic Species 

There are significant experimental data in the literature on the influence of inorganic 

species on biomass pyrolysis. The effect of inorganics on cellulose pyrolysis at low 

temperatures has been observed  by the change in the primary products yield [136]. 

The influence of inorganic salts on the primary and secondary pyrolysis reactions has 

been studied by Patwardhan et al. [137]. The results show that the primary pyrolysis 
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reactions are catalysed in the presence of inorganic species and produce more low-

molecular-weight species like formic acid and glycoaldehayde while the yield of 

levoglucosan is reduced. Comparison of the experimental data of almond shells 

pyrolysis in a fluidized bed reactor with the two kinetic models, i.e. single step and 

three parallel reactions showed good agreement [138]. However, pyrolysis of CoCl2 

impregnated almond shells could not be simplified using these simple schemes [138]. 

The effect of mineral matter and other organic salts has been discussed by several other 

researchers [6,9,68,139–144]. The effect of metals and metallic salts has also been 

studied [68,145–147]. Biomass ash sometimes acts as catalyst in the pyrolysis [148]. 

Alkali and alkaline earth metallic species (K, Na, Mg, Ca, etc.) have profound effect 

on pyrolysis product yield for different biomass species. These species can be removed 

by water and acid washing treatment and as a result the yield of water in bio-oil 

decreases and the yield of sugars and lignin-derived oligomers increases [149]. A brief 

analysis of the experimental literature discussed above shows that some inorganic 

species reduce the bio-oil yield and promote the char formation however, certain 

inorganic species increase the formation of light oxygenates and gases. For example, 

calcium oxide have a negligible effect on levoglucosan product yield while other 

inorganics such as ash have a profound effect on it [137].   

Biomass pyrolysis models have been developed to incorporate the effect of inherent 

inorganic species as catalysts. Previously, impact of inorganic species on the product 

yield was studied through lumped kinetics only but recently emphasis has been given 

to detailed kinetic and mechanistic modelling to better understand the mechanism of 

biomass pyrolysis in the presence of inorganics. Trendewicz et al. [150] evaluated the 

effect of potassium on the cellulose pyrolysis kinetics and proposed a new mechanism. 

The Ranzi scheme [151] has been modified to include the catalytic effects of potassium 

on cellulose pyrolysis product yield. The results showed that presence of 1 % 

potassium in cellulose decreased the oil yield from 87.9 % to 46.2 %, but the char yield 

increased from 3.7 % to 14.0 % and similarly the gas yield increased from 8.4 % to 

39.8 %. The same reaction scheme including the effect of potassium has been used in 

CFD simulations by Eri et al. [152] to observe the change in pyrolysis product yield 

using multi-phase reactor model. Hence, the ignorance of this effect and considering 

only three components for modelling of biomass pyrolysis may lead to poor reactor 

design for industrial applications.  
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For all the three network models, the reaction mechanism including the catalysis by 

inorganic species has been neglected. However, Niksa [153] has highlighted the 

impact of inorganics on biomass pyrolysis. He did not explain the explicit catalytic 

reaction mechanism rather included the impact of inorganics in his model bio-

FLASHCHAIN using a calibration procedure and predicted the pyrolysis product yield 

in the presence of potassium.  

Mechanistic models of the pyrolysis of biomass model compounds in the presence of 

inorganics have also been developed by many researchers at the molecular level. 

Mayes et al. [154] studied the effect of sodium and calcium ions on glucose present in 

plant biomass using quantum mechanics and molecular dynamics. It has been observed 

that sodium ion has very small effect on β-glucose, but it significantly affects the α-

glucose anomeric and ring oxygens. Elementary steps involved in the conversion of α-

glucose and β-glucose in the presence of NaCl have been discussed in detail by Mayes 

et al. [132] using quantum mechanics. The rate coefficients were increased in the 

presence of metal ions (Na+) for most of the reactions, which was in agreement with 

the experimental data. The kinetic data determined for a range of isomerization and 

dehydration reactions can be used to predict the kinetics of other elementary steps. 

Effect of the presence of inorganic species on fast pyrolysis of glucose-based 

carbohydrates was studied by conducting research on the salt-added materials. It was 

hypothesized that inorganic species present in the feed do not affect the basic pyrolysis 

mechanism however it alters the kinetics and was validated later [155,156]. Figure 14 

presents one of the schemes for the effect of NaCl on glucose pyrolysis [155].  

 

 

Figure 2.14. Modelling approach to study the effect of Na+ on the product distribution of glucose 

pyrolysis [155]. 
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This mechanistic model was developed and validated by Zhou et al. [155,156] to 

incorporate the catalytic effects of NaCl on the fast pyrolysis of glucose-based 

carbohydrates including glucose, cellobiose, maltohexose, cellulose and levoglucosan. 

Mechanistic model for pure cellulose deals with 103 number of species involving 342 

reactions, while the number of species increases to 222 with 768 reactions in the 

presence of NaCl. All the reactions with the species formed for all the carbohydrates 

have been discussed in the work of Zhou et al. [155,156]. Inorganic species not only 

effect the product yield but also alter the amount of species formed due to catalytic 

effects, which will ultimately affect the product composition. Hence, to obtain a 

required composition of bio-oil, char and gases from biomass pyrolysis it is mandatory 

to control the amount of inorganics in the feedstock.  

Classical kinetic models were unable to unravel the chemistry of catalytic effect of 

inorganic species. However, detailed kinetic model solved this problem to some extent. 

Among all the models, mechanistic models are able to provide the detailed chemistry 

of the reactions affected by the presence of inorganic species. From the experimental 

data discussed above as well as few studies on kinetic, network and mechanistic 

models including the inorganic species, it is confirmed that these species catalyse the 

pyrolysis reactions and affect the rate of reaction and the product yield. Detailed 

kinetic schemes and mechanistic models have contributed significantly to unravel the 

pyrolysis of model compounds in the presence of inorganic species. However, there 

are still significant challenges for researchers to model the influence of inorganic 

species during biomass pyrolysis. 

2.3.2. Interactions Among the Biomass Constituents 

The reaction rate of biomass pyrolysis is usually taken as the sum of the evolution rate 

of its basic constituents. However, studies on the interactions among the components 

of biomass dictate that this additive scheme may not always give the accurate product 

yield. Among the three components of biomass, the strongest interaction exists 

between cellulose and lignin, and interaction between hemicellulose and cellulose is 

quite weak, as verified experimentally [157]. The interactions among the different 

phases of pyrolysis products have also been studied for cellulose and lignin [158]. 

Solid/liquid phase interactions increased the amount of tar and reduced the amount of 
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char and water. However, the vapour phase interactions promoted the gas formation 

from volatiles produced from cellulose and reduced the char formation from the 

volatiles of lignin [158]. In many literature studies, biomass pyrolysis has been 

simulated using a synthetic mixture of its constituents. However, such a simulated 

mixture behaves differently from original whole biomass [159–161]. The experimental 

data reported dictates that interactions among the biomass constituents not only affect 

the temperature range for product distribution but also alter the product compositions. 

Hence, considering the interactions among the biomass constituents is another 

challenge for modelling the biomass pyrolysis. This requires in-depth understandings 

of the interactions among the pyrolysis of various biomass constituents. 

2.3.3. Multi-scale Modelling for Biomass Pyrolysis 

Three different scales are important for modelling of biomass pyrolysis: molecular, 

particle and reactor scale. Molecular level studies involve the primary and secondary 

pyrolysis reactions elaborating the mechanism of biomass pyrolysis [118]. A detailed 

review presented by Mushrif et al. [119] highlighted the difficulties involved in the 

molecular modelling of biomass pyrolysis. To investigate biomass pyrolysis using 

first-principles, it is necessary to have clear understanding of reaction mechanism and 

the interactions among biomass constituents at the molecular level. Most of the data 

available on molecular modelling of biomass pyrolysis considers the reactions in the 

gas phase only, without considering the condensed phase [119]. The key aspects of 

recent review articles on multi-phase, multi-scale modelling are discussed in Table 6. 

Particle scale models include the intra-particle transport phenomena [14,32,33]. Rate 

of heat and mass transfer inside the particle due to temperature gradients are addressed 

and particle shrinkage models are included to describe the change in particle size [162–

164]. A single or multi-step kinetic model is directly implemented to the reactor scale 

neglecting the transport phenomena inside the biomass particles [165,166]. In this 

case, reactor hydrodynamics become dominant for the reacting particles and product 

yield is determined [167]. The reviews summarized in Table 6 provide detailed 

analysis of biomass pyrolysis modelling at different scales.
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Table 2.6. Review articles on multiscale modelling of biomass pyrolysis [30,31,119]. 

Reference Aspects covered Year of 

publication 

Duration of 

literature 

covered 

Sharma et 

al. [30] 

 Modelling of biomass pyrolysis 

focusing kinetic, particle and 

reactor level models 

 Effect of process parameters on 

pyrolysis  

 Catalytic pyrolysis 

2015 1975-2012 

Mushrif et 

al. [119] 

 Multiscale molecular methods like 

CPMD and metadynamics  

 Using multiscale molecular 

modelling to elaborate the reaction 

chemistry of pyrolysis 

 Conversion of biomass in the 

presence of solvents as catalyst 

2015 1996-2014 

Anca-Couce 

[31] 

 Recent developments in the 

fundamental reaction mechanisms 

for lignocellulosic biomass 

pyrolysis 

 Biomass pyrolysis as a sum of its 

constituents with its kinetic 

schemes and product compositions 

 Molecular, particle and reaction 

level modelling of pyrolysis 

2016 1965-2015 

2.3.4. Applications of Kinetic and Network Models to CFD Simulations 

CFD simulation techniques are frequently used to understand biomass thermochemical 

conversion processes. This section discusses few studies in which the reactor has been 

modelled using kinetic mechanism. An overview on the application of CFD modelling 

of different biomass conversion processes has been presented by Wang and Yan. [168]. 

The authors discussed, the models for combustion, gasification, pyrolysis and 

carbonation including the fluid flow, reaction kinetics, heat and mass transport 

phenomena. In last few years, researchers have worked on coupling the particle scale 

model to reactor model using CFD simulations for biomass pyrolysis, which has 

focused on kinetic models however, there is limited literature available on using 
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network models in CFD.  Multi-phase CFD modelling including both Eulerian-

Eulerian and Eulerian-Lagrangian approaches has been used in this regard. Most of 

the studies available in the literature used lumped kinetic approach and predicted the 

pyrolysis product yield of tar, char and gases [166,169–173], while recently distributed 

kinetic model has been included in CFD to predict the detailed product yield [152]. 

The FG-DVC model was used for the determination of input parameters and then those 

were implemented into a CFD model for combustion of biomass in a drop-tube furnace 

[174]. A pyrolysis sub-model has also been proposed including the DAEM 

calculations for the implementation of FG-DVC model to biomass [175] and has been 

validated from experimental data available in literature. Hence, CFD simulations 

including detailed kinetic models and network models help in getting a detailed 

product distribution from the biomass pyrolysis using a pyrolysis reactor. 

Biomass pyrolysis can be modelled at three different scales individually. However, 

when biomass pyrolysis is simulated at a reactor scale, global kinetic models are 

usually coupled with the reactor model to describe the biomass pyrolysis at a reactor 

scale as discussed above. There is a need to develop a robust model which includes 

the molecular level kinetics coupled with the reactor hydrodynamics to describe the 

biomass pyrolysis in depth and make it applicable for the industrial applications. 

2.4. Comparison of Pyrolysis Reaction Models 

Due to the complicated chemical structure of biomass, and underlying chemical 

reactions, the process of biomass pyrolysis is challenging to model. Several models 

have been proposed in the literature, and they all have certain assumptions with respect 

to operating conditions and the feedstock characteristics. Silva [176] compared 

different kinetic models: one  single- order reaction model from Nunn [177],  a model 

with parallel-competitive reactions from Thurner and Mann [50], another model from 

Wagennar [178] with parallel-competitive reaction scheme, a model of Gordon and 

Knight [177] and the model of Hong [179] including the secondary reaction and one 

network model CPD for biomass pyrolysis. The model results were compared with the 

experimental data obtained from Hong’s drop-tube reactor [179]. There were 

discrepancies observed in the results for all the models. However, results from Nunn 

et al. [180] produced closest match with the experimental data. Further analysis were 

performed and results were compared with the Tognoti’s reactor data [181]. The 
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models which showed agreement with the experimental data were further used for 

CFD based numerical simulations by the researcher. 

2.4.1. Advantages and Disadvantages of Pyrolysis Models 

Three types of models discussed in this review have their advantages and 

disadvantages. Kinetic models are most commonly used to determine the overall 

kinetics of pyrolysis reactions. Numerous experimental techniques have been 

developed for the determination of kinetic parameters. However, classical kinetic 

models cannot explain which components contribute to the formation of char, tar and 

volatiles. To understand the structural changes at macromolecular level, network 

models were developed. These models have the advantage of exploring bridge 

breaking and bonds forming mechanisms, but are unable to get generalized form, as 

the structural parameters and the functional groups are highly dependent on feedstock 

characterization. Determination of these parameters makes the network models 

complex and difficult to use. Moreover, each biomass component is considered 

individually with no interactions with the other components. Ashes and extractives 

have never been considered. Since biomass breaks down into hundreds of components 

during pyrolysis, it is more important to understand the formation mechanism of 

pyrolysis intermediates and final product. This leads to the development of 

mechanistic models, which have presented acceptable results for cellulose but other 

components have not been considered so far. Some key points on the advantages and 

disadvantages of these models are summarized in Table 2.7. 
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Table 2.7. Advantages and disadvantages of different biomass pyrolysis models. 

Kinetic Models 

Advantages Disadvantages 

 Process is represented by an overall 

reaction rate to determine the lumped 

products yields. 

 Extensive structural data is not 

required. 

 Kinetic parameters required can be 

obtained experimentally, using simple 

analysis techniques, like TGA, FTIR, 

MS etc. 

 Only classical lumped kinetic models 

cannot simulate the structural changes 

during biomass pyrolysis. 

 Less effective in predicting yields of tar, 

char and volatile gases. 

 More than one data points are determined 

at different operating conditions and then 

average values of the parameters are used. 

 Only applicable within a specific range of 

data. 

Network Models 

Advantages Disadvantages 

 Suitable for predicting the yield of tar, 

char and light gases during pyrolysis. 

 Consider basic phenomena during 

pyrolysis, i.e., cross-linking, 

fragmentation. 

 Can determine structural changes, i.e. 

the labile bridges breaking, charred 

bridges stabilizing and the new bridges 

forming. 

 Input data for these models is highly 

specific for different feedstocks. 

 Become complex if transport mechanisms 

are included. 

 Considers cellulose, hemicellulose and 

lignin only. The effect of inorganic 

species on pyrolysis is not addressed. 

Mechanistic Models 

Advantages Disadvantages 

 Suitable to determine the mechanism 

of pyrolysis only on molecular level. 

