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Abstract 

This thesis focuses on the analysis of kinetics of i) low-temperature pyrolysis of 

gaseous hydrocarbons, ii) high-temperature steam gasification of char of wood pellets 

(>700oC), iii) high temperature pyrolysis of straw pellets in an atmosphere of argon 

and steam, and iv) high temperature pyrolysis of slices of transversally cut wooden 

sticks. The results of the kinetic measurements in the high-temperature cases are 

approximated using a least-square based optimization software, which was specially 

developed to analyse kinetics prone for deviation from the Arrhenius law. 

In the thesis a general analysis of the researched materials and kinetics of their 

pyrolysis and gasification is presented from the self-organization perspective. The 

energy transfer phenomena in both the pyrolysis and gasification processes of 

biomass are discussed with an emphasis on an analysis of basic phenomena involving 

the self-organized dynamics on fractal structures in the chosen biomass samples. 
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Nomenclature 

a Amplitude of oscillation of a harmonic oscillator (m) 

A Pre-exponential factor (s-1) 

Cp Specific heat capacity (J kg-1 K) 

D A scale dependent constant, equals to 
ℏ

2𝑚
 at the quantum scale 

D Diffusion coefficient (m2s-1) 

𝐷𝑒 Effective diffusion coefficient (m2s-1) 

E Energy of an oscillator (J) 

Ea Activation energy in Arrhenius equation (J kmol-1) 

휀 Integral emissivity of honey combs and thermal insulation  

ε0 Solid porosity 

∅𝑑𝑖𝑓𝑓 Generalized diffusion potential 

ℎ𝑐 Convective heat transfer coefficient (W m-2 K) 

KGM Kinetic constant of a grain model 

KRPM Kinetic constant of a random pore model 

KVM  Kinetic constant of a volumetric model 

K0 Pre-exponential factor (s-1) 

L0 Length of a pore (m) 

m Mass of a system (kg) 

n Geometry factor of a sample (1 for a slab, 2 for a cylinder) 

P Generalized physical potential 

q Apparent integral enthalpy of pyrolysis reactions (J kg-1) 

Q Quantum-like force of the generalized quantum potential (N) 

r Characteristic size of a sample (m) 

R Coefficient of determination 
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R Universal gas constant (J mol-1 K) 

𝜌 Bulk density of wood (kg m-3) 

ρchar Bulk density of char (kg m-3) 

S0 Surface of a pore (m2) 

𝜓 Form factor of the random pore model 

w Frequency of oscillations of the harmonic oscillator (Hz) 

𝛿 Stephan–Boltzmann constant (W m−2 K−4) 

𝑇 Temperature of reaction in the solid (K) 

𝑇𝑔 Temperature of steam (K) 

𝑇𝑒 Integral temperature of environment (K) 

X Degree of conversion 

γ Tortuosity 
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1. Introduction 

The self-organization perspective is relatively seldom applied both in the engineering 

and science of pyrolysis and gasification processes. The dynamic phenomena in 

gasification reactors (in which the self-organization may be an essential part) are 

studied scientifically in laboratory industrial conditions to gain predictive and 

engineering control over the phenomena. Such a control allows for a minimization of 

the raw fuel and energy losses along with an achievement of a better quality of the 

resulting gas and other products of pyrolysis and gasification. 

The most useful approach to study the dynamics of the processes inherent to pyrolysis 

and gasification is a kinetic approach. It focuses on scientific and applied studies of 

intrinsic and apparent kinetics to be measured in laboratory and industrial conditions. 

As pyrolysis and gasification in general are the chemical processes, the mostly 

applicable law to determine their kinetics is the Arrhenius law. That is true for the 

majority of cases considered in the literature. However, there are physical 

peculiarities linked with the ways by which the involved chemical reagents interact 

under different pyrolysis and gasification conditions. These peculiarities may cause 

deviations from the Arrhenius law of the reactions’ kinetics during both pyrolysis and 

gasification, at the temperatures of interest. Such deviations occur mainly due to the 

interplay between different physical factors. Specifically, these are two or several 

opposite processes, whose competitive interactions may lead to such forms of 

nonlinear dynamics as the physics of self-organization deals with. 

This thesis focuses on the analysis of kinetics of i) low-temperature pyrolysis of 

gaseous hydrocarbons, ii) high-temperature steam gasification of char of wood pellets 

(>700oC), iii) high temperature pyrolysis of straw pellets in an atmosphere of argon 
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and steam, and iv) high temperature pyrolysis of slices of transversally cut wooden 

sticks. The results of the kinetic measurements in the high-temperature cases are 

approximated using a least-square based optimization software, which was specially 

developed to analyse kinetics prone for deviation from the Arrhenius law. 

In the thesis a general analysis of the researched materials and kinetics of their 

pyrolysis and gasification is presented from the self-organization perspective. The 

energy transfer phenomena in both the pyrolysis and gasification processes of 

biomass are discussed with an emphasis on an analysis of basic phenomena involving 

the self-organized dynamics on fractal structures in the chosen biomass samples, 

The links between the self-organization related theme of the thesis and the particular 

titles, subjects and objectives of its supplements are presented on the Figure 1. It 

shows how a general approach applies to analyses of the particular experimental 

results represented in the supplements of the thesis. 
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Figure 1. Relationships and links between the supplements in the thesis 

Supplement I: “Parameters of 

high temperature steam 

gasification of original and 

pulverized wood pellets” 

Experiments on specially designed 

wood samples in form of thin wood 

slices show an applicability of the 

approach to self-organization from 

Supplement II for kinetic modeling of 

pyrolysis in the fixed bed type reactors. 

Supplement II: “Applicability of 

scaling approach for analysis of 

pyrolysis and gasification of porous 

structures composed of solid fuel 

particles” 

Diffusion and chemical reactions of 

gasification agents inside the porous 

structures, which react and change, are 

considered in the frame of self-

organization. This gives a special effect 

on the kinetics of the process  

Stability of temperature readings in 

proximity of surface of thin wood slices 

during active pyrolysis is explained on the 

base of internal self-organization in porous 

structures of wood. The basic theory 

(mentioned in the Supplement II) is 

applied to explain the low values of 

activation energies, which are applied for 

simulations of pyrolysis of large wood 

particles. 

Self-organization inside large porous 

structures in fixed bed type reactors may 

lead to oscillations, which are caused by a 

competition between two interlinked 

processes (heat transfer and release of 

volatiles).  

Supplement III: “Study of the 

effects of gaseous micro-

expansion on the efficiency of 

convective heat transfer during 

pyrolysis” 

Supplement IV: “Prospective side 

effects of the heat and mass transfers 

in micro-porous structure of char 

during intermediate and final stages of 

the high-temperature pyrolysis” 

Study of pyrolysis and gasification of biomass from the 

self-organization perspective 

Supplement V: “Mechanically assisted low-

temperature pyrolysis of hydrocarbons” 

Experiments on hydrocarbons’ interactions with the self-organizing 

fractal interfaces in the low melting point alloys provide support for the 

hypothesis formulated in Supplement IV. 
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2. Literature review 

Due to an extensively wide range of the self-organization related phenomena being 

studied in different scientific disciplines, it might be reasonable to consider a focused 

list of the references, which represent works closely related to an analysis of the 

particular areas of pyrolysis and gasification. However, there exist obstacles to do so, 

which mostly are linked to the scarce amount of available references related to self-

organization in relation to pyrolysis and gasification processes. The best illustration of 

this is the absence of any pyrolysis and gasification related examples in the basic book 

in the area [1]. 

To overcome these obstacles, the literature review represents a focused analysis of 

historical developments of self-organization related approaches. This includes 

examples from different areas of science and engineering, which bring out practically 

valuable approaches for control and operation of reactors used for pyrolysis and 

gasification of biomass. 

2.1. Basic self-organization related approach to pyrolysis  

The history of engineering includes pretty well known examples of undesirable self-

organization observations in work of such devices as the centrifugal governor, which 

was implemented by Watt in his first steam engine in 1788. The governor was 

analysed as a dynamical system by J.C. Maxwell in his classical paper [2]. This work 

is commonly accepted as a fundamental paper in the field of the feedback control 

theory.  
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A gradual rise of small disturbances in the feedback control actions of the governor 

may bring its whole dynamical system to have undesirable oscillations, or even 

chaotic behaviour. Thus a reasonable approach was to find ranges of control 

parameters or variables which could guarantee stable dynamics. 

Such an approach is also the first and most reasonable approach for such open 

systems as pyrolysis and gasification processes. Here the reconfigurable fixed bed 

reactor residing at the Division of Energy and Furnace Technology at MSE 

department of ITM school at KTH, is a perfect example of an open systems with 

dissipation, which are considered in the book [1].  Despite an advanced theoretical 

analysis of the systems with non-equilibrium phase transitions, the general approach 

of this book, which at first glance looks mostly appropriate for practice of 

engineering, is the same approach as was used for the centrifugal governor in [2]. This 

approach may be characterised by the same recommendation – namely to avoid such 

dynamical regimes of the reactor operation, which may bring transitions of some of its 

important parameters to an undesirable area.  

In case of the downdraft variant of the fixed bed reactor at MSE, such a transition of 

its most important parameters (pressure and temperature) near the grate downside in 

the reactor zone may bring an unexpected ignition in that area with consequent 

dangers of fire and melting of the grate. Practical experiments using this reactor have 

shown examples of such an undesired development. Due to this it looks reasonable to 

devote a special attention to identify such dangerous sets of parameter in the integral 

type of models, which, for example, were developed for simulations of this reactor by 

Yang et al. [3]. The same might be applied for the particle based models, such as the 

one which was developed by Wang et al. [4]. Valuable note for such models is in 

necessity to take into account fluctuating character of the feedback disturbances, 
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which may gradually accumulate. Despite their stochastic character these disturbances 

can at one moment work as a trigger, or as a critical parameter, which has overcome 

its safety threshold. There are different general scenarios of such undesirable 

dynamics, which are considered by Haken in [1]. Also Ball et al. [5] and Sullivan et 

al. [6] considered the feedback processes of cellulose thermal decomposition 

including practical considerations in relation to the fire related phenomena as in 

buildings, as found in the Australian landscapes. Their work [5] illustrates the 

applicability of the self-organization based approach on the example of preferred 

choice of charring construction materials, which are preferably chosen with an 

obvious goal to decrease the production of easy ignitable volatiles in the case of a pre-

fire pyrolysis of construction materials. Ball et al. [5] shows, that such a choice may 

bring results, which are in opposite to what was expected.  