 Suitable to study the effect of 

inorganic species on pyrolysis. 

 Mainly focus on the gas phase reactions.  

 Mainly focus on the model compound. 

 Interactions between components are not 

considered. 

 The exact mechanism of cellulose 

pyrolysis is still unknown due to complex 

reactions. 
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2.4.2. Quantitative Comparison of Pyrolysis Models 

Biomass pyrolysis is a complex network of reactions. Chemical structural changes that 

occur in biomass particle during pyrolysis depend on biomass composition, 

temperature, and heating rate. Qualitative and quantitative prediction of pyrolysis 

products depend on both, kinetic model and kinetic parameters. Comparisons can be 

made between the prediction of char, gas, and tar yield and profiles obtained from 

different pyrolysis models. This section compares the results of different models with 

the experimental data. Experimental data from TG-MS for rice straw (32 % cellulose, 

35.7 % hemicellulose, 22.3 % lignin and 10.0% extractives) obtained from 

Worasuwannarak et al. [159] has been used as reference. Three models including 

multiple reaction schemes have been chosen to make a comparison between the 

experimental and modelling results: Shafizadeh and Bradbury model (SB-model) [11], 

Chemical Percolation Devolatilization model (CPD-model) [100] and the detailed 

kinetic scheme proposed by Ranzi et al. [182]. The total volatiles fraction obtained 

from three models and their comparison with the experimental data is presented in 

Figure 2.15.  

 

Figure 2.15. Comparison of total volatiles fraction obtained from experiments and biomass pyrolysis 

models. 

As per Figure 2.15, trends of the total volatile formation from Shafizadeh and 

Bradbury model and Ranzi model are quite similar to the experimental data and 

fraction lies in the range of 0.6-0.7. However, CPD model over predicts the total 
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volatile yield and also does not predict the qualitative profile. The variation in the 

results can be attributed to use of CPD kinetic parameters obtained under experimental 

conditions of high heating rate (~1000 K/s) [100] which are not suitable to predict 

pyrolysis behaviour at a low heating rate. The yield of char, tar, and gases (CO, CO2, 

H2O, CH4, and H2) obtained using different models are also compared with 

experimental data in Figure 2.16.  

 

Figure 2.16. Char, gases and tar yield from different biomass pyrolysis models. 

According to Figure 2.16, the high gas yield as compared to tar yield in the 

experimental data can either be attributed to tar cracking and/or co-production of gas 

with char. Char formation occurs through radical recombination or condensation 

reactions, and the latter produces gas or low molecular weight compounds [159]. Also, 

char yield predicted from all three models is comparable to the experimental data.  
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Although the experimental data in Figures 2.16 (b) and 2.16 (c) do not suffer from 

internal temperature gradients due to small particle size and very low heating rate, but 

vapour-solid interactions promote secondary reactions that favours gas formation. 

While all three models predicted less yield of gases as compared to tar because primary 

tar conversion reaction has not been considered in the SB model, it has been taken into 

consideration in CPD model however it exists as tar evaporation inside the particle. 

To summarize, all models can fairly predict the total volatile evolution profile of 

biomass pyrolysis. However, depending on the model assumptions for reaction 

mechanism, prediction of lumped product yield may not be accurate. Kinetic 

parameters for simple lumped models would not be valid over a wide operating range 

because the reaction mechanism does not consider vital intermediates or conversion 

reactions. Although CPD and Ranzi model consider the details of pyrolysis reactions, 

the kinetic parameters require re-evaluation and also may not be valid over a wide 

range of heating rates. Careful experimentation based on the findings of Paulsen et.al. 

[183] and Krumm et.al. [184] should be devised to determine kinetic parameters for 

different models under a wide range of operating conditions. 

2.5. Cellulose Pyrolysis Modelling 

Cellulose is considered to be the most abundantly available biopolymer on earth [185–

187]. Among all the biomass constituents, cellulose has majorly been used for energy 

production and other research developments. Since the time it is discovered, it has 

been used in its raw form as well as in the derived forms for different applications as 

it is considered harmless for the environment [188].The models discussed in the 

previous sections are applicable to cellulose pyrolysis. In a review presented by 

Serbanescu [67] different modelling schemes for cellulose pyrolysis have been 

discussed. The Broido-Shafizadeh model [52] is one of the most commonly used 

model for cellulose pyrolysis. Detailed kinetic models and mechanistic models have 

made great contribution in understanding the decomposition mechanism of cellulose 

pyrolysis. Mayes and Broadbelt [118] have used DFT to understand the cellulose 

pyrolysis mechanism and presented mechanism of glycosidic cleavage and 

levoglucosan formation. In many research studies, cellulose has been used as a base 

model for wood and biomass pyrolysis. In spite of extensive research on cellulose 

pyrolysis and its modelling, the decomposition process is not completely understood.  
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Cellulose has been selected for this study because of its easy and excessive availability 

and also because it is more practical to develop a model for cellulose and then extend 

it to other constituents of biomass. 

2.6. Summary  

Biomass pyrolysis process has been modelled using different modelling schemes. 

Kinetic models have been developed for decades and are helpful in specifying the 

reaction kinetics for biomass and cellulose pyrolysis. The kinetic models are important 

for reactor design as they are easy to use with other heat and mass transport models. 

Network models explain the pyrolysis mechanism well and the basis for their 

development is the structural deformation which may change with the feedstock type. 

However, the yield of char, tar and the volatiles can be determined accurately using 

network models. Among different network models available, the CPD model has 

received more attention, because the input parameters required are less than those for 

other models. In addition, CPD models are easy to use with other simulation software 

such as CFD simulations. CFD simulations can be a useful tool in integrating the 

pyrolysis reaction kinetics with the reactor hydrodynamics, to make them industrially 

applicable. Mechanistic models can explain the mechanism of pyrolysis well, but those 

models include the molecular dynamics, CPMD and Monte-Carlo techniques which 

are complex and time consuming. Currently, mechanistic models are mostly based 

upon theoretical studies and are used for model compounds such as cellulose, 

hemicellulose and lignin, however more attention is required to develop mechanistic 

models for biomass. The presence of inorganic species significantly affects the 

reaction kinetics and pyrolysis product yields. 

2.7. Research Gaps and Research Direction 

From the above literature review following observations could be made: 

 Biomass contains cellulose, hemicellulose, lignin and other compounds such 

as inorganic species, which can have a profound effect on the distribution of 

products in biomass pyrolysis. The effect of inorganic species should also be 

accounted for, to determine the kinetics of pyrolysis. 
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 For network models especially CPD, the model should first implemented to 

individual components, and then the overall yield is taken as the weighted 

average of all the components. 

 There has been only a moderate progress on integrating the network models 

with CFD simulations. To understand the cellulose pyrolysis reaction 

mechanism, and to couple the reaction kinetics with the reactor 

hydrodynamics, more detailed modelling is needed. 

 A number of kinetic models have been developed for cellulosic materials but 

there is still a lack of generalized models that include the kinetics, heat and 

mass transfer effects at reactor level. 

Based on the above observations, the key research gaps that need to be addressed in 

the current study are: 

 To understand the catalytic effect of inorganic species, there is a need to 

determine the reaction kinetics of pyrolysis process in the presence of inorganic 

salts. 

 While using different modelling schemes for biomass pyrolysis, whole 

biomass should be taken consider basic constituents, ash, moisture and 

extractives. 

 A generalized model including the kinetics, heat and mass transfer effects is 

required to practically implement to pyrolysis at reactor level. 

2.7.1. Research Objectives and Methodology 

To address the identified research gaps for pyrolysis of cellulose will be modelled with 

the following objectives: 

1. Determining the kinetics of cellulose pyrolysis in the absence and presence of 

inorganic species, and predicting the product yield to study the effect of 

inorganic species. 

2. Understanding the mixing and segregation behaviour of cellulose in a fluidized 

bed both qualitatively and quantitatively. 

3. Combining distributed activation energy model with CFD reactor model to 

predict the cellulose pyrolysis product yield for a range of activation energies 

in a fluidized bed reactor. 
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These are also schematically shown in Figure 2.17. In order to achieve these 

objectives, a number of experimental modelling methodologies have been used, which 

are explained in detail as follows:  

 

Figure 2.17. Main objectives of this research work. 

Objective 1: Kinetic Analysis of Pure and NaCl-loaded cellulose 

The effect of inorganic species on the kinetics of cellulosic pyrolysis is evaluated in 

Chapter 3. First thermogravimetric analysis were performed for pure cellulose at 

different heating rates and kinetic parameters were determined using 2-component 

distributed activation energy model. Once the model was validated for pure cellulose, 

it was then used to predict the kinetic parameters for NaCl-loaded cellulose. The 

optimized kinetic parameters were then substituted to chemical percolation 

devolatilization model to predict the pyrolysis product yield and the results compared 

to reported literature data to analyse the effect of NaCl on cellulose pyrolysis products. 

Objective 2: Mixing and Segregation Behaviour of Cellulose Particles  

In Chapter 4, the behaviour of cellulose particle in a bubbling fluidized bed of sand 

bed has been examined. A CFD model was developed, and validated using 

experimental data. After the model validation qualitative analysis of the mixing and 

segregation of cellulose particles was performed by observing the contour plots and 

volume fraction profiles of cellulose particles in the sand bed. Particle segregation 

number was used to quantify the extent of mixing and segregation. This study was 

extended by analysing the effect of operating parameters such as superficial gas 

velocity, particle size and density on mixing and segregation. 
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Objective 3: CFD Model for Cellulose Pyrolysis including Distribution of 

Activation Energies 

In Chapter 5, a CFD model has been developed for cellulose pyrolysis in a fluidized 

bed reactor to include the heat and mass transfer effects and the reaction kinetics. The 

model was validated with the experimental data from a lab-scale fluidized bed reactor, 

and those available in the literature. Once the model was validated, it was further used 

to simulate the cellulose pyrolysis incorporating the effect of distribution of activation 

energies. Behaviour of cellulose pyrolysis was quantified by determining the lumped 

product yield of tar, char and gases. 

The overall methodology for achieving these research objectives is illustrated in Figure 

2.18. This gives a detailed overview of linkage between research objectives and the 

thesis structure. 
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Figure 2.18. Research methodology linked with the research objectives. 
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CHAPTER 3 KINETIC MODELLING OF SALT-LOADED 

CELLULOSE PYROLYSIS 

3.1. Introduction 

Cellulose pyrolysis is a combination of parallel and series reactions. Despite of 

sufficient literature available addressing the mechanism and kinetics of cellulose 

pyrolysis, still there exist uncertainties for the complete understanding of the 

decomposition behaviour of this process [63,66,67,118]. The parameters which govern 

the kinetics of these reactions are activation energy and frequency factor. An overview 

of some of the kinetic models published for cellulose pyrolysis along with  kinetic 

parameters has been presented by Cristina [67]. Among these models Broido-

Shafizadeh [11] is the most frequently used model.  

Distributed activation energy model assumes that solid decomposition is a 

combination of infinite parallel reactions which may be first or nth order with different 

activation energies describing the variation in bond strengths of species, which can be 

determined using a probabilistic distribution function [189]. This model was proposed 

by Vand and was then used by Pitt [190] for coal devolatilization and later popularized 

by Anthony and Howard [191]. Different types of global kinetic models including 

first-order, nth-order, nucleation and sequential models along with several methods of 

energy distribution have been reviewed by Burnham and Braun [57]. There are two 

distinct methods of treating distributed reactivity: 1) fitting a set of parallel reactions 

to either a mathematical or arbitrary distribution and 2) the use of iso-conversional 

method which is an infinitely sequential method [192]. Friedman method is considered 

to be the most accurate among all the iso-conversional methods [193].  

Chemical percolation devolatilization model is a network model which describes 

the devolatilization of biomass components on the basis of chemical structure. CPD 

model has been discussed in detail in Chapter 2 along with the reaction scheme and 

mechanism. This scheme has been selected for cellulose devolatilization in this part of 

the project because this is analogous to the most commonly used Broido-Shafizadeh 

scheme for cellulose pyrolysis. There are different versions of CPD model such as 

CPD-CP, CPD-heat [194] and CPD-nlg [195] CPD-heat is used in the current work 

which requires heating rate as input and calculates particle temperature at every step 
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using that heating rate. CPD model for biomass was run for its three components i.e. 

cellulose, hemicellulose, lignin individually and overall product yield was determined 

as weighted average of the yield of the components [100,196]. The model produced 

results comparable to experimental results, however, effect of inorganic species or ash 

content present in biomass on the pyrolysis product yield was not considered. Several 

researchers have studied the effect of presence of inorganic matter on biomass 

pyrolysis and have come across a general trend that it increases the char and volatiles 

yield at the expense of bio-oil yield [9,68,137,143,150]. Raveendran et al. [7], 

Varhegyi et al. [197],  Mayer et al. [198] and  Liu et al. [198] have studied the effect 

of added salts on cellulose pyrolysis as discussed in section 2.3.1 of Chapter 2. To 

reduce the complexity and better understand the effect of salt on pyrolysis reactions, 

this paper studies the kinetics of pure cellulose and NaCl-loaded cellulose. The first 

objective of this chapter is to propose a strategy to predict the kinetic parameters for 

CPD model by performing thermogravimetric analysis of the sample and using the 

DAEM. Secondly, using the CPD model for NaCl-loaded cellulose to predict pyrolysis 

product yield to highlight the significance of inorganics while implementing the CPD 

model to the whole biomass and setting a milestone for future research in this direction. 

Flow diagram in Figure 3.1 represents the modelling and simulation strategy used in 

this paper.  

 

Figure 3.1. Strategy for using distributed activation energy model and CPD model to predict pyrolysis 

product composition for pure and NaCl-loaded cellulose. 

In order to achieve these objectives, TGA experiments for pure and NaCl-loaded 

cellulose were carried out over a wide range of heating rate (5 to 250 K/min). The 

TGA data were processed and kinetic parameters were determined using a two 
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component distributed activation energy model (DAEM) for pure and NaCl-loaded 

cellulose. In the second part, the distributed activation energy and CPD models were 

coupled by substituting the rate constants (kb and kgas) calculated by DAEM into the 

CPD model. The substituted values and CPD-heat model algorithm were then used to 

predict the pyrolysis products of pure cellulose, and the results were compared with 

the literature to validate the coupled distributed activation energy model and CPD for 

pure cellulose. Once validated, kinetic parameters obtained for NaCl-loaded cellulose 

using distributed activation energy model were used to evaluate the effect of salts on 

pyrolysis product profile obtained using CPD-heat model. 

3.2. Experiments 

3.2.1. Materials 

Microcrystalline cellulose (Avicel PH-101, Sigma Aldrich) was first sieved to obtain 

the particles in a size range of  45 μm, the results of particle size distribution obtained 

from Mastersizer 2000 are shown in Table 3.1.  

Table 3.1. Particle size distribution for pure cellulose sample. 