There are two competing process during the cellulose thermal decomposition. These 

are the chemical processes, which compete for reactants. One needs reactants for 

production of volatiles and another needs them for charring. Also, the first process is 

endothermic and the second is exothermic. Ball et al. [5] describes their interaction in 

terms of evolution of a dynamic system, whose analysis yields conclusions about a 

higher danger of charring in comparison to the production of volatiles with respect to 

the undesirable ignition and fire during pyrolysis of construction materials. 

There are other competing processes, which may cause self-organization scenarios for 

pyrolysis of small and big wood particles, which are not emphasized by Ball. These 

processes include the processes of heat transfer into the particles and mass transfer of 

volatiles out of it. The latter process may decrease the heat transfer rate to the particle 

and thus decrease the energy received by the particle itself. Such a decrease may take 

place via an expansion of volatiles from particle’s micro-pores to its hot convection 
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boundary layer. The expansion and mixing in the layer may decrease its temperature 

and overall efficiency of the convective heat transfer to the particle. Such a feedback 

creates a loop, which may bring oscillations to the whole process. This aspect has 

been noted and considered in detail in the Supplement II and Supplement III. Its 

generalization including some new notes and conclusions is presented in this thesis 

and in Supplement IV. 

Regarding the self-organization related approaches existent in the gasification related 

literature, the available practical route to apply ones is described in the next sub-

section.  

2.2. Basic self-organization related approach to gasification 

Generally saying, the overall approach to avoid the undesired outputs in the systems 

with the self-organization originating from two or more competing processes, leads to 

the same description with respect to the analysis of such systems. The route of their 

overall evolution is described as having a somewhat definite and smooth form, which 

doesn’t include or contain any oscillations or chaotic dynamics.  

The above mentioned approach has been applied to analysis of kinetics of the 

gasification systems possessing with nonlinear dynamics of its internal processes 

during their development. Historically the first such systems were considered in the 

development of the random pore [7,8] (RPM) and grain models [9,10] (GM). These 

systems are the porous metallurgic pellets, which react with the gasification agents 

and simultaneously change their internal structure. Thus, they dynamically create a 

feedback for reactions, whose kinetics acquires the form being described in the 

models. 
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Despite the fact, that a presence of a feedback in these systems may create pretty 

complicated dynamics, both models (please, see the Models section) have relatively 

simple and useful expressions to predict the final form of pellets’ gasification kinetics.  

Fermoso et al. [11] investigates the applicability of these models to steam gasification 

of biomass chars with different origins. An additional model, which is considered in 

[11], is the volumetric model (VM), which assumes a uniformly good access of 

gasification agents for all the char particles. 

There is one particularity in the experimental analysis represented in [11]. It describes 

an additional type of feedback for the reaction processes inside the particles. This type 

is not linked with the dynamical change of the internal geometry of pores and their 

reacting surfaces. It is linked with the presence of alkali metals and other particles 

present in char, which may catalyse its reaction with the gasification agents. There are 

several competing processes, which influence the catalytic activities of these particles. 

For example, the process of their agglomeration decreases their activity. This process 

takes place simultaneously with an increase of the catalytic activity of these particles, 

due to an increase of their relative fraction of the total volume of the char being 

decreased with the progress of its gasification. These competing processes are taken 

to account in the 3D lattice based simulation model described by Yamashita et al. [12]  

Another process, which influences catalytic activity of these particles, is a process of 

their volatilization and intra-particle deactivation during some stages of char 

gasification. This is experimentally researched and discussed with respect to 

gasification of coal char by Bayarsaikhan et al [13]. 
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A variety of different factors influencing the char reactivity is reported with respect to 

research on the evolution of a char structure during the steam gasification of bio-chars 

under chemical reaction controlled conditions by Wu et al. [14]. 

The common characteristic of the approaches in these papers for various types of the 

self-organized feedback that appear during the process is the absence of the self-

organization related concepts and methods, which are described in [1]. Also the 

inadequacy of the final expressions of such models as the GM and RPM models to the 

case with the feedback due to catalysis is shown by Fermoso et al. [11]. Specifically, 

for the case of the char with a high concentration of catalytic particles. Overall, its 

gasification kinetics cannot be adequately approximated by any of the three models.  

The applicability of these models for the steam gasification of chars of pulverised and 

original wood pellets that are produced in Sweden are analysed in Supplement I of 

this thesis. The applicability of the latest advanced approaches from the physics of 

self-organization on phenomena related to pyrolysis and gasification of biomass is 

described in the next sub-section. 

2.3. Advanced approaches of the self-organization physics applied to 

pyrolysis and gasification of biomass 

2.3.1. Resonance based approach 

Despite the fact that dynamical systems with feedback and instabilities were 

mathematically described and researched in classical works as J.C. Maxwell’s paper 

[2], an essential progress in the understanding and control of the self-organized 

dynamics of such systems was achieved along with development of electronics and 

computers. This progress can provide us with possibilities for direct simulations and 

control of complicated multi-variable dynamical systems. 



 

10 
 

An application of such a control approach is described by Pyragas [15] using the well-

known Rössler system [16]. Pyragas offered two approaches for control of unstable 

periodic orbits of the Rössler attractor, which is described by the system of three 

nonlinear ordinary differential equations. Both approaches seems to be well 

applicable for experiments on combustion of wood powder [17,18] and for our own 

experiments with pyrolysis of small baskets with straw pellets and pyrolysis of thin 

slices of transversally cut wood (Supplement II, III and IV).  

The first approach might be formulated as an application of an external periodic 

perturbation on such a variable in the system, which allows for an external 

interference in the form of periodic perturbations near the unstable or resonant point 

of the system [15].  

In the case of experiments with a swirl stabilized combustion of wood powder 

[17,18,19], such perturbations come in the form of sound waves with certain 

frequencies (app. 17 Hz). The sound is applied from the top of the burner and its 

application shows a drastic impact on the flame only at a narrow resonant frequency 

band. The low power sound stabilizes swirl flame and simultaneously intensifies it so, 

that its temperature, heat and NOx productions substantially increase [17].  

Authors of works [17,18,19] do not use such approaches as Pyragas proposes in his 

paper. The most applicable approach to control instabilities in flames is the approach 

formulated by Rayleigh in his pioneering work about the “singing” hydrogen flame 

[20]. Rayleigh has formulated criterion for a wide range of thermo-acoustic 

interactions, which are considered in two advanced CFD models applied to the 

devolatilization of coal particles (app. 2 mm diameter) in high intensity acoustic fields 

[21]. The application of these models in oscillating flows shows that the particle 

heating rate and drying are much faster in comparison to non-oscillating flows. 
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However, the Rayleigh criterion states that an increase of the amplitude of pressure 

oscillations in the flame may rise to some limited value, if the external heating rate 

will be provided in a phase with an initial pressure perturbation. 

This approach is a rather simplified resonance-based approach in comparison to the 

first and second approaches to control the dynamic chaos, which were proposed by 

Pyragas in [15]. Nevertheless, the first approach of paper [15] is pretty close to the 

resonance-based approach being applied in works [17,18,19] and formulated by 

Rayleigh. A substantial difference between the approaches is the possibility to switch 

between different unstable periodic orbits of the system by using external periodic 

perturbations with decreasing amplitudes. 

The second Pyragas’ approach describes even more interesting possibilities to repeat 

chaotic dynamics of the system using a delayed feedback in the form of a difference 

between the current condition of the controlling variable and its condition recorded in 

memory for some time ago. The system adapts itself to its recorded evolution pretty 

fast. Thus minimizing to zero the self-controlling feedback. With such an iterative and 

interactive procedure one may achieve a nearly exact repetition of rather complicated 

dynamics. 

The author of this work couldn’t find examples of practical applications of this 

approach in control of turbulent flames or in control of other complicated dynamical 

systems dealing with pyrolysis and gasification in the literature.  

However, a very close approach exists in another branch of the theoretical physics, 

which has a direct application to the proposed alternative explanation (Hypothesis 

section) of stability of volatiles’ temperatures being measured during the experiments 

with pyrolysis of tiny slices of wood (Supplement III). The same hypothetic 
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explanation applies to the phenomenon of the decrease of activation energies for 

reactions of thermal decomposition in the ligno-cellulosic materials with gradients 

[22,23].  

The approach to use both phenomena is described in the next sub-section. 

2.3.2. Interactive iteration based approach 

The most basic background for the approach to be described is the general picture of 

the self-organization, which arises on interfaces between two different agents which 

compete in the open system. This allows localised influences on the competition from 

many distant sources of external perturbations. Examples of such systems might be 

found in such mass transfer processes, as expunging of a viscous liquid by a less 

viscous liquid. Such processes routinely take place in micro-pores of wood during the 

active stages of its pyrolysis. The interfaces between the different phases of evolving 

volatiles have to acquire a dynamically changing fractal form. Examples of such 

phenomena are extensively analysed in the classical book about fractals written by 

Feder [24]. 

If one will apply the note about critical interactions between two competing agents 

regarding growth of a tree, one may obviously assume that its growth competes with 

the gravity. Furthermore, it is possible to assume that such a competition creates well 

known fractal characteristics of the internal surfaces of pores in wood and chars. Also, 

for such self-similar polymers as cellulose and lignin, whose fractal dimensions were 

calculated on the basis of measurements in vivo and in vitro, and analysed in many 

papers [25,26,27,28,29]. 