Sample Volume 

weighted mean, 

D[4,3] μm 

D(v,0.1) μm D(v,0.5) μm D(v,0.9) μm 

Pure Cellulose 48.525 16.309 42.712 89.4213 

The sample was then washed using deionized water at room temperature to remove 

any water soluble compounds which may be present in the sample and dried in the 

oven at 70 °C. Pure cellulose sample was also tested for ash since no ashes were found 

in the sample and all the calculations were made on dry, ash free bases (daf). Washed 

cellulose was then used for the preparation of salt-loaded cellulose. NaCl was selected 

for this study as inorganic specie and its effect on yield was observed. There are several 

methods in literature for sample preparation, while wet impregnation method was used 

in this study [199–201]. A specific amount of NaCl was dissolved in water to prepare 

salt solution, then 2.0 g of cellulose was added to the solution and stirred for 2 hours. 

This slurry was filtered and product was dried in the oven at 343 K. Salt concentration 

was varied between 0 to 2.0 wt. % and five different samples (with concentrations 

0.25, 0.5, 1, 1.5 and 2 wt. %) were prepared.  
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3.2.2. Equipment and Experimental Procedure 

Perkin Elmer thermogravimetric analyser (TGA-8000) was used for pyrolysis at a 

temperature ramp of 373-973 K, for different heating rates in the range of 5 to 250 

K/min in the presence of argon (Ar) as an inert gas at a flow rate of 60 ml/min. The 

heating rates selected for experiments were : 5, 10, 20, 60, 100, 150, 200 and 250 

K/min. Weight loss data was generated for lower heating rates such as 5, 20, 40 and 

60 K/min as well as higher heating rates i.e. 100, 150, 200 and 250 K/min for both 

pure and NaCl-loaded cellulose. A weighed sample of 3.0-4.0 mg was put in the 

crucible and then temperature program, shown in Table 3.2, was run. Step no. 6 was 

used only in case of NaCl-induced cellulose to determine the organic fraction of solid 

residue remained after pyrolysis. The sample was cooled to room temperature before 

removing it from the TGA apparatus. 

Table 3.2. Non-isothermal TGA program for pure and NaCl-loaded cellulose pyrolysis. 

Step 

no. 

Gas Initial 

temperature (K) 

Final temperature 

(K) 

Heating rate / holding 

time 

1 

Argon  

(60 ml/min) 

308 308 5 min 

2 308 373 20 K/min  

3 373 373 15 min 

4 373 973 5, 20, 40, 60, 100, 150, 

200 and 250 K/min 

5 973 973 20 min 

6 Oxygen  

(20 ml/min) 

973 973 30 min 

3.2.3. Modelling and Simulations 

To estimate kinetic parameters using a distributed activation energy model there are 

two methods namely distribution-free method and distribution-fitting method. In this 

work, kinetic parameters have been determined through distribution-fitting method 

using first order reaction model written in Matlab because this method predicts reliable 

parameters using a set of heating rates. The basic steps involved for optimization of 

kinetic parameters are as follows:  

1. Raw TGA data was used to calculate conversion (α) using Eq. 3.1. 

2. TGA data smoothing using Sovitzky-Golay filter in Matlab to derive a smooth 

differential TGA (DTG) curve. 
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3. Choosing 60 equidistant points of TGA and DTG curves in the non-isothermal 

region of the data. 

4. An initial guess for frequency factor (A) and mean activation energy (E0) was 

taken from literature. 

5.  was assumed to have a Gaussian distribution. 

6. An objective function (Eq. 3.4) was constructed to simultaneously minimize 

the error between experimental and predicted conversion values obtained for 

multiple heating rates. 

7. Frequency factor (A) and E0 were optimized by minimizing the objective 

function using fmincon in Matlab. 

α 	         (3.1) 

where, Mdry and M∞ are the initial dry weight of biomass and final weight of residue 

remaining after completion of pyrolysis reaction respectively. Mt is the mass of 

biomass remaining in the TGA pan at time‘t’.  

∑ ∑ , 	 	 ,
       (3.2) 

∑ ∑ ,
	

,
     (3.3) 

        (3.4) 

where, n is the number of heating rates used simultaneously to fit the kinetic 

parameters, m is the number of points on each evaluated curve, u is the peak maximum 

for each DTG curve. The use of “u’ is to normalize the objective function. 

Weight loss data, in the non-isothermal region, collected from TGA was used to 

determine the kinetic parameters at low heating rates (5, 20, 40, 60 K/min) and high 

heating rates (100, 150, 200, 250 K/min) using distributed activation energy model.  

Optimized kinetic parameters were then substituted as input parameters (kb and kgas) 

to the CPD model and overall volatiles yield was compared to the experimental data 

to validate the model. CPD-heat model was used for this work as it required particle 

heating rate as an input which was suitable for TGA data. The code for this model is 

available online [202].  Once the CPD model was validated for pure cellulose using 
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the optimized parameters from distributed activation energy, same strategy was used 

to predict pyrolysis product profile for NaCl-loaded cellulose. 

3.3. Results and Discussion 

3.3.1. TGA Results for Pure Cellulose 

The first part of the analysis from TGA involved the selection of sample weight. 

Experiments were performed with different amounts of sample and results were 

compared. In the first run sample weight was taken in the range of 1.2-1.5 mg, while 

in the second run the weight was increased to 3.5-4.0 mg and weight loss data was 

collected at different heating rates. Figure 3.2 compares the results for the lowest 

heating rate of 5 K/min, an intermediate heating rate of 100 K/min and the highest 

heating rate of 250 K/min, which clearly confirms that difference for conversion “α” 

and derivative of conversion “dα/dt” is not significant for different weighed samples. 

As a result, 3.5-4.0 mg sample weight was selected for further experiments in this 

study. 
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Figure 3.2. Comparison of weight loss data for different weighted samples of pure cellulose at different 

heating rates. 

Conversion α, and derivative of conversion dα/dt was calculated using weight loss data 

from TGA. Trends of “α” and “dα/dt” for low heating rates 5, 20, 40, 60 K/min versus 

temperature are shown Figure 3.3 (a) and (b) respectively, while the same trends for 

higher heating rates 100, 150, 200, 250 K/min are shown in Figure 3.4 (a) and (b).  
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Figure 3.3. TGA results of pure cellulose (a) Conversion, α (b) Rate of conversion, dα/dt at low heating 

rates (5, 20, 40, 60 and 100 K/min). 

 

Figure 3.4. (a) Conversion, α (b) Rate of conversion, dα/dt for pure cellulose at low heating rates (100, 

150, 200 and 250 K/min).. 

Conversion increased with the increase in heating rate, which is more prominent from 

5-60 K/min (Figure 3.3(a)), however above 100 K/min this increase is not significant 

(Figure 3.4(a)). Peak of conversion rate shifted to higher temperatures with increase in 

heating rate as presented in Figure 3.3(b) and 3.4(b). The results in terms of trends for 

conversion and conversion rate were same as reported in literature previously [203]. 
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3.3.2. Kinetic Parameters for Pure Cellulose using Distributed Activation 

Energy Model 

The weight loss data from TGA was further used to determine kinetic parameters using 

distributed activation energy model. Since there are four reactions in the CPD scheme 

and it is important to know the kinetics of these reactions. Specifying ρ as a constant 

which is the ratio of , only  and  need to be determined. For this purpose two 

component modelling scheme was used. Initial guess for the parameters was taken 

from the literature [108] and then parameters were optimized. These optimized values 

and the literature values are shown in Table 3.3. 

Table 3.3. Kinetic parameters for pure cellulose from literature [108] and this work. 

Parameter Literature Values Optimized Values 
(this work) 

Activation energy for bridge breaking, Eb 
(kJ/mol) 

231.7 232.7 

Frequency factor for bridge breaking, Ab (s-1) 2.0 × 1016 8.52 × 1017 

Standard deviation in bridge breaking 
activation energy, σb (kJ/mol) 

17.11 2.41 

Activation energy for gas formation, Egas 
(kJ/mol) 

256 255.9 

Frequency factor for gas formation, Agas (s-1) 3 × 1015 5.51 × 1015 

Standard deviation in gas release activation 
energy, σgas (kJ/mol) 

33.8 33.9 

Change in the values of activation energy, frequency factor and standard deviation of 

activation energy for bridge breaking reaction are prominent, however for the gas 

phase reaction, optimized values of these parameters are almost similar to the literature 

values. Conversion of cellulose obtained from distributed activation energy model was 

compared with experimental data available in literature [204] to validate the 

parameters. Figure 3.5 (a) and (b) represent the conversions obtained at two different 

heating rates of 5 and 100 K/min respectively.  These results show good agreements 

with the literature data reported  and confirm that these optimized parameters can be 

used for further analysis of cellulose pyrolysis in the range of  low (5, 20, 40, 60 K/min) 

as well as high heating rates (100, 150, 200, 250 K/min).  
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Figure 3.5. Comparison of conversion of cellulose using predicted parameters using distributed 
activation energy model and parameters available in literature [204] and from TGA 
experiments. 

3.3.3. Product Yield from CPD for Pure Cellulose 

Kinetic parameters obtained from two component distributed activation energy model 

dictate the two basic reactions of CPD mechanism i.e. bridge breaking and gas 

formation. These were used as input to the CPD model to determine the volatiles, tar 

and char yield and the yield of bridge population reactions.  Other than kinetic 

parameters, structural parameters used as input to CPD model are shown in Table 3.4. 

Table 3.4. Structural parameters for cellulose [100]. 

Parameters Values for Cellulose 

Molecular weight per cluster, MWcl 81 

Molecular weight per side chain, Mδ 22.7 

Percent intact bridges, po 1.0 

Number of bridges per cluster, σ+1 3.0 

The total volatiles fraction from CPD and its comparison with experimental and 

literature data are shown in Figure 3.6 (a) and (b). These are represented as: data points 

are from experimental work of Dufour et al. [204], dotted line is the one obtained using 

already reported kinetic parameters [108] and the solid line is for optimized parameters 

from distributed activation energy model at heating rates of 5 and 100 K/min from 

present work. At low heating rate of 5 K/min, the curves show that result of DAEM 
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parameters is in well agreement with the experimental data points, however the 

literature parameters have more shift towards higher temperature. At higher heating 

rate of 100 K/min, the experimental data points are in between the curves of literature 

and DAEM parameters giving a better match to the solid curve. The maximum fraction 

obtained by the end was 1.0 because of the constant value of  100 . This 

value was kept same as reported in the literature  to minimize char formation and 

maximize total volatiles fraction [108]. Also, it was observed from low heating rate 

experimental data in the literature that char residue was very low [205]. 

 

Figure 3.6. Validation of our predicted distributed activation energy model parameters for CPD model 
with our TGA experimental data and parameters available in literature at two different 
heating rates.[204,205] 

For the validation of optimized parameters, other than total volatiles, fraction of tar 

and gases produced was also determined and compared with the literature data [159]. 

The comparison of these fractions obtained from literature and from CPD model is 

shown in Figure 3.7 (a) and (b). Tar fraction data predicted from distributed activation 

energy model parameters gave an accurate fit with the experimental data, however 

some discrepancies were observed in the trends of gas fraction. The fraction of the 

gases shows a maxima at around 600 K because the labile bridges break and form 

intermediate which is immediately converted into other products through two parallel 

reactions and the gas formation increases. After a certain time as the intermediate is 

consumed a decline in the gas fraction is observed, which increases again due to the 

formation of gases through gas formation reaction which has higher activation energy 
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as compared to bride breaking reaction. The final yield of three products char, tar and 

gases were in acceptable range when compared with the experimental data and are 

represented in Table 3.5.  

 

Figure 3.7. Comparison of fraction of (a) tar and (b) gases obtained from our TGA experiments, CPD 

model using DAEM parameters and CPD model using literature parameters [159]. 

Table 3.5. Comparison of product yield predicted from distributed activation energy model with 
experimental values [159]. 

Yield (%) Char Tar Gases 

Experimental 6.467 80.44 12.93 

Predicted from CPD using parameters from 

distributed activation energy model 

6.82 83.79 9.39 

3.3.4. TGA Results for NaCl-loaded Cellulose 

Thermogravimetric analysis can be useful to obtain weight loss data for salt-loaded 

cellulose as well. NaCl-loaded samples of cellulose were run in the TGA using the 

same temperature program as explained in section 3.3.2 of this chapter. Weight loss 

data was collected for the heating rates 5, 20, 40 and 60 K/min for all five 

concentrations of NaCl in cellulose. The conversion, “α” and derivative of conversion, 

“dα/dt” are shown in Figure 3.8 and 3.9 respectively. Conversion of cellulose is 

supressed in the presence of NaCl (Figure 3.8). At heating rate of 5 K/min, final 

conversion of NaCl-loaded cellulose surpasses the pure cellulose (Figure 3.8 (a)). For 
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all other heating rates 20, 40 and 60 K/min, the final conversion of NaCl-loaded 

cellulose lies below the pure cellulose curve (Figure 3.8 (b), 3.8 (c), 3.8 (d)).  

   

Figure 3.8. TGA experimental results for Conversion of cellulose and NaCl-loaded cellulose for 

different heating rates (a) 5 K/min (b) 20 K/min (c) 40 K/min (d) 60 K/min. 

This is very clear from the Figure 3.9 that the presence of NaCl has also reduced the 

rate of conversion for cellulose. The maxima of pure cellulose rate curve is higher than 

the maxima of NaCl-loaded curves, this difference is small at a heating rate of 5 °C/min 

and increases for the heating rates 20, 40 and 60 K/min, while increase in salt 

concentration shows negligible shift in the curve. 
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Figure 3.9. Rate of conversion for pure cellulose and for different concentrations of NaCl in cellulose 

for different heating rates (a) 5 K/min (b) 20 K/min (c) 40 K/min (d) 60 K/min. 

In pyrolysis of NaCl-loaded cellulose, Na+ has major contribution towards binding 

with the original cellulose matrix and neutral species to from Na+-complexes while 

chloride will volatilize and become a part of gaseous phase. The catalytic effect of Na+ 

on the reactions as well as product species has already been reported in literature in 

detail using mechanistic model [155,156]. Mechanistic studies showed that same 

chemical species were produced in the pyrolysis of pure cellulose and NaCl-loaded 

cellulose but the kinetics were different. Fraction of char produced at the end of 

pyrolysis has been calculated to study the effect of presence of NaCl in cellulose. Char 

yield determined for pure cellulose was around 3-4 %, while addition of NaCl 

increased the char yield up to 14-16 % which is consistent with already reported data 

in literature [143,206]. Figure 3.10 shows that increase in heating rate decreases the 

char yield produced for different NaCl-loaded cellulose samples (0.25-2.0 %). 
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Figure 3.10. Effect of presence of NaCl on char yield determined on dry, ash free basis (daf). 

Effect of increase in salt concentration on the char yield did not follow an increasing 

or decreasing pattern. At low concentrations i.e. 0.25% NaCl in cellulose the char yield 

was maximum and for all the other concentrations it may increase or decrease. Detailed 

product analysis of cellulose pyrolysis in the presence of inorganic salts performed by 

Patwardhan et al. [207] explained that increase in salt concentration decreases the 

formation of certain products such as levoglucosan and 5-hydroxymethyl furfural, 

while yield of other products such as formic acid, glycoaldehyde, acetol and 2-

furaldehyde first increases and then decreases. But this is also shown that the product 

yield does not change significantly after a certain amount and effect of salt 

concentration becomes constant. Yield of char and total volatiles for pure and NaCl-

loaded cellulose obtained at different heating rates is presented in Table 3.6. 
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Table 3.6. Pyrolysis product yield for pure cellulose and different concentrations of NaCl in cellulose 
at different heating rates. 

Sample Pyrolysis product yield 

Heating Rate 5 K/min 20 K/min 40 K/min 60 K/min 

Products Volatiles Char Volatiles Char Volatiles Char Volatiles Char 

Pure Cellulose 95.93 4.06 96.91 3.09 96.56 3.44 96.78 3.22 

Cellulose+0.25%NaCl 83.97 16.03 85.36 14.64 85.99 14.01 86.45 13.55 

Cellulose+0.5%NaCl 86.10 13.90 87.03 12.97 87.81 12.19 87.99 12.01 

Cellulose+1.0%NaCl 85.44 14.56 86.40 13.60 87.37 12.63 87.85 12.15 

Cellulose+1.5%NaCl 84.32 15.68 85.37 14.63 86.22 13.78 87.24 12.76 

Cellulose+2.0%NaCl 85.50 14.50 86.43 13.57 87.25 12.75 87.64 12.36 

 

 

Figure 3.11. Char yield for different NaCl concentrations in cellulose (daf) at heating rates (5-60K/min). 

Figure 3.11 is representing a sharp increase in char yield for NaCl concentrations as 0-

0.25 % at a heating rate of 5 K/min, while the average of the yield remains constant in 

between 0.5-2.0 % of NaCl. 
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Figure 3.12. Char yield (daf) for different NaCl concentrations in cellulose at heating rates (100-250 
K/min). 

Char yield determined for pure and NaCl-loaded cellulose at high heating rates (100, 

150, 200, 250 K/min) is shown in Figure 3.12, which shows the similar behaviour as 

at low heating rates that addition of small quantity of salt increases the char yield to 

13-14%. 

3.3.5. Kinetic Parameters from DAEM for NaCl-loaded Cellulose 

Inorganic species added to cellulose do not change the cellulose structure or reaction 

mechanism, however they effect the reaction kinetics [155,156]. Two component 

distributed activation energy model was used to predict the kinetic parameters for 

NaCl-loaded cellulose samples. Initial guess was taken from the values of pure 

cellulose and then optimized for different concentrations of NaCl. The parameters 

obtained are presented in Table 3.7.
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Table 3.7. Predicted kinetic parameters using distributed activation energy model for different mixtures 

of cellulose and NaCl. 

Kinetic 

Parameters 

Pure 

Cellulose 

0.25 wt. % 

NaCl 

0.5 wt. % 

NaCl 

1 wt. % 

NaCl 

1.5 wt. % 

NaCl 

2 wt. % 

NaCl 

Eb (kJ/mol) 232.7 228.6 225.8 231.0 230.3 230.9 

Ab (s-1) 8.52×1017 1.71×1017 1.06×1017 2.80×1017 2.55×1017 2.89×1017 

σb (kJ/mol) 2.41 2.70 3.32 2.26 2.30 2.98 

Egas (kJ/mol) 255.9 249.2 254.5 248.9 250.0 250.0 

Agas (s-1) 5.51×1015 1.97×1019 1.5×1019 1.56×1019 1.59×1019 1.32×1019 

σgas (kJ/mol) 33.9 25.9 34.0 22.2 21.9 23.7 

wc 0.968 0.763 0.832 0.704 0.710 0.730 

For bridge breaking reaction, there is a decrease in activation energy, Eb as well 

frequency factor, Ab with the addition of NaCl to pure cellulose, while the values then 

increase with the increase in NaCl concentration. The value of standard deviation of 

bridge breaking, σb does not follow any increasing or decreasing trend. For gas 

formation reaction, activation energy, Egas, frequency factor, Agas and the standard 

deviation of gas formation, σgas decrease for NaCl-loaded cellulose as compared to the 

pure cellulose however, this trend is not linear with increase in salt concentration.  

3.3.6. Product Yield from CPD for NaCl-loaded Cellulose 

The parameters obtained from distributed activation energy model were used to predict 

the product yield. Structural parameters were kept same as that of pure cellulose (Table 

3.3) making an assumption that NaCl loaded to cellulose does not alter the structural 

configuration of cellulose [108]. While kinetic parameters were predicted using 

distributed activation energy model. Among the four reactions of CPD scheme, 

kinetics of bridge breaking and gas forming reactions were predicted and the 

compositional ratio, ρ was also optimized. ρ  was taken as 100 for pure cellulose which 

will not be true for the NaCl-loaded cellulose [108]. So, a value of “ρ” other than the 

maximum value was required to determine product yield. When finding an optimum 

of  “ρ”, it was observed that it had a very little effect when above 3-100 but showed 

significant effect when the value was below 1.0, hence an optimized value of 2.0 was 

selected for this work. Results for this analysis are compared in Figure 3.13. 
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Figure 3.13. Comparison of total volatiles fraction at two different values of ρ. 

The graph (a) of Figure 3.13 shows that, at maximum value of ρ = 100 the maximum 

amount of volatiles will be produced reducing the char to a minimum value. For pure 

cellulose, the curve is approaching to one which remains same for all other samples 

having NaCl. For NaCl-loaded cellulose, the curve shifts significantly towards higher 

temperatures and reache maximum fraction of 1.0 at around 640 K. Change in the 

value of ρ, changes the product distribution. For a value of ρ = 2, fraction of total 

volatiles from pure cellulose was maximum around 0.9 however, it decreased to 0.835 

with 0.25% of NaCl. The fractions of three products of cellulose pyrolysis were also 

determined which are shown in Figure 3.14. 
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Figure 3.14. Char, gas and tar fraction from CPD using optimized parameters. 

The amount of char residue at the end of the simulation for pure cellulose was 6.97% 

and this amount increased to 16.45% for 0.25% NaCl in cellulose. The amount of char 

for all the other salt concentrations is shown in Table 3.8. The amount of gases 

produced as a result of pure cellulose pyrolysis was 9.63% and this amount increased 
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with addition of NaCl to 22.85% and then further increases with increase in NaCl 

concentration which is presented in Table 3.8. Amount of tar produced for pure 

cellulose was 83.4% and this amount reduced to 60.7% with addition of 0.25%NaCl. 

For all other NaCl-loaded samples, the amount of tar produced in the presence of 

different salt concentrations is shown in Table 3.8.  

Table 3.8. Pyrolysis product yield for pure and NaCl-loaded cellulose. 

Sample Pyrolysis Product Yield (%) 

Heating Rate 10 K/min 

 Tar Gases Char 

Pure Cellulose 83.40 9.63 6.97 

Cellulose+0.25%NaCl 60.70 22.85 16.45 

Cellulose+0.5%NaCl 65.26 20.20 14.54 

Cellulose+1.0%NaCl 60.62 22.90 16.48 

Cellulose+1.5%NaCl 61.19 22.57 16.24 

Cellulose+2.0%NaCl 61.79 22.22 15.99 

These result correlate to data available in literature stating that the presence of NaCl 

accelerates the cellulose decomposition and favours the formation of gases and char 

[155]. Patwardhan et al. [137] performed experiments for pure and salt impregnated 

cellulose in a micro-pyrolyser at  heating rates of >2000 K/min and the results obtained 

are shown in Table 3.9. Char yield for pure cellulose is comparable however the char 

yield for NaCl-loaded cellulose in TGA experiments is higher because at low heating 

rate the sample will spend more time in the reactor and will promote charring reactions. 

Even at higher heating rates the amount of char produced is significant which indicates 

that the inorganic species have a profound effect on the cellulose pyrolysis at lower 

and higher heating rates and should be taken into consideration while modelling the 

cellulose pyrolysis. 
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Table 3.9. Literature data for char yield for pure and NaCl-loaded cellulose samples [207] 

Sample Pyrolysis Product Yield (%) 

 Char 

Cellulose 5.35±3.54 

Cellulose+0.1%NaCl 6.76 

Cellulose+1.0%NaCl 9.77 

3.4. Conclusions 

Kinetic parameters to be used as input data for CPD model have been determined using 

thermogravimetric analysis (TGA) and distributed activation energy model. The 

parameters obtained for pure cellulose have a reasonable consistency with the 

literature data. Once validated, the same methodology was used to determine the 

kinetics of NaCl-loaded cellulose. The effect of inorganic species specifically NaCl on 

the pyrolysis of cellulose was studied by producing NaCl-loaded cellulose using wet 

impregnation method. Presence of inorganic salts supresses the volatiles formation by 

increasing the char and gases yield which has been confirmed from weight loss data 

collected from TGA. For pure cellulose, char yield at the end of pyrolysis was 3-4 %, 

however this percentage increased to 14-16 % for NaCl-loaded cellulose. Activation 

energy, frequency factor and standard deviation of activation energy were optimized 

for bridge breaking and gas forming reactions of chemical percolation devolatilization, 

CPD scheme for pure and NaCl-loaded cellulose. These optimized parameters were 

then implemented to CPD model and char, tar and gases yield were predicted which 

showed an increase in the char and fraction of gases and decrease in tar yield in the 

presence of NaCl. This leads to the conclusion that while modelling biomass pyrolysis, 

inorganics should not be neglected as they have a significant effect on the product 

yield and future work must incorporate these species and the mutual interaction among 

the constituents of biomass.  
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CHAPTER 4 MIXING AND SEGREGATION BEHAVIOUR OF 

CELLULOSE IN FLUIDIZED BED 

4.1. Introduction 

Uniform fluidization is of critical importance for optimal performance of fluidized bed 

reactors, which among other applications, are widely used for biomass pyrolysis. In 

fluidized bed pyrolysis, the mixing and segregation of biomass with other particles is 

considered as the measure of fluidization behaviour, which is strongly affected by 

parameters such as mixture composition, size, shape and density of particles. Level of 

mixing/segregation in a fluidized bed reactor can be determined using three different 

quantities: mixing index (MI), segregation rate (SR) and particle segregation number 

(PSN). These are based upon the fraction of light particles which usually float over the 

surface of the fluidized bed and heavy particles which prefer to settle down in a 

fluidized bed reactor. These light and heavy particles are more commonly termed as 

flotsam and jetsam [208]. Rowe and his research group used mixing index as a measure 

of quantifying the level of mixing or segregation in a mixture. Goldschmidt et al. [209] 

explored the segregation dynamics in dense gas-fluidized beds of mono-disperse 

systems and binary mixtures using the digital image analysis techniques. Extensive 

experimental data has been generated to validate the hydrodynamic models. 

Fluidization, mixing and segregation behaviour of biomass-sand mixture in a 3D gas-

fluidized bed has also been investigated experimentally. Effect of three variables: 

fluidization time, the initial packing state and mixing ratio of biomass to sand on the 

segregation have been studied using segregation index [210]. Lu et al. [211] proposed 

a model based on the kinetic theory of granular flow to evaluate the influence of 

particle size distribution on the segregation behaviour of same density particles in a 

binary mixture. A CFD model for bubbling fluidized bed was developed by Lu et al. 

[212] for binary mixtures having same density particles but different diameters. 

Segregation behaviour of the binary mixtures was mainly influenced by the particle 

size, mass fraction of small particles and the gas velocity. Unlike the previous models 

where only one mixture granular temperature equation was  used for multi-phase 

systems, a new model including separate equations for granular temperature of each 

phase was proposed by Lu and Gidaspow [213]. The model for binary mixtures was 

further extended to ternary mixtures by Iddir et al. [214] to investigate the behaviour 
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of particles having different densities and diameters.  Qiaoqun et al. [215] investigated 

the behaviour of mixing of rice-husk in an inert sand bed of bubbling fluidized bed 

reactor. The level of particle mixing in a binary system has been quantified using the 

particle segregation number and a method called the cube analysis, which was 

developed by Keller et al. [216]. A fluidizing media usually sand is needed for uniform 

mixing of biomass particles. There are several studies investigating the mixing and 

segregation behaviour of biomass in the presence of bed material which acts as 

catalyst. For example, Sharma et al. [217] conducted CFD simulations to study the 

hydrodynamics of a mixture of biomass and biochar in a bubbling fluidized bed. Bai 

et al. [218] studied the mixing and segregation behaviour of ground walnut shell 

particles (GWS) in the bed of glass beads (GB) as inert media. Finally, Gera et al. 

[219] provided a modified particle-particle drag model to predict the mixing at higher 

velocities and segregation at relatively low velocities for multi-fluid mixtures.  

The objective of the present work is to study the mixing and segregation behaviour of 

cellulose and sand in a bubbling fluidized bed. Simulations have been carried out in a 

cold flow environment. Since fluidization velocity is one of the crucial parameters for 

defining the bubbling bed dynamics, the effect of superficial gas velocity on the mixing 

and segregation behaviour of cellulose particles in an inert sand bed has been studied. 

The other relevant parameters such as composition of mixture and size of particles 

have also been considered.  

4.1.1. Mathematical Model 

Among the two simulation methodologies available, Eulerian-Eulerian modelling 

approach has been specified in this case for the mixture of cellulose and sand. Gas 

phase and solid particles are considered as an interpenetrating continua and flow is 

considered to be incompressible. The governing equations of conservation of mass and 

momentum for each phase in multi-fluid Eulerian model have been solved using 

kinetic theory of granular flow (KTGF). The fluctuating kinetic energy of solid phases 

and other basic laws have been specified using the following models in ANSYS 

FLUENT [220]. 

For the gas phase the continuity equation can be defined as: 

. 0      (4.1) 
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For each sth solid phase, in a system of n solid phases the conservation of mass has 

been defined as: 

. 0      (4.2) 

Here, 

 ρg = Density of gas phase 

ρs = Density of sth solid phase  

	= Velocity of gas phase  

 = Velocity of sth solid phase 

The sum of the volume fractions of two phases αg and αs should be one. 

∑        (4.3) 

Navier-Stokes equation has been used to specify the momentum conservation for gas 

phase 

∑   

 (4.4) 

	        (4.5) 

Kgs = Gas-solid momentum exchange co-efficient 

This gas-solid momentum exchange coefficient represents the drag force between 

these phases and is  modelled using Gidaspow model [221] for the dense fluidized 

beds. 