A conscious consideration of these properties of lingo-cellulosic materials with 

respect to a better pyrolysis and gasification requires an application of a basic fractal 
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theory of a Scale Relativity [30], which was developed by Laurent Nottalé. This 

theory considers space-time as a fractal. Because of this, it has applications ranging 

from astrophysical to microscopic and even quantum scales. Part of the applications 

are described in the literature [30,31]. The theory might be directly applicable in the 

frame of this thesis with respect to the explanation of the experimental results 

reported in Supplement III and Supplement V. Its application recalls the works of 

Ball et al. [5] and Sullivan et al. [6], which were referenced in the beginning of this 

review with regard to results of the internal competition and self-organization in the 

materials undergoing pyrolysis. The notion about the self-organizing internal 

oscillations, which might be a reason for the stability of the temperature of evolving 

volatiles measured in Supplement III, is directly applicable to the frame of analysis 

conducted by Nottalle and Lehner in [31]. The hydrodynamic experiment being 

simulated in [31] has its algorithm closely resembling the algorithm proposed by 

Pyragas in [15]. The experiment [31] is aimed to bring an oscillator to such form of its 

dynamics in the interactively controlled field of a dynamically changing gradient, that 

this dynamics conforms to the dynamics predicted by the theory [30]. In connection to 

the natural conditions inside the samples being experimentally researched in this 

work, the approaches and conclusions of the papers [5,6,15,30,31] provide a great part 

of the explanations of the obtained experimental behaviour, and provide background 

for the prospective experimental directions written in the Future work section.  

  



 

14 
 

3. Objective of this work 

The objective of this work is to study the processes of pyrolysis and gasification of 

biomass from the self-organization perspective. The self-organization related concepts 

and approaches are applied to unite the analysis and discussion of the data from the 

experiments represented in the several supplements of the thesis by this common 

theme. 

The main research question is about the perspective to apply the self-organization 

related concepts and approaches to explain the:  

1. unexpectedly stable temperature of volatiles evolving from wood slices during 

active pyrolysis in the atmosphere of high temperature steam (experiments 

represented in the Supplement III); 

2. lowering of apparent activation energy for pyrolysis reactions caused by the 

gradients appearing in relatively big biomass particles (analysis of data in 

literature and from own experiments in the Supplement IV); 

3. unexpectedly low temperature of pyrolysis of gaseous hydrocarbons being 

subjected to convective heat transfer from the dynamically changing fractal 

interfaces of two eutectic alloys (experiments represented in the Supplement 

V).  

Other possible applications of the self-organization related concepts, approaches and 

methods in respect to prospective improvements of pyrolysis and gasification based 

technologies in industry are to be described and discussed.  
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4. Methodology 

The general methodological approach, which is applicable for any experimental 

research, assumes the performance of thorough and accurate measurements. 

Moreover, main goal of these measurements is a gathering of data to be useful in the 

frame of the scientific analysis related to some theoretical models (if the experiments 

are conducted from a purely scientific perspective). In addition, in the frame of 

engineering needs (if the experiments are conducted during exploitation of some 

reactor to achieve its better performance and output). 

The title of the thesis and its objectives assume an applicability of the obtained 

experimental data for exploitation of the high temperature pyrolysis and gasification 

reactors. Furthermore, for basic scientific analyses involving concepts of the self-

organization physics to improve the reactors exploitation and to find out some new 

applications of these concepts. 

The research is based on the established methodology to analyse kinetic experimental 

data using the models, which were developed for analysis of gasification of raw 

metallic ores and enriched pellets. The application of Arrhenius law for this analysis 

is common. However, the models (RPM, GM, VM) do not explicitly use the 

approaches developed in the self-organization physics field. Yet it’s possible to 

interpret the final expressions, which were derived in these models, using a more 

general approach. This approach finds its support in parts of the experiments, which 

were conducted during this research. The application of this approach allows for an 

explanation of parts of the obtained experimental data, which otherwise are difficult 

or even impossible to interpret in the frame of more special models.   
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Due to this, the general methodology of this work includes a common methodology of 

a thermo-gravimetric research of the high-temperature pyrolysis and gasification, 

which is based on application of the established kinetic models being complemented 

for analysis of the data by the application of a general approach from the self-

organization physics field. 

4.1. Experimental facilities, materials and methods 

Two main experimental setups were applied to conduct the TGA experiments used   

for both the pyrolysis of several biomass types and for gasification of char in an 

atmosphere of a high temperature steam.  

The design of a small-scale gasification facility at MSE/ITM, KTH was modified to 

enable better experiments with pyrolysis of special samples (slices of transversally cut 

wood). A schematic of the facility and its modifications are presented in Figure 2, 

Figure 3 and Figure 4. 

The facility is applied in two steps. At first, the ceramic honeycombs are heated up to 

the planned temperature by combustion of methane or another gas.  The second step 

starts after the burner has been switched off and the gasification experiments begin. 

They are conducted with samples, which are put into a reactor chamber after having 

been dried in the hatch during a short time. The hatch has a regulated input for 

nitrogen, which is used both in the beginning and in the end of the experiments to 

flush the rests of the flue gases in the reactor chamber as well as air from the basket 

with samples. Moreover, to cool them after the end of an exposition in the reactor 

chamber and lifting back to the hatch. The samples in the chamber are exposed to the 

flow of a gasification agent, which is being heated while passing through hot 
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honeycombs. The samples also are exposed to the radiation from the honeycombs, 

ceramic insulation of reactor chamber, and from other hot elements in the facility.  

4.1.1. Small-scale gasification facility at MSE/ITM, KTH 

 

Figure 2. Schematics of the mini test facility at the Energy and Furnace Division of 

MSE/ITM, KTH: 1 – air, methane, oxygen, nitrogen, steam inputs; 2 – combustion 

chamber; 3 – honeycombs; 4 – thermal insulation; 5 – cooling chamber with nitrogen 

input; 6 – tiny wire; 7 – digital balance; 8 – data-acquisition block; 9 – hatch; 10 – 

exhaust; 11 – gas-analysis block; 12 – glass window; 13 – basket; 14 – thermocouple 

The sample holder depicted in the schematics may be used for experiments of two 

different designs. The first design is applied to measurements using relatively heavy 

metallic baskets filled with the sample materials. It has the possibility to measure the 

temperature inside the basket using an S-type thermocouple. Both the thermocouple 

and the basket are hung on a wire attached to digital scales. 

Because this construction is relatively heavy, the accuracy of the mass-loss 

measurements is insufficient to conduct the mass-loss measurements during a char 

gasification. The accuracy is also reduced due to the wiring to the thermocouple used 

for the temperature measurement inside the basket. 



 

18 
 

To improve the accuracy of the measurements, a second sample-holder design was 

developed. Its use with the light samples being hung on tiny wires and surrounded by 

K-type thermocouples is depicted in Figure 3 and Figure 4. 

 

Figure 3. Modified experimental setup 1: 1 – air, methane, oxygen, nitrogen, steam 

inputs; 2 – combustion chamber; 3 – honeycombs; 4 – thermal insulation; 5 – cooling 

chamber with nitrogen input; 6 – tiny wire; 7 – digital balance; 8 – data-acquisition 

block; 9 – hatch; 10 – exhaust; 11 – gas-analysis block; 12 – glass window; 13 – 

sample; 14 – thermocouples 
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Figure 4. Modified experimental setup 2: 1 – thermocouples; 2 – hatch; 3 – digital 

balances; 4 – data-acquisition block; 5 – tiny wire to suspend the sample; 6 – ceramic 

block; 7 – wooden stick slice as a sample 

The four K-type thermocouples that are able to bend are ideal for measuring 

temperatures during a sample cooling and during an active gasification in the reaction 

chamber. Also, it is possible to limit the influence of hydrodynamic instabilities on 

the accuracy of the mass-loss measurements by bending the thermocouples to hold the 

samples in a flow setup. The other advantage of the use of these thermocouples is the 

possibility of installing protective shields between the thermocouples to create the 

desired conditions of an irradiation and a flow of gasification agents around the 

samples. 

4.1.1.1. Pyrolysis of straw pellets 

The experiments with straw pellets were conducted using an experimental setup with 

relatively large wire mesh baskets in form of slabs with dimensions of 30x50x80 mm. 

The basket was filled by randomly packed straw pellets of random lengths (from 8 to 
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30 mm) and 8-mm diameters. An S-type thermocouple was inserted into middle of the 

packing to monitor its internal temperature. 

The experiments were conducted with the following main goals: 

a) To estimate the dependence of syngas-production rates on the steam/fuel ratios 

during pyrolysis and the beginning of char gasification. A comparison of syngas 

production rates and composition was made with reference to experiments on 

pyrolysis in an argon atmosphere. 

b) To estimate tar production by measurements of the syngas C2H6/(C2H4+C2H2) 

ratio using gas chromatograph (GC), as described by C.Brage in [32]. 

c) To estimate the apparent pyrolysis kinetic rate for a single straw pellet using 

the approach of applying the three models described in the Literature Review to the 

mass-loss data of the whole basket. 

A detailed analysis of obtained results is presented in Supplement II. Also a 

summary of the results is presented in the Results and Discussion section. 

4.1.1.2. Pyrolysis of tiny wood disks and single pellets 

The thermo-gravimetric experiments with tiny samples of sliced wood (disks of wood 

transversally cut to its grains) were conducted using the experimental setups depicted 

in Figure 3 and Figure 4. The slices were 5 cm in diameter and 5 mm thick. Their 

mass varied from 5 to 7 grams. A contraction of the slices resulted in a shortening of 

up to a value of 20 % of the initial diameter. Also the slices were deformed differently 

during the pyrolysis due to the difference in the flow conditions around them. One 

may see this difference in the Figure 5 and the Figure 6. 
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Figure 5. Wood slices after pyrolysis in the setup depicted in the Figure 3 

 

Figure 6. Wood slices after pyrolysis in the setup depicted in the Figure 4 

The experiments with the slices were accomplished by the experiments with single 

wood pellets being hanged in two thermocouples (one inside the pellet and one 

outside it). Mass loss measurements in the small-scale gasification facility couldn’t be 

conducted during the pyrolysis of a single pellet. Therefore, only internal and external 

temperatures were measured during the process. The pellet and thermocouples were 

installed as it is depicted in Figure 7 to provide the external thermocouple with a 

screening from a direct exposition to the radiation from honeycombs.  
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Figure 7. The experimental setup with a single pellet (1 – a wood pellet, 2 – ceramic 

insulation of thermocouples, 3 – internal and external thermocouples) 

4.1.2. Small-scale gasification facility at UMD 

The experimental setup of the small-scale gasification facility at the University of 

Maryland is presented in Figure 8. Its main characteristic is the loose spacing of 

samples placed into a basket that is easily permeable to the gasification agent. This 

basket is in turn placed inside a stainless-steel tube with a 50-mm diameter. The 

gasification agent is uniformly heated inside two tubes placed in two electrical 

furnaces. The researched material lies on a lower section of the basket in the second 

horizontal tube. With this sample placement, the main transport of the gasification 

agent goes not through the material, but along the top of its thin layer. Under these 

conditions, the gasification process is controlled mainly by its chemical kinetics and 

temperature. The first its phase starts with a pyrolysis of biomass of the samples. 