When	 0.8, the momentum exchange co-efficient is of the form: 

.        (4.6) 

. . 	 , 	

. ,																																																,
   

 (4.7) 

The Reynolds number for solid particles is given by:  
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 (4.8) 

When 0.8, the momentum exchange co-efficient is calculated using the 

following equation: 

.      (4.9) 

Stress-strain tensor for gas phase will be: 

.                 (4.10) 

Momentum conservation equation for sth solid phase is: 

∑                

(4.11) 

	                   (4.12) 

Kls = Momentum exchange co-efficient between the lth-fluid and sth-solid phase 

Syamlal-O’brien symmetric model [222] has been used to specify the drag force 

between and the two solid phases. The model is of form: 

, ,
| |             (4.13) 

Stress-strain tensor for solid phase 

.               (4.14) 

In granular systems of moving particles, the granular temperature is defined in the 

same manner as that for ideal gases using kinetic theory of granular flow [223]. The 

granular temperature, θs needs to be specified for the sth solid phase which represents 

the kinetic energy of fluctuating particles and is proportional to the one-third of the 

mean square of the fluctuating velocity of  solid particles ( 3) [220]. The 

transport equation of this granular temperature from kinetic theory is as: 
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:      

(4.15) 

This equation is a combination of different forms of energy. These terms may be 

defined as: 

 = Convective granular energy 

̿ ̿ :  = Generation of fluctuating energy due to solid stress tensor 

 = Diffusive granular energy 

 = Energy dissipation due to collisions among particles 

Φ  = Exchange of fluctuation energy between the lth-fluid or solid phase and sth-solid 

phase 

Φ 3                   (4.16) 

According to Syamlal et al. [224] the algebraic form of granular temperature can be 

obtained by neglecting the convection and diffusion terms and considering only 

dissipation and generation of fluctuating energy terms. 

The rate of energy dissipation due to collisions between the solid particles specified 

by Lun et al. [225] is given as: 

,

√
⁄                 (4.17) 

Some other constitutive equations are also required for studying the multi-phase model 

in Fluent which include the shear and bulk viscosities, solids pressure, radial 

distribution function and frictional model. Solid shear viscosity is obtained by adding 

the kinetic, collisional and frictional viscosities, such as: 

, , ,                   (4.18) 

Syamlal-O’brien model [224] has been used to define these viscosities which results 

in the expressions as: 

, ,                (4.19) 

, ,                  (4.20) 
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Schaffer’s relation [226] has been used to incorporate frictional stress for the solid 

phase near the packing limit: 

,
∅
                    (4.21) 

Where ps is the solids pressure, ∅ is the angle of internal friction and I2D is the second 

invariant of deviatoric stress tensor. To specify frictional pressure the model based on 

kinetic theory of granular flow (KTGF) has been used.  

Additional to shear viscosity, there is solid bulk viscosity which includes the resistance 

of the granular particles to compression and expansion. The expression is given by 

Lun et al. [225]: 

,
⁄

                 (4.22) 

The pressure for the sth solid phase has been defined using the model given by Lun et 

al. [225] which is the sum of the kinetic term and the pressure because of collisions 

among particles. 

,                  (4.23) 

In the particles collision term there are two important parameters: ess is known as 

restitution coefficient and g0,ss is the radial distribution function.  

For multiphase systems having N number of phases, the same equation (equation 4.20) 

has been modified as: 

∑ ,                 (4.24) 

The radial distribution is calculated according to Syamlal-O’brien [224]: 

,
∑

                  

(4.25) 

In this study the fluid flow is considered to be laminar with respect to vessel since the 

Reynolds number calculated for the gas phase based on column diameter is 1000. The 

contribution of solid phase and interaction among particles has been dealt as proposed 

by Sinclair and Jackson [227], according to which the solid-phase stresses can be 

described by particle motion arising due to the particle collisions and thermal motion 
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of gas molecules. Kinetic energy of these fluctuations is described by granular 

temperature. Since no turbulence model has been selected for simulations therefore the 

sub-grid scale viscous effects were neglected. 

4.2. Computational Details 

4.2.1. Material and Reactor Configuration 

Biomass comprises of several components, mainly cellulose, hemicellulose and lignin. 

Since cellulose is considered as the model compound for biomass, it has been selected 

for the present study. A mixture of cellulose and sand as bed material has been 

fluidized using air as fluidizing media. Physical properties of materials are provided 

in Table 4.1. 

Table 4.1. Physical properties of both materials. 

Material Cellulose Sand Air 

Density (kg/m3) 1500 2560 1.225 

Particle Diameter (μm) 250-900 440 --- 

Fluidized bed configuration used for this study is shown in Figure 4.1, which is taken 

from the work of Bai et al. [218]. Bai et al. [218] had used this experimental data for 

the validation of his model. Keller [228] had performed cold flow experiments using 

ground walnut shells (GWS) and glass beads (GB) for different reactor configurations 

and operating parameters. These experiments were performed considering a well-

mixed bed in the fluidized bed. The bed was fluidized for a specific time and then 

collapsed and this was continued for 60 seconds. And then X-ray computed 

tomography scans were used to visually observe and investigate the mixing or 

segregation behaviour in a 3D reactor.  
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Figure 4.1. Dimensions of fluidized bed reactor [218]. 

4.2.2. Numerical Simulations and Calculations 

Simulations have been carried out in a 2-D geometry as shown in Figure 4.1 using 

ANSYS Fluent. Four sets of grids were used in these simulations and mesh size with 

the total number of cells along the bed width and height are represented in Table 4.2. 

Table 4.2. Different grid sizes and number of cells. 

Grid Size (m) No. of cells in x-direction No. of cells in y-direction 

0.0102 × 0.0102 10 25 

0.0051 × 0.0051 20 50 

0.0041 × 0.0041 25 62 

0.0034 × 0.0034 30 75 

For boundary conditions, the velocity of inlet air was specified at the bottom of the 

reactor with assumption of one-dimensional plug flow, and a pressure boundary 

condition was specified at top of the reactor. As initial conditions, the bed material, 

consisting of cellulose and sand, were assigned a velocity of zero as they were static 

in the bed initially. For the bed material, different mixture compositions were used to 

study the effect of this parameter. Material characteristics and relevant operating 

parameters are shown in Table 4.3.  
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Table 4.3. Operating parameters. 

 Cellulose Sand 

Particle Diameter (μm) 250-900 440 

Restitution coefficient 0.97 0.97 

Angle of internal friction 35  

Ratio of volume fraction αC : αS 0.1-1.0  

Umf (sand) (m/s) 0.145  

Ug/Umf 1-3  

The restitution coefficient for the cellulose as well as sand was specified as 0.97. For 

boundary conditions of walls, no slip was specified for the gas phase while for the 

solid phase partial slip condition was used. Equations were solved using second-order 

upwind scheme with a time step size of 10-4 sec. All simulations were run for a real 

time of 60 seconds. This time was selected for the simulations as it is the time used in 

the experiments as mentioned above. 

To quantify the mixing and segregation behaviour, particle segregation number was 

used. This number is defined as [218]: 

∆ ∆ %                 

(4.26) 

In this study, flotsam represents the fraction of cellulose while jetsam represents the 

sand particles. The value of PSN varies between 0 and 100%. If PSN is 0%, that means 

the particles are in perfectly mixed state and 100% shows the complete segregation in 

the mixture. ∆ , represents the dimensionless average height of solid phase and can be 

determined using the formula: 

∆ ∑ ,
∑ ,

                   (4.27) 

where, 

,  = Volume fraction of individual solid phase (either cellulose or sand) in cell k 

 = Height of the centre of any grid cell k from the distributor 

 = Correction factor to account for collapsed bed condition 

 = Volume of cell k 

 = Static bed height 
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And the correction factor is: 

,

,
                    (4.28) 

,  = Gas phase volume in any grid cell where void fraction is known 

,  = Gas phase volume in the grid cell k, which can be determined as: , ,  

4.3. Results and Discussion 

4.3.1. Model Validation 

Bai et al. [218] used multi-fluid model based on kinetic theory of granular flow 

developed in multiphase flow with interphase exchange (MFIX). They conducted 

simulations for the mixture of glass beads (GB) and ground walnut shells (GWS) and 

compared the simulation results with the experimental data. The initial simulations for 

the current study were conducted to benchmark our results with those of  Bai et al. 

[218], for which the mixture composition of 50% of GWS particles of size 256 μm and 

50% of GB having particle size of 550 μm, was used. Based on the diameter and 

density of particles, minimum fluidization velocity for each phase was calculated using 

the Ergun Equation [229]. Four different grid sizes (as shown in Table 4.3) were used 

for each of the simulations. The particle segregation number was calculated for all the 

four cases and plotted as a function of time. The model formulated in ANSYS fluent 

was first validated by comparing the results of the current simulations with the 

experimental data, obtained from 3D X-ray computed tomography measurements 

[218], as shown in Figure 4.2. This Figure represents the comparison of experimentally 

determined PSN and those obtained from simulations for three different superficial gas 

velocities in the range of 1-3 times of minimum fluidization velocity. 
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Figure 4.2. Comparison of PSN for GWS and GB from experimental data and current simulations data 
at three different gas velocities. 

PSN values calculated from simulations are in good agreement with the experimental 

data. The PSN values from experimental data at lower gas velocity i.e. Ug = Umf 

(Figure 4.2(a)) are in the range of 55-82 % and simulated values are in the range of 

70-80 %. Increase in velocity promotes mixing and hence PSN values decrease which 

is evident from experimental data as well as simulation results. At higher superficial 

gas velocity Ug = 2Umf (Figure 4.2(b)), the experimental data values of PSN lie in the 

range of 35-40%, however the PSN values from simulation data are in the range of 10-

52 % which on average is consistent with the experimental results. Further increase in 

gas velocity Ug = 3Umf, reduced the experimentally determined PSN to 26-33 % as 

well the results of simulations to the range of 10-38 % (Figure 4.2(c)). The three cases 
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of simulations compared with the experimental data at three different superficial gas 

velocities validate the model to be used for further investigations. 

The model was further validated by making a comparison between the current study 

and the simulated data reported in the literature for the volume fractions of all the 

phases of multi-fluid models using different grid sizes (Figure 4.3). 

 

Figure 4.3. Time-averaged volume fraction profiles for (a) air (b) GWS and (c) GB from current 
simulations and literature data (Ug=1Umf, αGB: αGWS=0.5:0.5, dGWS=256 μm, dGB=550 μm) 
[218]. 

The time-averaged volume fractions along the bed height, obtained for different grid 

sizes from literature showed a deviation for the coarse mesh i.e. 10×25, while for all 

the three other grid sizes (20×50, 25×62, 30×75) the trends of the air, GWS and GB 

volume fraction were consistent. Qualitatively, behaviour of volume fractions obtained 

from the simulations of same materials using same grid sizes was similar to the 
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literature data, however, values of volume fractions have been under predicted along 

the bed height. Grid size 10×25 showed major difference for all three phases, however 

the difference started to reduce with the refinement of the mesh. For gas volume 

fraction, the results of the last three grids were closer at volume fractions above 0.5 

and showed some deviation below this value. For GWS and glass beads the volume 

fraction profiles of grid size 25×62 and 30×75 were closest and had some consistency 

with the grid size 20×50 above the bed height. Hence the trends for the two grids 

(25×62 and 30×75) have shown the consistent behaviour for all the three phases. 

Contour plots of volume fraction of ground walnut shells and glass beads at different 

times are shown in Figure 4.4 and Figure 4.5 respectively. These contours represent 

the transition of two phases from mixing state to segregation. Contours of GWS 

represent flotsam, which was initially mixed in the bed and then was segregating 

towards the top of the bed with the passage of time. GB contours represent the 

behaviour of jetsam, which as expected, settled down to the bottom of the bed with 

respect to time. 

 

Figure 4.4. Contours of volume fraction for GWS (Ug=1Umf, αGB: αGWS=0.5:0.5, dGWS=256 μm, 

dGB=550 μm). 



Chapter 4. Mixing and Segregation Behaviour of Cellulose in Fluidized Bed 

86 

 

Figure 4.5. Contours of volume fraction for GB (Ug=1Umf, αGB: αGWS=0.5:0.5, dGWS=256 μm, dGB=550 

μm). 

4.3.2. Simulations of Cellulose and Sand Mixture 

Once the model was validated, it was used to simulate the fluidization behaviour of 

cellulose and sand mixture. Simulations were carried out again for four different grid 

sizes (shown in Table 4.2). The mixture contained 50 % of cellulose particles of size 

250 μm and 50 % of sand particles having particle size of 440 μm. The superficial gas 

velocity was 0.145 m/sec, which was equivalent to the minimum fluidization velocity 

when calculated on the sand basis. Initially, the mixture was well mixed and then start 

to segregate with the time. The simulations run time was 60 seconds. The plots of 

volume fraction of air, cellulose and sand in the fluidized bed for all four grid sizes are 

shown in Figure 4.6 (a), (b) and (c) respectively. Volume fraction of air along the bed 

height has shown some differences for grid size 10×25, and for rest of three grid sizes 

the change in volume fraction is minimum. Cellulose volume fraction profiles have 

also shown maximum deviation for the grid size 10×25, however there were less 

discrepancies in the trends of grid size 20×50 and 25×62. For the sand volume fractions 

grid size 10×25 and 30×75 showed deviations, while the curves of other two grid sizes 

were closest to one another.  
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Figure 4.6. Time-averaged volume fraction profiles for (a) air (b) cellulose and (c) sand (Ug=1Umf, αc: 
αs=0.5:0.5, dc=250 μm, ds=440 μm). 

Contour plots of volume fraction of cellulose and sand at different time intervals are 

shown in Figure 4.7 and Figure 4.8 respectively. Fraction of flotsam and jetsam can 

be clearly seen in the contours. Perfect separation for the mixture was not achieved for 

any of the cases. 
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Figure 4.7. Contours of volume fraction of cellulose (Ug=1Umf, αc: αs=0.5:0.5, dc=250 μm, ds=440 μm). 

 

Figure 4.8. Contours of volume fraction of sand (Ug=1Umf, αc: αs=0.5:0.5, dc=250 μm, ds=440 μm). 

PSN was also calculated for all grid sizes and their trends can be seen in Figure 4.9. It 

was maximum for the grid size 10×25 and reduced with the finer meshes. PSN for 

10×25 grid size shows that mixture segregated quickly, just in 5 seconds and obtained 

an average value of 71%. For the grid sizes 20×50 and 25×62 PSN stabilized in less 

than 10 seconds and the values were in the range of 59-66%.The PSN values for grid 

size 30×75 started to stabilize after 10 seconds and the values are below 60 %. Despite 

of some deviations in 20×50 and 25×62 at longer times, these two grid sizes have 
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closest values for the first 30 seconds of simulations, which is consistent with the 

behaviour of phase volume fractions. Grid size 20×50 has been selected for this study, 

since this grid size and the 25×62 remained consistent for all three phases.  

 

Figure 4.9. PSN calculated for cellulose and sand (Ug=1Umf, αc: αs=0.5:0.5, dc=250 μm, ds=440 μm). 