Then, if the gasification agent reacts with the resting char, the process proceeds with 

the char gasification. There are several competing internal processes in the char, 

which may be considered in the frame of the self-organisation based approach. 
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The gases used were nitrogen and steam with molar fractions of 0.59 and 0.41, 

respectively. In addition, a pressure slightly exceeding atmospheric pressure was 

used. These gases, together with the product gases, flow via the basket with samples 

to a separate outlet instantiated before the open-ventilated exhaust. The outlet 

provides the gases for analysis. The steam is condensed, the tars are filtered, and the 

product gases are pumped into a gas collection system consisting of intermediate 

volumes used for more frequent sampling of gases further processed by GC. The 

timed summation of the GC-measured mole fractions of methane, carbon oxide and 

dioxide produced after the completion of the active pyrolysis (4 min) gives the timed 

conversion extent of carbon in char and residues of volatiles in its structure in the 

reaction with steam. These data allow the applications of the random-pore, grain and 

volumetric models to obtain the best apparent kinetic parameters of the gasification of 

the studied materials. 

 

Figure 8. Experimental setup used for gasification experiments (1-electronically 

regulated gas supply; 2-hydrogen combustor; 3-first electric furnace; 4-second electric 

furnace; 5-basket with biomass; 6-mechanical joint; 7-gas exhaust; 8-filter, condenser, 

pump; 9-input valves; 10-intermediate volumes for gases; 11-output valves; 12-

Agilent Micro GC) 

4.1.2.1. Gasification of wood pellets 
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Experiments at the small-scale gasification facility in the Combustion Laboratory of 

the Department of Mechanical Engineering of the University of Maryland were 

conducted with pulverised and original wood pellets. The whole mass of the pellets in 

the reactor chamber was 35 grams. 

The particle sizes of the pulverised pellets were 0.1 to 1.0 mm. The diameter of the 

original pellets was 8 mm, and the average length was 20 mm. The proximate, 

ultimate and ash analysis of the pellets are presented in Supplement I.  

Due to the fact that the mass-loss measurements in the applied experimental setup 

were conducted with the help of Micro GC having injection period of 3 minutes, the 

obtained data are only applicable for analysis of the char-gasification stage. The 

applicability of three different models to approximate the char- gasification kinetics is 

discussed in the Results and Discussion. Also, a comparison of the gas production 

during this stage with respect to the gasification efficiency of pulverised and original 

pellets is presented in Supplement I. 

4.1.3. Experimental setups for mechanically assisted low-temperature 

pyrolysis of gaseous hydrocarbons 

The form of dynamic processes taking place internally in the pores of big wood 

particles during transport of volatiles in active phase of their pyrolysis possesses one 

common characteristics with the processes of a convective heat transfer and friction of 

the cooling gas moving in proximity to the surface of such molten alloys, as 

researched by Castro and Mudry et. al. [33] and [34], respectively. This common 

characteristics is a motion along the fractal surfaces, which are the internal surfaces of 

pores in char in the case of high-temperature pyrolysis of wood. Furthermore, the 
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surfaces of the under-cooled alloy, which may also acquire a fractal form not only by 

under-cooling, but by mechanical fracturing. 

According to the hypothesis to be described later, pyrolysis reactions in the case of 

wood pyrolysis and in the case of pyrolysis of mixture of gaseous hydrocarbons taken 

as a cooling gas will occur at lower temperatures and lower activation energies 

because of their self-organizing interactions with the fractal surfaces. 

To make such possibilities provable in the simpler case of interactions between the 

propane/butane mixture as a cooling gas and the fractal surfaces of mechanically 

fractured (or dynamically solidified) alloy having low-temperature melting point (138 

oC), the following three experimental setups were made. 

 

Figure 9. The U-tube based experimental setup: 1 - volume containing propane/butane 

mixture; 2 – valve to regulate flow of gas; 3,4,5 - thermocouples; 6 - heating wire; 7 - 

U-shape  test glass with Sn:Bi alloy; 8 - volume with water; 9 - output tube 
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Figure 10. A looped experimental setup № 1: 1 - Sn:Bi alloy; 2 - glass bulb; 3 - 

cooler; 4 - filter; 5 - intermediate flexible volume; 6 - membrane pump; 7 - 

thermometer with K-type thermocouple attached; 8 - magnet in a plastic cover; 9 - 

thermo-stabilized heater with magnetic mixer 
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Figure 11. A looped experimental setup № 2: 1 - Sn:Bi alloy sticks; 2 - glass bulb; 3 - 

cooler; 4 - filter; 5 - intermediate flexible volume; 6 - membrane pump; 7 - 

thermometer with K-type thermocouple attached; 8 - thermo-stabilized heater 

Under-cooling of the alloy using the U-tube based setup in Figure 9 takes places 

during the motion of gas bubbles through the top part of the molten alloy in the 

curved glass tube. Heating of the alloy in the tube is provided by an appropriate 

current in the heating wire (6). 

The looped experimental setups include the cooler (3), filter (4) and a membrane 

pump (6) to make the circulation of the propane/butane gaseous mixture via the glass 

bulb (2). The gas temperature in the bulb is controlled by the thermocouple (7). The 

thermo-stabilized heater is located beneath the bulb. Its temperature is also controlled 

by a thermocouple and a digital thermometer.  

The dynamic conditions of interaction between the hydrocarbons and fractal surfaces 

using these two setups are created mainly by a periodic pulsating blowing of the gas 
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due to the work of periodically switched on and off membrane pump. Additional 

mechanical excitation of the alloy in the first setup is provided by a rotation of the 

magnet. It was applied only at a starting stage, when the chopped sticks of the Sn:Bi 

eutectic alloy were mixed by rotation of the magnet before their melting. The alloy 

was purchased in the form of a wire with a diameter of 2.5 mm. Its mass was 

approximately 15 g. The mixing and simultaneous heating of the chopped alloy sticks 

gave an unexpected effect with respect to the gas condition, since it began to circulate 

in the loop. The gas was partially decomposed. The decomposition revealed itself as 

an appearance of carbon particles on the surface of a magnet. Furthermore, as an 

appearance of tiny black bars, which were moving together with the chopped alloy 

sticks by the rotation caused by the magnet. 

A notion of these two facts changed the methodology of the experiments with the 

sticks. This change caused a modification of the setup due to the assumption of an 

active role of the fractal surfaces of the ends of the chopped alloy sticks. The 

experiment using the looped setup №1 was continued with an alloy in a molten 

condition. The subsequent experiment using the looped setup №2 was conducted 

without a melting of the chopped alloy sticks. The maximum temperature of the 

heater beneath the bulb in the looped setup №1 was 250 oC, while it was 150 oC in 

setup №2. The temperatures of the gas in the bulb were also different: 85-90 oC in 

setup №1 and 70 oC in setup №2. Also, a magnet was not used for a mechanical 

mixing in setup №2. Its use in the setup №1 was also stopped after the melting of the 

sticks, due to an unexpectedly efficient under-cooling of the alloy by a pulsating 

blowing of the gas after its passage via the cooler (3 m of a 10 mm diameter copper 

tube submerged in a cold water). Because of this, the melting of the alloy in the bulb 

and its subsequent undercooling was made in periods by switching the membrane 
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pump on and off in correspondence to the temperature of the gas in a bulb rising to 90 

oC and falling to a temperature of 85 oC. 

The tiny black bars were obtained in result of experiment using a looped setup №2. 

Their elemental composition was analyzed with the help of an electron microscope 

equipped with energy dispersive spectroscopy (EDS). The gaseous composition was 

measured by using an Agilent 490 Micro GC instrument during the experiments using 

the U-tube based setup and the looped setup №1. 

More detailed information about these experiments and their history is presented in 

the Supplement V. 
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5. Models 

Due to the fact that the experimental research of this thesis was focused on both 

pyrolysis and gasification, two different types of models have been applied. The first 

type was applied for the high-temperature steam gasification of char and the second 

for simulation of pyrolysis of thin round slices of wood. 

Two hypotheses were formulated regarding the applications of these models. The first 

hypothesis propose an applicability of the first type models (RPM, GM) to the self-

organization phenomena in pyrolysis of porous structures of pellets in the fixed bed 

reactors. The second hypothesis proposes an alternative explanation of a stability of 

the temperature of volatiles evolving during a pyrolysis of the wood slices. With help 

of this hypothesis the bias of the pyrolysis kinetics due to a gradient is discussed on 

the example of such kinetic measurements and simulations as conducted by Liliedahl 

and Sjöström in [35] in the frame of pyrolysis models developed by Pyle and Zaror in 

[36].  

The Bellais work [23] and temperature modulated TGA measurements by Kubo and 

Kadla in [22] of thermal decomposition kinetics of isolated lignin particles also 

support this hypothesis. This hypothesis becomes a proposals’ base in the Future 

work section. 

5.1. Hypotheses 

5.1.1. Applicability of the high-temperature pyrolysis of the random 

pellet packing to the random pore and grain models 

From a hypothetical point of view, the rapid pyrolysis rate of relatively large particles 

(comprised of random pellet packing) observed at high temperatures and high flow 

agent rates might be applicable to the random-pore and grain models. This application 
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might be possible due to a direct analogy between the processes of the transfer of 

gasification agents into porous solid particles and the processes of heat transfer into 

pellet bundles with random packing. In both pyrolysis and gasification, the heat and 

the gaseous agent play the roles of active agents initiating chemical reactions. These 

change the parameters of porosity and correspondent resistances for transfer of the 

agents. 