4.3.3. Effect of Superficial Gas Velocity  

Superficial gas velocity is one of the key parameters affecting the fluidization 

behaviour in a fluidized bed. In this case, four different gas velocities were taken in 

the range of 1-3 times the minimum fluidization velocity. A 50:50 mixture of cellulose 

and sand particles with diameter as 440 μm was taken in the bed. Figure 4.10 shows 

the effect of increase in superficial gas velocity on mixing behaviour in the form of 

contour plots of cellulose volume fraction. These are time-averaged contours of 

volume fraction of cellulose in the bed over a 30-second period. It is clear that the 

mixing of different phases improved with increase in the superficial gas velocity. For 

example, at minimum fluidization velocity, mixture segregated after 30 seconds, while 

at higher gas velocities, the mixture stayed in the mixed state for much longer. 
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Figure 4.10. Time-averaged contours for volume fraction of cellulose at different velocities after 30 
seconds. 

Quantitatively, the results of Figure 4.10 are plotted as particle segregation numbers 

in Figure 4.11, where it is clear that an increase in superficial gas velocity increased 

the mixing of particles. For Ug=1.0Umf  (Fig. 4.11(a)), the mixture, which was in mixed 

state at the start of simulations, rapidly got segregated with PSN values increasing 

rapidly and stabilising after about 10 seconds to a range of 80-85 %. Increasing Ug to 

1.5Umf (Fig. 4.11(b)) decreased this PSN range to about 60-70 %. Doubling the Umf 

(Fig. 4.11(c)) not only led to a further reduction in the “stable” PSN range but also 

showed a greater variation with the range being 20-40%. At Ug=3.0Umf, the stable PSN 

range became 20-30%, thus indicating greatest mixing state. 
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Figure 4.11. PSN for different gas velocities (a) Ug=1Umf  (b) Ug=1.5Umf  (c) Ug=2Umf  (d) Ug=3Umf. 

4.3.4. Velocity Distribution 

Figure 4.12 represents the vectors of time-averaged velocity magnitude for cellulose 

in the fluidized bed. The vectors have been plotted for a 50:50 mixture of cellulose and 

sand particles – both with a diameter of 440 μm with gas velocity varying between 

1.5-3.0 times of Umf. It is clear that the cellulose particles experienced widespread 

recirculation patterns in the bed with particles moving in the upward direction in the 

centre of the column and in downward direction near the walls. The recirculation 

became more vigorous with increase in the gas velocity which enhances the mixing 

between the particles. 
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Figure 4.12. Time-averaged velocity magnitude for cellulose at different gas velocities (αc: αs=0.5:0.5, 
dc=ds=440μm). 

Figure 4.13 shows the vertical velocity of cellulose and sand particles at a 

dimensionless bed height of 0.5 at three superficial gas velocities. It is evident that the 

velocity of particles had positive value around the centre of the bed, which 

progressively decreased before attaining negative value near the walls – thus achieving 

the core-annulus flow pattern. Both the peak positive velocity value at the centre and 

negative velocity near the wall increased in the magnitude with increasing  superficial 

gas velocity. The velocity of cellulose particles (shown in darker colour) was 

numerically higher than the sand particles. This difference in the cellulose and sand 

particle velocities was greatest at the centre of the bed for superficial velocities greater 

than 2Umf. However, for the lower superficial velocities (1.5Umf), an opposite trend 

was apparent, with this difference being greatest near the walls. Finally, the average 

numerical difference in the cellulose and sand particle velocities was higher for lower 

superficial gas velocities, which perhaps explains the greater segregation of particles 

at lower superficial velocities in Figures 4.10 and 4.11. 
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Figure 4.13. Vertical velocity distribution for cellulose and sand particles. 

4.3.5. Effect of Particle Size 

The effect of particle size on the segregation behaviour was studied by considering 

cellulose particles of three different diameters i.e. 250, 440 and 900 μm. Fluidization 

behaviour of cellulose and sand particles in a ratio 0.5:0.5 were simulated using a 

superficial velocity 3 times the minimum fluidization velocity (0.435 m/s), and by 

keeping the sand particle diameter at constant value of 440 μm. The calculated PSN 

for all three cases are shown in Figure 4.14. It is clear that the extent of segregation 

decreased as the particle size was increased. Particles of cellulose with diameter 250 

μm did not mix well with the sand particles of diameter 440 μm, and hence had larger 

values of PSN (Figure 4.14a). However, as shown in Figure 4.14 (c), larger particles 

of cellulose with diameter 900 μm mixed well with 440 μm sand particles with PSN 

being in the range of 10-30 %. In addition, the variations in PSN values for 900 μm 

cellulose particle were lower than both of the other cases. The reason for this could be 

the height difference between flotsam and jetsam in the bed, which was more in the 

case of smaller cellulose particles giving rise to higher fluctuations in PSN values and 

was less for larger cellulose particles resulting in comparatively smooth values for 

PSN. 
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Figure 4.14. PSN for cellulose with different diameters (Ug=3.0Umf, αc: αs=0.5:0.5) (a) dc=250 μm, 

ds=440μm (b) dc=ds=440μm (c) dc=900 μm, ds=440μm. 

Figure 4.15 shows the time-averaged granular temperature for a binary mixture of sand 

and cellulose with the volume fraction as 0.5:0.5 and the particle diameter of 440 μm 

for both solid phases. The granular temperature has been calculated across the bed at 

a dimensionless height of 0.003 m. Since granular temperature is the fluctuating kinetic 

energy of the particles in the fluidized bed, it is higher where there is great motion of 

particles (as shown in graph). Sand is having higher granular temperature as compared 

to cellulose in this particular case because of the density difference. Density of sand is 

more than cellulose and mass of an individual sand particle will be greater than the 

cellulose particle and thus sand particles will have more kinetic energy of fluctuations. 
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Figure 4.15. Time-averaged granular temperature of sand and cellulose having same particle diameters 
dc=ds=440μm. 

Another graph representing the time-averaged granular temperature for a binary 

mixture of sand and cellulose having particle diameter of 440 and 900 μm respectively 

is shown in Figure 4.16. In this case cellulose is having higher granular temperature as 

compared to sand because of the different particle diameters. Mass of an individual 

cellulose particle will be more than the sand particle and hence will have more kinetic 

energy of fluctuations. 

 

Figure 4.16. Time-averaged granular temperature for sand and cellulose having different particle 
diameters dc=900 μm, ds=440μm. 
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4.3.6. Effect of Mixture Composition 

 In this section, three different mixture compositions with cellulose to sand ratios as 

0.1:0.9, 0.25:0.75, and 0.5:0.5 were simulated.  

 

Figure 4.17. PSN for cellulose & sand mixtures with different compositions (Ug=1Umf, dc=ds=440 μm). 

It is clear from Figure 4.17 that at the start of simulations both sand and cellulose 

particles were in the mixed state but gradually started to segregate as a function of 

time. It could also be observed that as the cellulose fraction was increased not only it 

increased the extent of final segregation but also accelerated the onset of the 

segregation. For example, at lower cellulose fraction (0.1 cellulose), PSN increased 

gradually and then became constant after 40 seconds at around 70%. On increasing the 

cellulose fraction to 0.25, the PSN increased relatively rapidly and became stagnant 

after 20 seconds at a value of 80%. Using the mixture ratio as 50:50, the segregation 



Chapter 4. Mixing and Segregation Behaviour of Cellulose in Fluidized Bed 

97 

onset occurred even more very rapidly that within 10 seconds of fluidization, the PSN 

values reached to 90%. 

4.3.7. Comparison of 2D and 3D Simulations with Cellulose and Sand Mixture 

A set of 3D simulations were also conducted for the same fluidized bed. The 

configuration used for 3D simulations with meshed surface is shown in Figure 4.18. 

The initial height for the sand bed was kept as 0.102 m. Cellulose particles of diameter 

250 μm and sand particles of diameter 440 μm were used and the mixture composition 

was specified as 50:50 with the initial volume fraction of cellulose and sand as 0.315. 

The superficial gas velocity used for this case was 0.435 m/sec which is equivalent to 

3Umf. The results of volume fraction profiles as well as PSN calculated for 3D 

configuration have been compared to the results of the 2D configuration, calculated 

using same parameters. 

 

Figure 4.18. Schematic of 3D configuration. 

The time-averaged volume fraction profiles obtained from the 3D configuration after 

60 seconds of simulation have been compared with the profiles of 2D configuration 

along the dimensionless bed height (Δh) in Figure 4.19. The profiles of the three phases 

air (Figure 4.19a), cellulose (Figure 4.19b) and sand (Figure 4.19c) show consistent 
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behaviour for both configurations in the lower part of the column and some 

discrepancies are observed at the top of the column above the inert bed height. 

 

Figure 4.19. Time-averaged volume fraction profiles of 2D vs 3D configuration for (a) air (b) cellulose 

and (c) sand (Ug=3Umf, αc: αs=0.5:0.5, dc=250 μm, ds=440 μm). 

The fluidization behaviour of the two phases (cellulose and sand) inside the cylindrical 

tube can be observed through the contour plots of volume fractions of the both phases 

inside the reactor. The contours for cellulose and sand after 60 seconds of simulations 

have been shown in Figure 4.20. 
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Figure 4.20. Contour plots of cellulose and sand in the interior of 3D-configuration. 

Further, to make a comparison of fluidization behaviour of cellulose and sand in 2D 

and 3D, contour plots of volume fractions of cellulose and sand at different time 

intervals have been presented in Figure 4.21 and 4.22 respectively. For 3D-

configuration a plane has been plotted along the bed height in the middle of the reactor, 

to observe the volume fraction contours. At the start of fluidization both phases are in 

mixed state and start to segregate with the passage of time which is almost similar in 

2D and 3D results. After certain time cellulose starts to segregate towards the top of 

the bed as flotsam and sand settles down at the bottom of the bed as jetsam, however 

the phases are not completely segregated because of the high gas velocity. Hence, the 

behaviour of the flotsam and jetsam as well as the bed expansion are not effected 

significantly due to the configuration. 
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Figure 4.21. Contours of (a) instantaneous and (b) time-averaged volume fraction of cellulose. 
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Figure 4.22. Contours of (a) instantaneous and (b) time-averaged volume fraction of sand. 

The results of 2D and 3D have also been analysed quantitatively using the PSN. PSN 

calculated for the 3D configuration has been compared with the PSN calculated for the 
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same particle size and superficial gas velocity of Ug =3Umf. These are shown in Figure 

4.23. The values are in the range 18-40 % because of the higher gas velocity, 

promoting the mixing behaviour. More precisely PSN values for 2D-cofiguration are 

in the range 14-41 % and PSN values for 3D-configuration are in range 9-27 %. The 

values are overlapping at the start of the simulations and with the passage of time the 

PSN for 3D configuration has low values as well as less fluctuations. 

 

Figure 4.23. PSN calculated for 2D vs 3D configuration. 

4.4. Conclusions 

In the present work, the effect of different operating parameters on the hydrodynamics 

particularly mixing and segregation behaviour of cellulose and sand particles in a 

fluidized bed was studied. The model was validated using experimental and 

simulations data for the same configuration available in literature for different type of 

solids. The validated model was then used to study the effect of superficial gas 

velocity, particle size and mixture composition on the mixing and segregation 

behaviour. Increase in the gas velocity promoted the mixing between cellulose and 

sand particles. This was apparent not only from the velocity distribution of particles 

inside the bed but also the PSN values, which decreased rapidly with an increase in 

the gas velocity from 1.0Umf to 3.0Umf. It was observed that the cellulose particles with 

larger diameters mixed well with smaller and heavier particles of sand. PSN values 

were also calculated for different mixture compositions of cellulose and sand. On 
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increasing the fraction of lighter cellulose particles, the extent of segregation increased 

with an acceleration in the onset of segregation. Qualitative as well as quantitative 

analysis was also made for 3D-configuration and then compared to the results of 2D-

configuration. 
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CHAPTER 5 DISTRIBUTED ACTIVATION ENERGY 

MODELLING OF CELLULOSE PYROLYSIS IN A 

FLUIDIZED BED REACTOR  

5.1. Introduction 

To model the whole process of pyrolysis in fluidized bed systems, a multiphase fluid 

model has to be integrated with reaction kinetics using computational fluid dynamics 

(CFD). Several research articles [164,171,235,170,236,169] are available in the 

literature discussing the coupling of biomass pyrolysis models with CFD. Xue et al. 

[169] developed a multi-fluid model for bagasse and cellulose pyrolysis using CFD 

simulations and predicted the key features of the fast pyrolysis in a fluidized bed 

reactor [169]. The model was validated with the experimental data from a lab-scale 

bubbling fluidized bed reactor. The product yield of pure cellulose pyrolysis from 

simulations was in good agreement with the experimental results [170]. Furthermore, 

the results for red oak and switchgrass pyrolysis were also compared. Recently, a 

model was developed by Jalalifar et al. [231] using Eulerian-Eulerian approach for 

pure cellulose pyrolysis in a bubbling fluidized bed reactor. The model [232] was later 

used for biomass pyrolysis in a bubbling fluidized bed reactor to investigate the impact 

of different operating parameters on the product yield. 

Since cellulose is the major component of lignocellulose biomass, there are several 

kinetic schemes reported in the literature which are used to understand the cellulose 

pyrolysis but not all of them have been used for the numerical simulation of the 

pyrolysis. Broido-Shafizadeh scheme is the most commonly used for cellulose 

pyrolysis modelling. This scheme only includes a single value of activation energy for 

each reaction. Since cellulose pyrolysis involves multiple reactions with different 

kinetic energies, it is essential to include the range of activation energies. In addition, 

as reported by Burnham et al. [117] first-order reaction constants derived from single 

heating rate do not always give true values of frequency factor, A and activation 

energy, E and specially in case of cellulose, the product yield is affected because of 

the high values of A. The distributed activation energy model (DAEM) as discussed 

in Chapter 3, includes the activation energies with a distribution (σ) and has gained 

researcher’s attention in recent years. It has been implemented to better understand the 
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thermal decomposition of biomass [233–236]. DAEM has been discussed in detail in 

chapters 2 and 3. Xue et al. [170] performed experiments using a lab-scale fluidized 

bed reactor with different biomass and cellulose as feed material. A CFD model was 

also developed to better understand the biomass pyrolysis in a bubbling fluidized bed 

reactor and was simulated using MFIX [169]. The model was validated first and then 

used for studying the effect of operating parameters [169,170]. Xiong et al. [237] 

simulated a laboratory-scale bubbling fluidized bed reactor to predict the product yield 

of biomass pyrolysis and the fluctuations in the tar yield with hydrodynamics of 

bubbling bed. The model was further extended and coupled with DAEM to study the 

influence of distribution of activation energy [238]. The researchers focused on the 

comparison of two different distribution schemes (Gaussian and Logistic) and their 

effect on the exit tar yield. Also, the effect of variation in activation energy was 

accounted for by using coefficient of variation, skewness and kurtosis. Morphological 

changes in the cellulose structure during the pyrolysis process have revealed that the 

process involves several reactions which have different activation energies. Hence, 

using DAEM for cellulose pyrolysis indeed gives accurate product yield when 

compared with single activation energy value.  

The objective of the present work is to develop an integrated model of the cellulose 

pyrolysis in a fluidized bed reactor encompassing both CFD and DAEM. Broido-

Shafizadeh scheme for cellulose decomposition has been selected and the kinetics 

obtained from TGA (discussed in Chapter 3). Activation energies of the respective 

reactions have been specified using a distribution function, and the effect of this 

distributed activation energy on the pyrolysis product yield (yield of tar, char and 

gases) has been determined. This study is divided into two parts: first part includes the 

model validation for pure cellulose using CFD and second part focuses on the coupling 

of DAEM to multiphase model. 

5.2. Mathematical Modelling Description 

Multiphase reactive CFD models are formulated by coupling the kinetics of 

devolatilization of cellulose particles with the hydrodynamics of fluidizing bed in the 

reactor.  
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5.2.1. Kinetic Model 

The kinetic scheme used in this work is shown in Figure 5.1. This is the Broido-

Shafizadeh scheme and was first proposed by Shafizadeh and Bradbury [11,239,240] 

as a set of three reactions and was later modified to include the tar decomposition. 

According to this scheme, cellulose (Cell) is converted to some intermediate named as 

“active cellulose” (A.Cell) in the first reaction. The intermediate (A.Cell) then 

immediately decomposes to other products tar (T), char (C) and gases (G) following 

two parallel reaction schemes. Tar (T) produced as a result of second reaction 

undergoes decomposition to produce gases (G). Cellulose, active cellulose and char 

are included in the solid phase (s1) while tar vapors and the gases are considered as 

the gas phase (g) along with the inert gas nitrogen (N2). Sand particles (s2) make the 

secondary solid phase, this phase does not react and act as an inert fluidizing media in 

the reactor.  

Cellulose
(Cell)

Tar Vapor
(T)

Y Char + (1-Y) Gas
 (C)              (G) 

Gas
(G)Active Cellulose

(A.Cell)

k1

k2

k3

k4

 

Figure 5.1. Cellulose reaction scheme [11] 

The rate of generation and consumption of the solid phase (s1) and gas phase (g) 

species can be defined as: 

Cellulose,   

, ,       (5.1) 

Active Cellulose, 

, . , , .    (5.2) 

Tar Vapors,   

, , .      (5.3) 

Gas,    
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, , . , .

, .       

 (5.4) 

Char,   

, , .       (5.5) 

All the reactions in this scheme are considered first-order and the reaction kinetics are 

determined according to Arrhenius law depending on pre-exponential factor A, 

activation energy E, and the temperature T, as: 

        (5.6) 

“Y” represents the ratio of char formed in the third reaction, which is 0.35 [241] in this 

case. The values of kinetic parameters are provided in Table 5.1. The heat of reaction 

data is given in Table 5.2: 

Table 5.1. Kinetic data.  

Reaction constant Pre-exponential 

factor, A (sec-1) 

Activation energy, E 

(kJ/mol) 

Reference 

k1 2.8 × 1019 242.4 [241] 

k2 3.28 × 1014 196.5 [241] 

k3 1.3 × 1010 150.5 [241] 

k4 4.25 × 106 108.0 [241] 

Table 5.2. Heat of reaction data. 

Reaction Heat of reaction (kJ/kg) Reference 

Δh1 0 [12]  

Δh2 255 [12] 

Δh3 -20 [12] 

Δh4 -42 [242] 

Thermo-physical properties of species involved in the pyrolysis of cellulose are 

presented in Table 5.3.
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Table 5.3. Thermo-physical properties of species. 

Species Density, ρ 

(kg/m3) 

Particle 

Diameter, 

ds (m) 

Molecular 

Weight, 

M.W 

(kg/kmol) 

Heat 

Capacity, 

Cp 

(J/kg.K) 

Dynamic 

Viscosity, 

μ (kg/ms) 

Thermal 

Conductivity, 

k (J/kg.K) 

Cellulose 400 5.0×10-5 342.297 2300 --- 0.18 

Active 

Cellulose 

400 5.0×10-5 342.297 2300 --- 0.18 

Tar --- --- 100 950 1.3×10-5 1.32 

Char 2330 5.0×10-5 12.01 1100 --- 0.0878 

Gases --- --- 23 4545.09 1.32×10-5 0.0582 

Nitrogen --- --- 28.04 1040.7 3.49×10-5 0.0242 

Sand 2649 5.2×10-4 60.08 860 --- 0.2 

5.2.2. Distributed Activation Energy Model 

Distributed activation energy model is comprised of a large number of independent 

parallel reactions with different activation energies, represented by a continuous 

distribution function [55]. This distribution function may be Weibull, Logistic or 

Gaussian. In this work Gaussian distribution function has been used which can be 

represented by the following equation: 

√
      (5.7) 

where E0 is the mean activation energy and “σ” is the standard deviation. DAEM has 

widely been applied to better understand the complexity of biomass pyrolysis and 

predict the reaction kinetics for different lignocellulosic biomass material 

[48,203,243]. 

5.2.3. Multi-fluid Model 

The multiphase model used in this study describes the gas and solid phases as inter-

penetrating continua in Eulerian-Eulerian framework. During the pyrolysis in a 

fluidized bed reactor there exist three different phases: gas phase as primary phase and 

the two solid phases as the secondary phases. Primary phase is a gas-mixture which 

contains tar vapors, gases from two different reactions and inert fluidizing gas, 

nitrogen. One of the secondary phase comprises of cellulose, active cellulose and char 
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with sand making the second solid phase which is an inert bed of particles.  The two 

solid phases are differentiated based upon their physical and thermal properties. 

Conservation of mass, momentum, energy and the other basic laws is specified using 

the models described below [220]. In addition to basic conservation laws, some other 

correlations necessary for the implementation of multi-fluid model are also discussed 

in the following sections:  

5.2.3.1 Gas Phase 

For the gas-mixture phase the conservation of mass, momentum and energy equations 

are formulated. The continuity equation can be defined as: 

.       (5.8) 

,  and  are the density, volume fraction and velocity of the gas-mixture phase. 

 represents the source term for the consumption/generation of the gas phase species 

in the reactor. This source term defines the interphase mass transfer taking place at the 

solid-fluid interphase due to the chemical reactions and is the sum of the reaction rates 

of all the species in the gas phase, which can be defined as: 

 , ,        (5.9) 

For ith specie in the gas phase, the conservation equation is given as: 

, . , . , , ,               (5.10) 

Where ,  represents the reaction rate term for the ith specie and ,  and ,  are the 

mass fraction and diffusion coefficient respectively.  

The momentum balance for the gas phase can be defined using Navier-Stokes equation 

as: 

. ∑

                     (5.11) 

In the first term on the right side of the equation, P represents the pressure shared by 

all the phases. The second term,  is the stress-strain tensor and the acceleration due 

to gravity is represented by	 .  is the interaction force between the gas phase and 
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the solid phases due to momentum transfer happening because of the drag force 

between the different phases and the last two terms are representing the mass transfer 

between the phases due to thermal degradation of particles. 

For gas phase the energy conservation equation is given as: 

. . ∆ ∑                (5.12) 

Where,  is the specific heat of the gas phase and  is the conductive heat flux. 

Enthalpy change occurring due to chemical reactions is included using source term 

∆  and the inter-phase heat transfer between the gas and the solid phase is given 

by . These terms can be defined as: 

,                     (5.13) 

                   (5.14) 

,  = Specific heat of the gas phase at constant pressure 

 = Convective heat transfer coefficient 

 = Temperature of nth solid phase 

 = Gas phase temperature 

5.2.3.2 Solid Phase 

For each sth solid phase, in a system of n solid phases the equations of continuity, 

momentum and energy are formulated and discussed in this section. Continuity 

equation for solid phase has been defined as: 

.                  (5.15) 

,  and  are the bulk density, volume fraction and velocity of the nth solid 

phase respectively. The source term for solid phase 	is the sum of the reaction rates 

of all the species in the solid phase including cellulose, active cellulose and char. 

 , , . ,                   (5.16) 

For ith specie in the gas phase, the conservation equation is given as: 
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, . , . , , ,          

(5.17) 

Momentum equation for sth solid phase is: 

.

∑                   (5.18) 

In the momentum transport equation,   represents of nth solid phase.  is the stress-

strain tensor for nth solid phase and the acceleration due to gravity is represented by	 . 

 is the interaction force between lth gas phase or sth solid phase and nth solid phases 

including momentum transfer due to the drag force between the gas and the solid 

phase. The last two terms are representing the mass transfer between the phases same 

as explained for gas phase in equation 4. 

The energy conservation equation for nth solid phase will be: 

. . ∆ ∑               (5.19) 

Where,  and  are the specific heat and conductive heat flux of the nth solid phase. 

∆  is the source term which incorporates the enthalpy change due to chemical 

reactions in the solid phase. However, the inter-phase heat transfer between the gas 

and solid phases is given by . Since there is no radiative heat transfer in the system 

hence the terms including radiative heat transfer have been neglected. These terms can 

be defined as: 

,                    (5.20) 

                   (5.21) 

,  = Specific heat of the gas phase at constant pressure 

 = Convective heat transfer coefficient between the gas phase and nth solid phase 

According to kinetic theory of granular flow (KTGF) kinetic energy of fluctuating 

particles needs to be defined for a multi-phase system. This kinetic energy is usually 

specified using granular temperature of the nth solid phase, θsn. Granular temperature 
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is proportional to the mean square of the fluctuating velocity of solid particles. The 

algebraic form of this fluctuating energy is given as: 

:                 

(5.22) 

This equation is a combination of different forms of energy. These terms may be 

defined as: 

̿ ̿ :  = Energy produced due to solid stress tensor 

 = Energy dissipation due to collisions for nth solid phase 

Φ  = Energy exchange between the lth gas or sth solid phase and nth solid phase 

Other than basic conservation laws, the constitutive relations for gas-solid interaction 

in a multiphase system are required which have been described in detail in Appendix 

A. This includes the stress-strain tensor relations for gas and solid phase, solids 

pressure and drag models. Fourier’s law has been used to calculate the conductive heat 

flux and for convective heat transfer coefficient Nusselt number correlation by Gunn 

[244] has been used. 

5.3. CFD Simulation Strategy 

The governing equations of momentum, pressure and volume fractions were solved 

using phase coupled SIMPLE algorithm in ANSYS FLUENT version 17.2. The 

coupled algorithm solves the momentum and pressure-based continuity equations 

together and pressure correction equation coefficients are calculated based on the 

momentum equations. According to this scheme the coupled per phase velocities are 

solved in a segregated manner [220]. However, the algorithm is coupled with iterative 

time advancement scheme in which all the equations are solved through iterations until 

the convergence occurs. 

5.3.1. Solution Procedure with Initial and Boundary Conditions 

The configuration used for this part of work is same as the one used in experiments 

and simulations of Xue et al. [169,170]. The computational domain for this system is 

a 2-dimensional (2-D) reactor which has been divided into fixed number of control 

volumes through specific number of grid cells in horizontal and vertical direction. The 
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2-D reactor is shown in Figure 5.2 with the reactor configuration data presented in 

Table 5.4.  

 

  

 

Figure 5.2. Fluidized bed reactor for cellulose pyrolysis. 

Table 5.4. Reactor dimensions and computational domain data. 

Parameter Value 

Reactor Height, H 0.3429 m 

Reactor Diameter, D  0.0381 m 

Bed Height, h 0.055 m 

Biomass inlet Diameter, d 0.0073 m 

Grid Cells in horizontal direction 10 

Grid Cells in vertical direction 91 

Sand being used as an inert fluidizing material in the bed was patched to the height of 

0.055 m with the volume fraction of 0.59 and with an initial temperature of 773 K. The 

inlet velocity of the bed material was zero. Cellulose was entered to the reactor at a 

0.
05

5m

0.
34

29
m

Gases Outlet

Fluidization Gas Inlet (N2)

Cellulose Inlet

0.0381m

0.
00

73
m



Chapter 5. Distributed Activation Energy Modelling of Cellulose Pyrolysis in a 
Fluidized Bed Reactor 

114 

flow rate of 2.77 × 10-5 kg/sec through the side inlet in a continuous manner at a 

temperature of 300 K. The gas phase entered through the gas inlet at the bottom of the 

reactor with the superficial gas velocity of Ug = 3.5Umf and a temperature of 773 K. At 

the outlet of the reactor pressure boundary condition was specified. The walls were 

kept isothermal with a constant temperature of 773 K. The value of co-efficient of 

restitution was taken as 0.97 and the angle of internal friction was 55. For boundary 

conditions of walls, no slip was specified for the gas phase while for the solid phase 

partial slip condition was used. 

Energy conservation and species transport models were used to account for the 

pyrolysis reactions. The reaction terms have been integrated using a stiff ODE 

(Ordinary Differential Equations) solver. For time discretization, second order implicit 

method was used with the time step of 10-4 sec. QUICK algorithm has been used to 

calculate the volume fraction of each phase. Conservation equations for momentum, 

energy and the species transport equations have been solved using second order 

(upwind) method. All simulations were run for the simulation time of 150 seconds 

when pseudo-steady state was achieved in the system. 

5.4. Results and Discussion 

5.4.1. Model Validation 

In this study, the CFD model was validated using the experimental data of Xue et al. 

[170], and  the same model has been used to calculate the pyrolysis product yield with 

distributed activation energy model which will be discussed in the next section in 

detail. In this part of the research, all operating parameters and material properties have 

been kept same as of experimental data. The product yield (η) was calculated using the 

equation: 

_
                 (5.23) 

The comparison of the product yield obtained from simulations with the experimental 

data is presented in Table 5.5.
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Table 5.5. Pyrolysis product yield (wt. %) comparison between experiment and simulations for pure 
cellulose 

Data Bio-oil 

(wt.%) 

Char 

(wt.%) 

Gases 

(wt.%) 

Experimental data [170] 82.1 2.2 12.4 

Current Model  79.6 2.1 18.4 

The comparison of the present simulation results with the experimental data shows 

that the predicted bio-oil yield was comparable to the experimental data reported in 

literature. Char yield predicted was especially in good agreement with the 

experimentally determined value. The non-condensable gases yield, however, was 

slightly over-predicted by the simulation when compared with the experimental 

results. Nevertheless, it is reasonable to conclude that the product yields predicted by 

the model were in close agreement with the experimental data, thus validating the CFD 

model.  