For the random-pore model, one may vary the structural parameter at different 

temperatures, and parameters of the frequency factor and apparent activation energy. 

The optimisation procedure for the grain model must consider the variation of the 

form factor along with the variation of the frequency factor and apparent activation 

energy. 

The volumetric model may be applied for the estimation of the apparent kinetic 

parameters for a single pellet in a bundle with the assumption that resistance for heat 

transfer to each pellet in such a bundle is negligible. The results of its application 

should be compared with the presumably more exact results from the random-pore 

and grain models, which take to account the resistance to heat transfer in randomly 

packed pellet bed. 

5.1.2. Effects of the self-organization in a gradient field  

The interactive iteration based approach to control the self-organization, which was 

proposed by Pyragas in [15], is almost the same as the “retro-active force loop” 

experimental approach, proposed by Nottale and Lehner in [31]. Their approach is 

based on necessity to achieve such form of dynamics of an oscillating liquid, which 

will show action of a macro-quantum like force on it. This form of dynamics of liquid 

has to appear due to the appearance of a generalized quantum potential, which in turn 
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is created due to an action of such a physical potential (which drive corresponding 

transfer process) as temperature, pressure, or gravity. For example, with reference to 

the heat transfer considered in [37] as a diffusion of temperature. The diffusion 

driving potential is expressed as follows: 

∅𝑑𝑖𝑓𝑓 = 2𝐷2∇ [
∆√𝑃

√𝑃
] 

(1) 

Here, the constant D is the heat conductivity, P is a temperature. The corresponding 

generalized quantum potential is written as follows: 

𝑄

𝑚
= −2𝐷2∇ [

∆√𝑃

√𝑃
] 

(2)  

Where the constant 𝐷 is equal to 
ℏ

2𝑚
 for the quantum scale. It may have other values 

for the other scales. The ℏ is the Plank constant and m is a mass of the system. Q is 

the quantum-like force of the generalized quantum potential. 

The proposal for physical experiment in [31] includes an example of one-dimensional 

system with the harmonic oscillations represented by the standard equation x = a cos 

(wt). The oscillations should be iteratively governed by the retroactive force loop to 

approach the form of macro quantum wave packet with its energy written as: 

𝐸𝑐 = 𝐷𝑤 +
1

2
𝑎2𝑤2 

(3) 

Where w is frequency, and a is amplitude of the oscillations. 

Here Dw represents an additional energy in comparison with a standard energy of an 

oscillator, which is not placed into the field of dynamically changing potential.  If one 



 

33 
 

will consider the micro-volumes in the wood pores during the process of their thermal 

decomposition as being the oscillators, which are placed in such a field, one may 

discuss lowering of activation energies for pyrolysis reactions of such macro-

polymers as cellulose, hemicellulose, and lignin, from which these micro-volumes are 

comprised. This lowering of the activation energy has to take place while energy is 

added to the oscillators, whose dynamics has to be considered on several spatial scales 

of wood as a fractal. A necessary condition for such an energy transfer is a harmonic, 

or highly dynamic character of the potentials driving the dynamic transfer processes 

in the pores. In opposite to that, if one considers a steady heat transfer process, for 

example, the Laplacian in the expression (2) will be zero. In such a case the 

oscillators won’t receive any additional energy. That is why such highly dynamic self-

organizing oscillations, as described by author of this thesis in Supplement III, and 

by Ball et al. [5], are needed for an additional energy (which will lower the activation 

energies for the reactions of thermal decomposition) to be transferred to the 

oscillators.  

There is one additional moment to be noted regarding the experimental environment 

proposed for the retro-active force loop experiment in [31]. Despite the type of 

different liquids (water or plasma), which might be chosen for the experiment, its 

container is not considered by Nottale as a part of the naturally created fractal. This is 

actually, by opinion of the author of this thesis, the reason to apply a continuous 

tuning of the external retro-active force applied to the liquid in such a container. It 

looks reasonable to assume that oscillations in the geometry of the naturally created 

fractal pores will resemble the form of oscillations as described by the theory [31] for 

macro-quantum wave packets. Accordingly to the simulations in [31], once the 

oscillations approach the form governed by the predicted quantum-like force, the 
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macro quantum wave packet becomes more stable with regards to the simulated 

external perturbations. 

That may provide an explanation for the stability of volatiles’ temperature, which was 

measured while evolving of volatiles in the direction along natural transport of liquids 

in the tree in our experiments described in Supplement III. Such a hypothetic 

explanation is formulated and discussed in Supplement IV with the notes about 

implications of this self-organization on the lower scales of collective oscillations 

along the strains of such macromolecules as cellulose. This objectivity may provide a 

lower activation energy for the reactions of thermal decomposition of lingo-cellulosic 

materials subjected to the non-equilibrium gradient conditions. 

To provide an additional support for the hypothesis, the experiments of Supplement 

V were conducted.  

5.2. Models applied 

5.2.1. Models for gasification 

The random-pore, grain and volumetric models were applied using the final 

expressions of these models comprising differential equations and their linearized 

solutions as follows. The random-pore model reads: 

𝑑𝑋

𝑑𝑡
= 𝑘𝑅𝑃𝑀(1 − 𝑋)√[1 − 𝜓𝑙𝑛(1 − 𝑋)] 

(4) 

Its linearized solution is: 

(2
𝜓⁄ ) [√[1 − 𝜓𝑙𝑛(1 − 𝑋)] − 1] = 𝑘𝑅𝑃𝑀 𝑡 

(5) 
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𝜓 =
4𝜋𝐿0(1 − 𝜺0)

𝑆0
2  

(6) 

Here, X is the degree of conversion, and 𝜓 is the parameter of the random-pore model 

related to pore surface S0, length L0 and the solid porosity ε0 of the unreacted 

particles; kRPM is the kinetic rate constant of the reaction presented by the Arrhenius 

equation (7). 

𝑘𝑅𝑃𝑀 = 𝑘0𝑒
−𝐸𝑎

𝑅𝑇⁄  

(7) 

The grain model for a spherical particle reads: 

𝑑𝑋

𝑑𝑡
= 𝑘𝐺𝑀(1 − 𝑋)

2
3⁄  

 (8) 

Its linearized solution is: 

3 [1 − (1 − 𝑋)
1

3⁄ ] = 𝑘𝐺𝑀𝑡 

(9) 

The volumetric model reads: 

𝑑𝑋

𝑑𝑡
= 𝑘𝑉𝑀(1 − 𝑋) 

(10) 

Its linearized solution is: 

−𝑙𝑛 (1 − 𝑋) = 𝑘𝑉𝑀𝑡 

(11) 
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These models have been implemented in software using the free software package 

Scilab. 

5.2.2. Model for pyrolysis  

Pyrolysis of thin wood slices was simulated by the kinetic model of type-II described 

by Pyle and Zaror in [36] and by Liliedahl and Sjöström in [35]. 

It is represented by the system of ordinary differential equations, whose parameters 

may be changed dynamically because of the self-organized feedback arising during 

the process. 

Cpρ
dT

dt
=

n

r
{hc(Tg-T) +δε(T𝑒

4-T4)-q
dρ

dt
} 

(12) 

-
dρ

dt
=Aexp (-

E

RT
) (ρ(t)-ρchar) 

(13) 

To account for the self-organizing effect of mixing with the expanding volatiles, the 

initial convective heat-transfer coefficient ℎ𝑐 should be decreased in correspondence 

with the part of the surface that is free from the micro- and mesopores outlets from 

which the volatiles evolve. The approximate estimation of this part corresponds to the 

micro- and meso-porosity measured by Link et al. [38] for pine wood pellets. The part 

is equalled to 80% of the original surface of the wooden stick slices.  

Here, 𝐶𝑝 is the specific heat capacity of wood, 𝜌 is its bulk density, n is the form 

factor (1 for a slab, 2 for a cylinder), r is the characteristic size of the particle (radius 

of the pellets’ cylinder or the half-thickness of a slice), 𝑇 is the temperature of the 

reaction in the solid, 𝑇𝑔 is the temperature of steam, 𝑇𝑒 is the integral radiation 
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temperature of the honeycombs and thermal insulation, 𝛿 is the Stephan–Boltzmann 

constant, 휀 is the integral emissivity of the honeycombs and thermal insulation,  𝑞 is 

the apparent enthalpy of the pyrolysis reaction, 𝐸 is the apparent activation energy of 

the first-order reaction of pyrolysis, 𝑅 is the universal gas constant, and 𝐴 is the 

frequency factor of the Arrhenius equation.  

The resistance to the heat conduction in the solid and the associated drop in 

temperature is neglected due to the small thickness of the samples (2.5 mm for the 

heat transfer), and due to their relatively big and rough surface providing with 

supposedly efficient convective heat transfer and heat conduction along the wood 

grains.  

 

5.2.3. Error analysis 

All of the approximations of the mass-loss measurements obtained during the 

experiments at micro-scale test facility at MSE and at the facility in UMD were 

checked against the raw data by linear correlation coefficient (14) and visually 

studying the graphs. 

𝑅2 =
∑ (𝑋𝑚𝑖 − 𝑋𝑚𝑖

̅̅ ̅̅ ̅)2
𝑖 − ∑ (𝑋𝑝𝑖 − 𝑋𝑚𝑖)

2
𝑖

∑ (𝑋𝑚𝑖 − 𝑋𝑚𝑖
̅̅ ̅̅ ̅)2

𝑖

 

(14) 

Here, 𝑿𝒎𝒊 designates the measured extent of conversion at time i, and 𝑿𝒑𝒊 designates 

the extent of conversion projected by the applied model at the same time. 
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6. Results, summary and discussion 

6.1. High temperature steam gasification of original and pulverised wood 

pellets 

Due to the absence of direct mass-loss measurements in the experiments at UMD with 

wood pellets and due to the rare sampling of the molar flow rates by GC, a main 

analysis has been made regarding a carbon mass loss during the char gasification. The 

production of gases and mass-flow rates is noticeably dependent on the pellet form. 

The layer of pulverised pellets was gasified more rapidly than the layer of original 

pellets, as is illustrated in Figure 12 and Figure 13, which present the hydrogen and 

carbon-dioxide molar flow rates, respectively. 