5.4.2. Implementation of DAEM to CFD 

After model validation, the main objective of this study was to predict the pyrolysis 

product yield using distribution of activation energies, for which DAEM has to be 

integrated with CFD. Xiong at al. [238] have previously carried out this integration, 

and concluded that if the integration interval and their spaces are chosen optimally, 

then this coupling does not increase the computational power prohibitively. However, 

in their work, the kinetic parameters used did not include the standard deviation, and 

only a small range was chosen. Kinetic parameters used in this study were obtained 

using thermogravimetric analysis and DAEM as discussed in chapter 3. The predicted 

kinetic parameters with the mean activation energy and the standard deviation for pure 

cellulose are summarized in Table 5.6. Kinetic parameters for reaction 1 and 4 were 

specified with standard deviations of activation energy; however; for reactions 2 and 

3 only single values of activation energy were used. 
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Table 5.6. Optimized kinetic parameters for pure cellulose obtained in Chapter 3. 

Reaction No. Parameter Value 

Reaction 1 Activation energy, E1 (kJ/mol) 232.7 

Frequency factor, A1 (s-1) 8.52 × 1017 

Standard deviation, σ1 (kJ/mol) 2.41 

Reaction 2 Activation energy, E2 (kJ/mol) 196.5 

Frequency factor, A2 (s-1) 3.28 × 1014 

Standard deviation, σ2 (kJ/mol) 0 

Reaction 3 Activation energy, E3 (kJ/mol) 150.5 

Frequency factor, A3 (s-1) 1.3 × 1010 

Standard deviation, σ3 (kJ/mol) 0 

Reaction 4 Activation energy, E4 (kJ/mol) 255.9 

Frequency factor, A4 (s-1) 5.51 × 1015 

Standard deviation, σ4 (kJ/mol) 33.9 

These kinetic parameters have been used to understand the pyrolysis behaviour 

following the same reaction scheme as described in Figure 5.1, in a fluidized bed 

reactor using CFD simulations. The integration space chosen for this case had 

3 	, 3  60 equal intervals. Mean activation energies and pre-exponential 

factor were calculated using the Gaussian distribution function to incorporate the 

probability function. Reaction terms along with the transport equations was solved in 

ANSYS FLUENT. The yield of bio-oil, char and gases is presented in Table 5.5. 

A comparison of product yields from experimental data and simulation results using 

Broido-Shafizadeh scheme, with and without DAEM and with DAEM, is show in 

Table 5.7. It is clear that with DAEM the predicted bio-oil yield increased 

significantly. This observation is in agreement with those reported in the literature 

[238]. However, the yield of other pyrolysis product species was also affected due to 

standard deviation of activation energies. For example, the char yield was over-

predicted and that for gases was under -predicted.
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Table 5.7. Pyrolysis product yield for cellulose with and without using DAEM. 

Data Bio-oil 

(wt.%) 

Char 

(wt.%) 

Gases 

(wt.%) 

Experimental data [170] 82.1 2.2 12.4 

Without DAEM   77.8 3.4 18.9 

With DAEM 82.1 9.9 8.0 

These results show that the model including distributed activation energy predicted 

product yield more analogous to experimental data than those using a single value of 

activation energy. This is because cellulose pyrolysis is a combination of multiple 

reactions, using an averaged single value of activation energy may result in erroneous 

results if the difference between activation energies of reaction is significant. A small 

change in the value of activation energy may affect the rate of reaction exponentially 

because in CFD simulations rate of reaction is determined using Arrhenius law. Using 

a distribution of activation energies includes more number of reactions and helps in 

predicting better product yield. The prominent decrease in the gas yield may be 

attributed to the higher sigma value for the gas formation reaction. 

Figure 5.3 (a) and (b) show the instantaneous volume fraction of gas and sand phase 

respectively. The bubbles start to develop near the biomass inlet due to decomposition 

of cellulose to volatiles. These bubbles combine with those produced in the bed due to 

fluidizing gas (N2), and form big bubbles which move upward and then leave the 

surface of the bed (Figure 5.3(a)). This process continues and promotes the mixing 

behaviour of the particles. Similar behaviour can be observed while looking into the 

profiles of the sand phase (Figure 5.3(b)). 
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Figure 5.3. Instantaneous volume fraction of (a) gas phase (b) sand phase in a bubbling fluidized bed 
reactor with time interval of 0.1 sec between each profile. 
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Time-averaged volume fractions of the three phases in the fluidized bed reactor have 

also been plotted in Figure 5.4. This figure shows that there exist some segregation in 

the bed at this superficial gas velocity, which may affect the rate of heat and mass 

transfer and ultimately the rate of decomposition of cellulose. Hence, to let the 

pyrolysis happen at faster rates, it is recommended to use an optimized value of gas 

velocity. 

 

Figure 5.4. Time-averaged volume fraction profiles of three phases in the fluidized bed reactor. 

Figure 5.5 shows instantaneous temperature profiles of gas phase (gas mixture of N2, 

tar and gases), sand phase and the cellulose phase (mixture of cellulose, active 

cellulose and char).  
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Figure 5.5. Instantaneous temperature profiles for gas, sand and cellulose phase in the fluidized bed 
reactor. 

Since the operating temperature for reactor had been set to 773 K, there was a small 

variation in the temperatures of gas and sand phase. Sand was packed at the 

temperature of 773 K, and the gas phase also entered at the same temperature. The 

small change in temperature of both of these phases through the bed (772-773 K) could 

be due to production of volatiles n the fluidized bed as a result of cellulose 

decomposition. However, for cellulose there was a significant change in temperature 

through the fluidized because it was heated from its initial temperature of 300 to 300–

773 K. However, the heating was rapid due to both conductive and convective heat 

transfers from the other two phases resulting in cellulose to stay at a temperature of 

728 K through the most part of the reactor. 

Time-averaged temperature profiles for the three phases gas phase, cellulose phase and 

the sand phase as a function of the reactor height are plotted in Figure 5.6. It is clear 

that the gas phase temperature was uniformly distributed in the recator near its intial 

value of 773 K. The temperature of sand also showed little variation through the bed. 

For the cellulose phase, the temperature profile did show a different behaviour. The 

temperature of cellulose decreased at the inlet of the feed where fresh cellulose entered 
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in the reactor at a temperature of 300 K. However, thereafter the temperature of 

cellulose increased rapidly due to the heat transfer between cellulose and heated gas. 

 

Figure 5.6. Time-averaged temperature profiles of three phases in fluidized bed reactor. 

The time-averaged vertical velocity vectors for all three phases are shown in Figure 

5.7, which shows that for gas phase the maximum value of gas velocity was more than 

its initial value due to production of volatiles (tar and gases). The gas-mixture flows 

in the upward direction in the centre of the column while solids particles recirculate in 

the downward direction along the reactor walls. The cellulose particles are mixed with 

the sand and gas phase near the feed inlet and then start to decompose. Solid particles 

flow down with the minimum averaged velocity. Sand particles keep circulating in the 

upward direction with the maximum velocity and flow down with the minimum 

velocity. The recirculation of particles promotes the mixing among the phases resulting 

in increased heat and mass transfer and rate of reaction. 
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Figure 5.7. Time-averaged velocity vectors of the three phases (a) gas (b) cellulose (c) sand. 

 

Figure 5.8. Molar concentration of tar and gases. 
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Plotted in Figure 5.8 are the molar concentrations of gas phase and tar as a function of 

reactor height. The concentration of both species was zero at the bottom of the reactor 

and before starting to increase near the feed inlet where cellulose entered in the reactor 

and started to pyrolyse. The rate of tar formation was higher than the gas formation 

reaction and hence the concentration of tar increased more rapidly in the bed region. 

As the tar particles moved along the bed height, it started to decompose to form gases, 

and its concentration decreased progressively. Since both tar and gases are elutriated 

out of the reactor along with the gas phase, their concentrations become constant after 

a certain height in the reactor. 

Figure 5.9 compares the mass fraction of tar and gases leaving the reactor and fraction 

of char accumulating inside the reactor with and without DAEM kinetics. The results 

presented in the graph below validated the numerical values shown in Table 5.7. The 

fraction of tar was maximum near the feed inlet and then started to decrease as a result 

of tar cracking reaction. The yield of tar increased with DAEM, however trend for tar 

formation along the bed height was consistent in both cases. Fraction of gases 

decreased significantly because of the higher activation energy for this reaction and 

inclusion of standard deviation of .activation energy. Fraction of char increased in the 

bed region and then became nearly zero in the freeboard region. Charring was favoured 

because of high activation energy of reaction 3 as compared to reaction 2. 
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Figure 5.9. Mass fraction of pyrolysis product species (a) tar, (b) gas and (c) char. 

5.5. Conclusions 

A multi-phase CFD model has been developed for cellulose pyrolysis in a fluidized 

bed reactor. Firstly, the model was validated by making a comparison between 

pyrolysis product yields from experiments. The yield of bio-oil, char and gases was in 

good agreement with the experimental data. Once the model was validated, it was 

integrated with the distribution activation energy model. Kinetic parameters including 

the activation energy and standard deviation were collected from the data reported in 

Chapter 3. Using activation energy with the distribution function had a profound effect 

on the tar yield. The yield of char and gases were also affected significantly. The 
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predicted product yield with DAEM were in better agreement with experimental data 

in comparison to single activation energy model.
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CHAPTER 6 CONCLUSIONS AND FUTURE 

RECOMMENDATIONS 

6.1. Concluding Remarks 

This chapter summarizes the key research findings of this study. First part of this work 

included prediction of kinetic parameters for cellulose using experimental data from 

TGA and modelling scheme such as DAEM. To know the effect of inorganic species 

on the product yield of cellulose pyrolysis, kinetics was also evaluated in the presence 

of NaCl. Secondly, a hydrodynamic model was developed to understand the mixing 

and segregation behaviour of cellulose particles in fluidized beds. Finally, these two 

have been integrated to develop a CFD model for analysing the cellulose pyrolysis in 

fluidized bed reactors with a range of distribution of activation energies. Below is a 

brief summary of the conclusion of this research: 

6.1.1. Kinetic Modelling of Salt-loaded Cellulose Pyrolysis 

First part of this work included prediction of kinetic parameters for cellulose using 

experimental data from TGA and modelling scheme such as DAEM. To know the 

effect of inorganic species on the product yield of cellulose pyrolysis, kinetics was also 

evaluated in the presence of NaCl. A set of modelling schemes were used to analyse 

the kinetics of pure cellulose and NaCl-loaded cellulose. Main conclusions drawn are: 

 Increase in heating rate shifted the conversion and derivative of conversion 

towards higher temperatures for pure cellulose and NaCl-loaded cellulose with 

different concentrations of NaCl. 

 Presence of inorganic salts specially the cations (Na+) supressed the volatiles 

formation. Tar yield decreases significantly in the presence of small amount of 

salts. 

 The presence of inorganic species in the pure cellulose increased the char yield. 

Similarly, gas yield also increased in the presence of inorganic species.  

 For salt-loaded samples the production of char was affected by heating rate, it 

increased on increasing the heating rate. 

 Loading of salt to the pure cellulose increased the char yield tremendously 

however, further increase in the concentration of salt did not increase the char 

yield. 
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6.1.2. Mixing and Segregation Behaviour of Cellulose in Fluidized Bed 

Hydrodynamics of the cellulose in fluidized beds was modelled and analysed 

qualitatively and quantitatively: 

 Particle segregation number (PSN) was used to quantify the mixing and 

segregation. 

 Increase in the gas velocity promoted the mixing between cellulose and sand 

particles. PSN values decreased rapidly with an increase in the gas velocity 

from 1.0Umf to 3.0Umf. 

 Cellulose particles with larger diameters mix well with smaller and heavier 

particles of sand. PSN values showed less fluctuation and enhanced mixing. 

However, smaller particles of cellulose did not mix well with the larger 

particles of sand and showed fluctuations in PSN values. 

 On increasing the fraction of lighter cellulose particles, the extent of 

segregation increased with an acceleration in the onset of segregation. 

 While comparing the mixing and segregation patterns in 2-D and 3-D 

configurations, it was observed that the distribution of cellulose and sand 

phases in fluidized bed did not deviate with the configuration. 

6.1.3. Distributed Activation Energy Modelling of Cellulose Pyrolysis in a 

Fluidized Bed Reactor 

An integrated CFD model was also developed for cellulose pyrolysis by coupling the 

kinetics and hydrodynamics: 

 CFD model developed for cellulose pyrolysis using Broido-Shafizadeh kinetic 

scheme with DAEM predicts the product yield in closer agreement with the 

experimental data rather than the model without DAEM. 

 Specifying the cellulose pyrolysis kinetics using several values of distributed 

activation energies results in increase in tar yield. 

 Gaussian distribution function also helps in determining the increase in the char 

yield and reduction in the gas yield. 

6.2. Future Recommendations  

Some recommendations for future work may include the following: 
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 Future work should consider the effect of inorganic species and their possible 

interactions with other components such as hemicellulose and lignin during 

kinetic modelling of biomass pyrolysis. 

 CPD mechanism needs to be implemented in CFD model using Eulerian-

Lagrangian framework to create greater understanding of particle-scale 

degradation inside the reactor. 

 The kinetic parameters determined for NaCl-loaded cellulose needs to be 

coupled with CFD model to study the effect of inorganic species on the 

pyrolysis product yield at a reactor scale. 

 Effect of operating parameters such as temperature, superficial gas velocity, 

feed flow rate and the design variables such as cellulose and sand particle 

diameter, particle density and volume fractions of the phase must be included 

in the multi-phase CFD model with DAEM.  
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APPENDIX A 

Granular temperature model has been specified as phase property, neglecting the 

convective and diffusive terms, hence energy dissipation due to collisions and energy 

exchange will be given as: 

12 1 ,

√
⁄  

Φ 3  

	  

Kls = Momentum exchange co-efficient between the lth-fluid and sth-solid phase 

Syamlal-O’brien symmetric model [222] has been used to specify the drag between 

solid particles. The model is of form: 

3 1 2 , 8 ,

2
| | 

Stress-strain tensor for solid phase 

̿
2
3 .  ̿

Solid shear viscosity is obtained by adding the kinetic, collisional and frictional 

viscosities, such as: 

, , ,  

Syamlal-O’brien model [224] has been used to define these viscosities which results 

in the expressions as: 

, 6 3 1
2
5 1 3 1 ,  

,
4
5 , 1  

Schaffer’s relation [226] has been used to incorporate frictional stress for the solid 

phase near the packing limit: 
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,
sin ∅

2
 

To specify frictional pressure the model based on kinetic theory of granular flow has 

been used.  

Additional to shear viscosity, there is solid bulk viscosity which includes the resistance 

of the granular particles to compression and expansion. The expression is given by 

Lun et al. [225]: 

4
3 , 1

⁄

 

The pressure for the sth solid phase has been defined using the model given by Lun et 

al. [225] which is the sum of the kinetic term and the pressure because of collisions 

among particles. 

2 1 ,  

In the particles collision term there are two important parameters: ess is known as 

restitution coefficient and g0,ss is the radial distribution function.  

For multiphase systems having N number of phases, the same equation has been 

modified as: 

2 1 ,  

The radial distribution is calculated according to Syamlal-O’brien [224]: 

,
1

1

3 ∑

1  
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