 

Figure 12. Hydrogen flow rates for two types of gasified materials 
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Figure 13. Carbon-dioxide flow rates for two types of gasified materials 

The main reason for this difference is a higher diffusion resistances for gases in 

original pellets than in the pulverised ones. Also, the better approximations of the 

apparent conversion rates of the original and pulverised pellets were made using the 

random-pore and grain models rather than using the volumetric model. The best 

applicability for approximations was found for the random-pore model. One may see 

quality of approximations in the Figure 14, Figure 15 and Figure 16.  
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Figure 14. Approximations of conversion of char of pulverized wood pellets at 800oC 

 

Figure 15. Approximations of conversion of char of pulverized wood pellets at 900oC 
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Figure 16. Approximations of conversion of char of pulverized wood pellets at 950oC 

The obtained apparent kinetic parameters are summarised in Table 1 and Table 2. 

T 

°C 

RPM GM VM 

R2 𝜓 k0(s-1) E(J/mol) R2 k0(s-1) E(J/mol) R2 k0(s-1) E(J/mol) 

Char of pulverized pellets 

800 0.807 

15,42 246 125650 

0,736 

1814 137850 

0,813 

1405 132700 900 0,985 0,970 0,929 

950 0,739 0,634 0,406 

Char of original pellets 

800 0,610 

41,25 295 135100 

0,500 

657 132512 

0,443 

1081 135800 900 0,996 0,940 0,832 

950 0,883 0,843 0,667 

Table 1. Parameters of the Arrhenius approximations for char mass-loss data of 

pulverized and original pellets 

 

T 

°C 

RPM GM VM 

R2 𝜓 k0(s-1) E(J/mol) R2 k0(s-1) E(J/mol) R2 k0(s-1) E(J/mol) 

Char of pulverized pellets 

800 0,974 0,21 999 125650 0,935 2576 137850 0,960 2580 132700 

900 0,933 100,0 99 125650 0,981 1931 137850 0,603 2281 132700 

950 0,995 100,0 80 125650 0,844 1485 137850 0,064 1755 132700 

Char of original pellets 
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800 0,976 8,07 1004 135100 0,978 1350 132500 0,754 3422 135800 

900 0,996 100,0 191 135100 0,914 811 132500 0,346 2187 135800 

950 0,959 100,0 181 135100 0,748 759 132504 0,093 1983 135800 

Table 2. Parameters of the optimized approximations for the char mass-loss data of 

pulverized and original pellets 

The application of original random-pore model [8] considering diffusion resistances 

in the original pellets is problematic due to the completely different porosity character 

inside the char of the pellets on different scales. For example, to apply equation (6) 

used in the derivations, one has to assume that the porosity ε and tortuosity γ(ε) along 

with the diffusivity D are initially in the same range for the entire particle. Because 

the pellets are created from pressed small particles, the parameters of the pores 

between the particles are very different from those of the pores inside the particles. 

Thus, both the effective diffusion coefficient 𝐷𝑒 (15) and the structural parameter 

must be considered as representing some artificial, average or effective values. Due to 

this consideration, it is reasonable to follow the recommendation of Miura and others 

in [39] of varying the structural parameter of the model to estimate the apparent 

kinetic parameters applicable for the best approximations of the conversion rates with 

RPM. 

𝐷𝑒 = 𝐷
휀

𝛾(휀)
 

(15) 

This variation seems generally reasonable after the application of the standard 

Arrhenius procedure to obtain kinetic parameters using temperature changes. This 

result can be seen in the graphs and tables in Supplement I, which represent the 

quality of the approximations of the conversion rates at different temperatures using 

the same structural parameters and frequency factor for all of the temperatures. The 

approximation procedure, which uses the independent variation of all three 
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parameters (for the grain model, the form factor is also varied), results with better 

values of linear correlation coefficients. 

The same procedure is applicable for the approximations calculated for mass-loss data 

obtained during a pyrolysis at different external temperatures. This assumption is 

generally correct because different heating rates during pyrolysis yield chars with 

different parameters of porosity and reactivity. The chars produced at different 

temperatures must be characterised by different apparent kinetic parameters. 

The common property of all the obtained approximations was the same activation 

energy that was obtained for each temperature. The frequency factor and the 

parameter linked with the self-organizing change of porosity showed opposite 

tendencies with respect to their respective increase and decrease with an increased 

temperature. For the optimized fits the increase of the parameter 𝜓 was limited by the 

algorithm (value 100.0). For these fits the algorithm couldn’t reach the best possible 

approximation of the data. 
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6.2. High temperature pyrolysis of straw pellets 

The application of the random-pore and grain models to approximate the mass loss of 

a basket with pellets (which is considered as a porous particle) gives lower apparent 

activation energies than the volumetric model for all cases. This difference may 

reflect the fact that the grain and random pore models take into account the self-

organization of the porous structure of a particle being dynamically changing during 

pyrolysis, but the volumetric model doesn’t take this into account. This means that the 

dynamically changing resistance for penetration of the gasification agents into the 

porous structure of a particle is not taken to account at all. We assume that this is why 

the volumetric model gives higher values of the apparent activation energies in 

comparison with the other models, especially in the cases with lower steam/fuel 

ratios. 

The parameters obtained with help of the models are summarised in Table 3. 

S/F 

Agent 

 

T 

(°C) 

RPM GM VM 

R2 𝜓 
k0 

(s-1) 

Ea 

(J/mol) 
R2 FF 

k0 

(s-1) 

Ea 

(J/mol) 
R2 

k0 

(s-1) 

Ea 

(J/mol) 

1,875 

767 0,996 0,56 84 90023 0,995 0,33 82 90069 0,994 9367 130000 

830 0,992 2,34 55 90024 0,991 0,33 63 90067 0,986 5381 130000 

913 0,985 0,1 75 90020 0,967 0,33 58 90062 0,984 4508 130000 

3,2 

795 0,985 0,1 108 90021 0,969 0,33 686 108012 0,986 1485 113000 

876 0,993 10,42 30 90024 0,976 0,33 385 108037 0,935 790 113000 

906 0,994 7,41 40 90023 0,975 0,33 430 108032 0,935 868 113000 

Argon 

789 0,975 0,1 120 90521 0,983 0,33 621 106018 0,973 3067 119000 

830 0,991 400,0 7 90999 0,986 1,0 770 106004 0,815 1951 119000 

917 0,995 10,53 27 90523 0,989 0,56 375 106036 0,921 1179 119000 

Table 3. Parameters of mass-loss approximations using the RPM, GM and volumetric 

models 

The difference between the models is most visible at the lowest applied steam/fuel 

ratio. The sample approximations for this steam/fuel ratio are shown in Figure 17, 

Figure 18 and Figure 19. 
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Figure 17. Conversion fits for the pyrolysis of straw pellets under 767 °C 

 

Figure 18. Conversion fits for the pyrolysis of straw pellets under 830 °C 
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Figure 19. Conversion fits for the pyrolysis of straw pellets under 913 °C 

The graphs of measured conversion rate at the highest temperatures show the type of 

self-organization, which is not accounted by the models applied. Specifically, it shows 

slow oscillations, which possibly appeared because of accidentally appropriate values 

of the steam/fuel ratios and temperatures.  

6.3. High temperature pyrolysis of tiny wood slices 

For simulation of the high-temperature pyrolysis of tiny wood slices the solutions of 

system of ordinary differential equations (12) and (13) were investigated using the 

parameters presented in Table 4. The simulations were conducted using a parametric 

optimization based program, which was run in a Scilab environment. The parameters 

of samples’ initial temperature, radiation temperature of environment, as well as 

emissivity and temperature of steam were varied to obtain the approximation of mass 

loss of the samples as close as possible to the measured values. In addition, the 
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interplay between the values of the convective heat transfer coefficient and integral 

enthalpies of pyrolysis reactions was checked with respect to the discussed self-

organized decrease of the convective heat transfer to the samples. Two main reasons 

for the self-organized decrease of this heat transfer were considered. The first one was 

connected with the throttling effect of a temperature decrease, due to an expansion of 

various gases moving from micro-pores to meso and macro pores. It was shown in the 

Supplement III, that this effect might be most important during the initial stages of 

the pyrolysis, because of expansion of steam, whose Joule-Thomson coefficient is 

pretty big for the applied experimental temperatures.  

The other physical reason for the self-organized decrease of the convective heat 

transfer to the samples is a physical mixing of colder volatiles, expanding from micro-

pores on the surface of the samples, into their hot convective boundary layer. Such a 

mixing decreases the temperature of hot gasification agent flowing around the 

samples. Thus, this decreases the heat transfer into their depth. This decrease, in turn, 

causes a decrease of production of volatiles, and so forth in a loop. Exactly as it was 

observed for a basket with straw pellets on another scale level of the self-organization 

appearing in the interplay between two processes working in opposite one to each 

other. It was not possible to observe the same oscillations using the tiny wood slices 

because the kinetics of the opposite processes in and around these samples is much 

faster in comparison to the same in and around the basket of randomly packed pellets. 

Parameter Value 

Half-thickness of a slice: r 0.0025 m 

Specific heat capacity: Cp 1.333 ∙ 103 J ∙ kg
-1

∙K-1 

Heat transfer coefficient: hc 16 J ∙ s-1 ∙ 𝑚−2 ∙ K-1 

Apparent integral enthalpy of pyrolysis reactions: q −1170 J∙kg
-1

 

Apparent integral enthalpy of pyrolysis reactions in the case of a 

decrease of the convection heat transfer coefficient to 80%: q 
−(768 −  978) J∙kg

-1
 

Initial temperature for the unshielded samples: T(0) 280oC 

Initial temperature for the shielded samples: T(0) 161oC 

Initial wood density: ρ(0) 687 kg ∙ m−3 
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Final char density: ρchar 264 kg∙m−3 

Temperature of steam flowing around the unshielded samples: Tg 625oC 

Temperature of steam flowing around the shielded samples: Tg 540oC 

Radiation temperature of the environment (furnace) around the 

unshielded samples: Te 
639oC 

Radiation temperature of environment (furnace) around the 

shielded samples: Te 
625oC 

Emissivity of the environment (furnace) around the unshielded 

samples: ε 
0.54 − 0.57 

Emissivity of the environment (furnace) around the shielded 

samples: ε 
0.11 − 0.14 

The Stephan–Boltzmann constant: σ 5.6704 ∙ 10−8 J ∙ s−1 ∙ m2 ∙ K−4 

Universal gas constant: R 8.31451 J ∙ K−1 ∙ mol−1 

Pre-exponential factor: A 2500 s−1 

Apparent activation energy: E 6.75 ∙ 104 J ∙ mol−1 

Table 4. Parameters applied for a model 

The discussed feedback on the kinetics of pyrolysis was visible as the plateau-like 

part in the graphs of temperature reading in proximity of the samples. This plateau 

like part appears in the solutions of equations if the enthalpies of reactions are not 

zero. It implies that a pyrolysis of such samples is not thermally neutral. 

The other reason for the plateau-like part on the graphs of temperature being 

measured in proximity of the samples (see the Figure 20 and Figure 21) has been 

formulated in Supplement IV along with the hypothesis about the reason of low 

activation energy for reactions of pyrolysis taking place in the lingo-cellulosic 

samples under highly non-equilibrium gradient conditions. 

This reason was also formulated at the Hypotheses subsection 5.1.2. Arguments 

supporting the reason and counterfeiting it are considered in the Discussion 

subsection. Among the latter ones are the solutions of the system (12) and (13), which 

are presented on the Figure 23, Figure 24, Figure 25 and Figure 26. They show a 

comparison of such models of pyrolysis of samples processed in two experimental 

setups, as thermally neutral, as including enthalpy of reactions, and as having 

convective heat transfer coefficient decreased due to the reasons discussed above. The 

latter case is not considered using an additional equation in the system. It looks rather 
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difficult to estimate its form, as, for example, Joule-Thomson coefficients for different 

expanding gases change with the temperature. The production ratios of the gases also 

change during the process along with their influence on the mixing in a convective 

boundary layer. Because the form of this change is unknown, the heat transfer 

coefficient was decreased for the same percentage, which is considered to be 

applicable for outlets of the micro-pores to take place on the surface area of the 

samples. The appropriate decrease of the enthalpy was from 1170 J/kg to 768–978 

J/kg. 

The Figure 23 and Figure 25 contain approximations of mass losses of the samples 

taken as a base for the projections of temperature increase presented in Figure 24 and 

Figure 26. Figure 22 contains typical graphs of the temperatures measured with the 

help of inside and outside thermocouples installed as illustrated in Figure 7. It shows 

almost the same stages of pyrolysis as depicted in Figure 20 and Figure 21, except for 

the plateau-like part which is not so horizontal. It shows a gradual increase of the 

temperature inside and outside the single pellet. This difference is attributed to the 

difference in the form-factors and the internal structure of the samples. The slices 

have a natural anisotropy of pores in almost untouched wood grains. The pellets have 

random channels for volatiles to come out, due to their production by pressing of 

small wood particles. Due to this volatiles evolve via longer paths, which result in a 

lower effect on the decrease of convective heat transfer to the pellets.  
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Figure 20. Temperature and mass readings for a wooden stick slice suspended parallel 

to the flow of steam (740oC) 

 

Figure 21. Temperature and mass readings for a wooden stick slice suspended behind 

a ceramic block perpendicular to the flow of steam (820°C) 
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Figure 22. Temperatures inside and outside an individual pellet 

 

Figure 23. Density decrease during pyrolysis of the unshielded sample 
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Figure 24. Temperature increase during pyrolysis of the unshielded sample 

 

 

Figure 25. Density decrease during pyrolysis of the shielded sample 
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Figure 26. Temperature increase during pyrolysis of the shielded sample 
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6.4. Mechanically assisted low temperature pyrolysis of hydrocarbons 

The most valuable result of the experiments using a flow of the gaseous hydrocarbons 

in three experimental setups (Figure 9 - Figure 11) is the confirmation of a special 

role of the fractal surfaces participating in the process of decomposition of these 

hydrocarbons.  

The appearance of carbon particles in the case of interaction of gaseous hydrocarbons 

with mechanically created fractal surfaces being subjected to the pulsating blowing, 

provides more support for the hypothesis, which was formulated in the Supplement 

IV of this thesis.  

This support is based on the same characteristics (fractality) of the surfaces along 

which the dynamic transport of volatiles take place.  In the first case, the fractal 

surfaces are the surfaces of pores in the wood samples. The phase changing volatiles 

move in the pores due to the dynamically changing gradients of pressure and 

temperature that exist in the wood during its pyrolysis. The final char surfaces of the 

samples being researched in this thesis obtain fractal dimensions 2.75±0.12 for wood 

slices and 2.73±0.11 for straw pellets, which are pretty close to the referenced 

dimensions in literature (2.4-2.5) [25,26,27,28,29]. Because of experimental 

limitations, the fractal dimensions of the alloy surfaces were not determined. In this 

case, the gaseous hydrocarbons are moved by the pressure gradients along the 

surfaces on the ends of chopped Sn:Bi alloy sticks as well as along the surfaces of the 

undercooled alloy. That is well known that surfaces of mechanically broken metals 

acquire fractal geometry [40]. The process of alloy solidification creates so-called 

mushy zone, or a dendritic diffuse layer, whose fractal description is proposed in [41] 

and is supported by such papers as [33,34]. Thus we assume that a fractality of the 
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alloy surfaces is present in both cases of their appearance (mechanical fracturing and 

solidification). 

A one second periodic passing of the bubbles of a propane/butane mixture via the 

eutectic Sn:Bi alloy in its molten condition yields both carbon and hydrogen along 

with such hydrocarbons as ethylene and propylene. The same occurs if one changes 

the Sn:Bi alloy to an alloy that contains Pb. Accordingly to Mudry et al. [34], such an 

alloy creates much more complicated internal structures of different phases during its 

solidification. However, with such an alloy in the setup in Figure 9 the maximum and 

minimum measured concentrations of hydrogen were 158.7 ppm and 60 ppm 

respectively. However, an application of a binary Sn:Bi alloy yielded approximately 

three times higher values. 

The examples of carbon being deposited on surface of the alloys are shown in the 

Figure 27 - Figure 29. 
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Figure 27. Carbon from propane/butane mixture after its bubbling via the Sn:Bi alloy 

from the left to the right 

 

Figure 28. Carbon on a surface of Sn:Bi alloy at 150 times magnification 
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Figure 29. Carbon on a surface of Sn:Bi:Pb alloy at 150 times magnification 

It can be seen in Figure 29 that it looks like the surface of the alloy contains the 

carbon particles in its depth. The injection to GC was organized so, that the whole 

alloy in the test tube was shaken by a pressure drop. Thus, this caused the particles on 

the surface of the alloy to be mixed with it and penetrate into the alloy. 

Even in the absence of such disturbances of the alloy surface, the diffusion related 

behavior of the solidified alloys shows that some carbon particles were trapped inside 

the alloy during the motion of butane/propane bubbles in the alloy. Because of this, a 

slow process of the pressure drop was observed in the tube between the test glass and 

a barrier volume containing water. Water from this volume was sucked into the alloy 

during several hours, after cooling of all the parts in the setup to a room temperature. 

One may assume a natural diffusion of hydrogen out from the porous structure in the 

solidified alloy and out from the tube via its connections with the other parts of the 

experimental setup. In the case of enough tight gas connections between the test glass 

and a barrier volume with water, the water may come to a contact with the alloy due 

to the pressure drop in the tube. 
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The results of experiments using looped setups № 1 and № 2 (Figure 10 and Figure 

11) are remarkable with respect to the finding that the process of a mechanically 

assisted low-temperature pyrolysis starts under temperatures below the melting 

temperatures of the eutectic alloys (a 57% Sn and 43% Bi alloy has a 138 oC melting 

point, a 54 % Pb, 11% Sn and 35 % Bi alloy has a 140 oC melting point). The carbon 

particles were created from the propane/butane mixture before melting of the sticks 

with the fractal surfaces on their ends. Figure 30 shows a partially scrapped deposition 

of these particles on a magnet, which was used to move and mix the alloy sticks 

simultaneously to the blowing of the gas and heating of the bulb.  

 

Figure 30. Carbon particles deposited on a magnet 

The tiny black bars appeared simultaneously as the carbon deposition on the magnet 

during collisions of the sticks between themselves, because of their mixing by the 

rotating magnet. These tiny black bars look like foils being detached from the ends of 

the sticks due to their collisions. They might be considered as remains from the 

cutting. The bars may stick together due to static electricity and thus form longer bars. 

Such foil-like bars, which were obtained as a result of the subsequent experiment on 

the modified looped setup, are presented in Figure 31. 

The elemental composition on the tiny bar near the end of the chopped alloy stick in 

Figure 32 was analyzed in an electron microscope using the EDS method. It showed 

the flowing composition: 37.82% C, 27.81% Sn, 34.37% Bi. These are given in 
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weight %. As the surface of the bar looks black, one may assume that the deposition 

of carbon particles on it is pretty dense. This is supported by the atomic ratios given 

by the EDS measurements: 88.76 % C, 6.60 % Sn, 4.64 % Bi. However, these values 

are not the same for every chosen bar with such a deposition. Some EDS 

measurements could also show a small presence of Fe on the bars.  

 

Figure 31. Carbon deposition on tiny foil-like bars 
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Figure 32. Tiny black bar near the end of a chopped alloy stick 

The diameter of the wire, from which the sticks were cut, is 2.5 mm. The rough fractal 

surfaces on the ends of the sticks also have some deposition of the carbon particles, 

but it is not as dense, as on the bars. Such a deposition at different magnitudes of 

magnification is shown in Figure 33 and Figure 34. 
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Figure 33. Carbon deposition on the end of a chopped alloy stick under 80 times 

magnification 
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Figure 34. Part of the carbon deposition on the end of a chopped alloy stick under 500 

times magnification 

These depositions were obtained under a maximum temperature of the gas in the bulb 

of 70 +/- 1 oC . The maximum temperature of the heater beneath the bulb was 150 +/- 

1 oC. The last experiment using the looped circulation of the propane/butane mixture 

in the setup № 3 was conducted during approximately 20 minutes. The tiny black bars 

were collected during this experiment, but the filter in the loop remained without an 

observable deposition of carbon particles on it, in contrast to the experiment with the 
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molten bars and alloy. The images of the clean filter and filter after the experiment 

with molten alloy are shown in Figure 35.  

 

Figure 35. Filter before and after the experiment with an under-cooled Sn:Bi alloy 
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6.5. Summary 

An overview of the topics, objectives, tolls, methods and major results of the 

supplements to this thesis is presented in Table 5.  

Suppl. 

№ 
I II III IV V 

Topic 

Gasification of 

char of 

pulverized and 

original wood 

pellets by a 

high 

temperature 

steam 

Application of 

the kinetic 

models 

applied in the 

Supplement I 

for the 

simulations of 

high 

temperature 

pyrolysis of 

randomly 

packed straw 

pellets 

Analysis of the 

effects of gaseous 

micro-expansion 

of volatiles 

evolving during 

pyrolysis on its 

kinetics 

Application 

of a basic 

theory to the 

fundamental 

aspects of 

pyrolysis of 

ligno-

cellulosic 

materials 

Mechanically 

assisted low-

temperature 

pyrolysis of 

gaseous 

hydrocarbons 

Objectives 

To make 

characterizatio

n of wood 

pellets better 

applicable for 

prediction of 

parameters of 

their 

gasification 

To test the 

applicability 

of the kinetic 

models, which 

were initially 

developed for 

simulations of 

gasification in 

porous 

structures of 

metallurgic 

pellets 

To build a kinetic 

model of 

pyrolysis of thin 

slices of wood 

sticks. 

To explain 

plateau-like parts 

in the graphs of 

temperature 

measured in a 

proximity to the 

samples during 

the active phase 

of their pyrolysis. 

To present a 

conceptual 

solution of 

the problem 

with a 

decrease of 

activation 

energy of 

pyrolysis 

reactions in 

samples of 

relatively big 

size.  

To determine 

parameters, 

conditions 

and 

mechanisms 

of the 

mechanically 

assisted low 

temperature 

pyrolysis of 

gaseous 

hydrocarbons.  

Methods 

Experimental 

investigation 

and simulation 

of the char 

gasification 

process.  

Comparative 

analysis of 

measured and 

simulated 

parameters of 

the process 

conducted on 

two types of 

samples.  

Experimental 

investigation 

of the kinetics 

of mass loss 

during 

pyrolysis of a 

basket with 

straw pellets. 

Results of 

measurements 

are 

approximated 

by several 

models using 

variation 

based 

optimization 

methods.  

 

Experimental 

investigation and 

simulation of 

pyrolysis of two 

types of samples 

in three different 

experimental 

setups to show 

the effects of the 

gaseous micro-

expansion of the 

evolving volatiles 

on the convective 

heat transfer to 

the samples and 

on kinetics of the 

process. 

Theoretical 

analysis 

based on data 

from 

literature and 

on data from 

own 

experiments. 

Experimental 

investigation 

of a 

mechanically 

assisted low 

temperature 

pyrolysis of 

gaseous 

hydrocarbons.  

Theoretical 

analysis to 

explain the 

obtained 

results. 
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Tools 

Experimental 

setup at 

Combustion 

laboratory in 

University of 

Maryland. 

Scilab based 

software to 

analyze 

kinetics of 

gasification 

process. 

Experimental 

setup at the 

Division of 

Energy and 

Furnace 

Technology at 

MSE/ITM, 

KTH.  

Scilab based 

software to 

analyze 

kinetics of 

pyrolysis. 

Experimental 

setup at the 

Division of 

Energy and 

Furnace 

Technology at 

MSE/ITM, KTH.  

Scilab based 

software to 

analyze kinetics 

of pyrolysis. 

Experimental 

setup at the 

Division of 

Energy and 

Furnace 

Technology 

at MSE/ITM, 

KTH. 

Experimental 

setup at the 

Division of 

Applied 

Process 

Metallurgy at 

MSE/ITM, 

KTH. 

Major 

results 

High 

temperature 

steam 

gasification of 

char of original 

and pulverized 

pellets was 

conducted 

experimentally. 

Its kinetics was 

approximated 

using three 

different 

kinetic models. 

The random 

pore model 

(which gives 

analytical 

approximation 

for the effects 

of the self-

organization of 

porous micro-

structure during 

gasification) 

showed a best 

applicability 

for the 

approximations 

The scaling 

approach 

showed to be 

applicable up 

to 60% of 

mass loss of 

pellets in a 

basket. 

Possibility for 

appearance of 

the self-

organized 

oscillations 

because of 

interaction 

between two 

opposite 

processes 

(heat transfer 

and evolving 

of volatiles) 

was noted and 

discussed. 

Two possibilities 

for the self-

organization 

during pyrolysis 

were shown in 

experiments and 

discussed. The 

first is analogous 

to the possibility 

discussed in 

Supplement II. 

The second was 

found in the 

literature. 

A simplified 

kinetic model 

was investigated 

with the goal to 

estimate various 

parameters of the 

samples and 

experimental 

setups. 

The 

hypothetic 

mechanism 

for a decrease 

of activation 

energies due 

to the 

conditions 

for internal 

self-

organization 

in the 

samples with 

notable 

gradients of 

temperature 

is described. 

The 

background 

to apply the 

theory of 

Scale 

Relativity for 

molecular 

dynamic 

simulations 

of the 

thermal 

decompositio

n of polymers 

is described. 

Parameters 

and 

conditions of 

low-

temperature 

pyrolysis of 

propane/butan

e mixture 

being pumped 

via molten 

alloys and in 

proximity to 

mechanically 

created fractal 

surface of 

Sn:Bi alloy 

were 

determined.  

Two 

alternative 

physical 

explanations 

of the process 

mechanisms 

were offered 

and discussed. 

Table 5. Summary of the supplements 

It has appeared possible to use the random-pore, grain and volumetric models to some 

extent (up to 60%) to estimate the mass loss of relatively large amounts of randomly 

packed straw pellets (up to 78 g). The bed with pellets was considered as one porous 

particle, which changes its porosity during its pyrolysis. 
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The application of these models to the chars obtained at different heating rates of 

wood pellets revealed the best optimisation algorithms. This was true when taking the 

difference of the char porosity parameters into account for chars obtained under 

different conditions. These differences are large enough to require a variation of the 

structural parameters and form factors for the random-pore and grain models and of 

the activation energy and frequency factor for the volumetric model to obtain accurate 

approximations. 

The following is a summary of the results of the conducted experiments and 

simulations along with the correspondent discussion notes: 

1. The application of the random-pore, grain and volumetric models to estimate 

the final integral form of self-organization phenomena taking place during the 

gasification of char was studied (Supplement I). The results for char of wood pellets 

using the experimental setup at the University of Maryland showed the best 

applicability to a random-pore model. To obtain the best possible fits between 

predicted and experimental results, it was necessary to adjust the structural parameters 

and form factors. By using Arrhenius based approximations with fixed parameters for 

the three different temperatures, it was possible to obtain fits of differing qualities. 

This can be explained by the difference in the char porosity and reactivity parameters, 

due to the different heating rates that were used during the pyrolysis. The obtained 

activation energy for the reaction of both the original and pulverised pellets with char 

is in a range from 125000 to 137000 J/mol. 

2. The application of the same three different models (Supplement I) to fit the 

data of mass losses during a pyrolysis inside the basket with a random packing of 

straw pellets (Supplement II) revealed the significance of accounting for the 

resistance of heat transfer into the packing in the calculations. The apparent kinetic 
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parameters of the process obtained with the help of the random-pore and grain models 

are in the same range for the lowest steam/fuel ratios (1.875): A=55-84 s-1, E=90020-

90069 J/mol. The application of the random-pore model to fit the data of mass losses 

during pyrolysis with a higher steam/fuel ratio (3.2) resulted in nearly the same 

kinetic parameters: A=30-108 s-1, E=90021-90024 J/mol as for the low fuel/steam 

ratio. Also the same values were obtained for a pyrolysis in an argon atmosphere. 

Overall, the parameters obtained with the grain and volumetric models are higher than 

those from the random-pore model. The highest values were obtained by using a 

volumetric model and when using the lowest steam/fuel ratio: A=4508-9367 s-1, 

E=130000 J/mol. However, these models cannot account for the large scale self-

organization phenomena of the process, which appeared as low-frequency oscillations 

of the conversion rate in the experiments carried out at the highest experimental 

temperatures. 

3. It was not possible to directly observe a self-organization in the form of 

oscillations using the third set of experiments focusing on a pyrolysis of tiny wood 

slices and single wood pellets (Supplement III). Indirect effects of competitive 

processes during the pyrolysis of these samples could be observed in form of a 

decreased temperature increase inside and outside the individual pellets. Furthermore, 

in form of a temporary stop of the increase of the temperature in the proximity of 

heated tiny wood slices. There are several types of competitive processes, which may 

create such a feedback from the process. One has been described by Ball et al. [5]. It 

may work inside the pores of wood as a competition for reactants between the 

exothermic process related to a char formation and the endothermic process related to 

a formation of volatile elements. Also, an additional type of competition was observed 

in the experiments conducted during this study. It describes the competition between 
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the process of heat transfer into the particles and the process of release of volatiles, 

which decrease the overall heat transfer into the particles. The resulting interplay 

between these two processes may cause oscillations, which were not possible to 

observe during the pyrolysis of thin wood slices. This is due to their presumably 

higher frequencies in comparison to the oscillations observed during the pyrolysis of 

straw pellets in a basket. However, an integral effect of such a feedback of the release 

of volatiles was observed as a decrease of the heating of the samples after the start of 

an active release of volatiles. This decrease was accounted for in the simulation of the 

process using the type II model by Pyle and Zaror [36] and Liliedahl and Sjöström 

[35]. 

4. A hypothesis to explain the bias of the activation energy of pyrolysis reactions 

under a gradient has been formulated on the basis of an analysis of the fundamental 

theory [30] (Supplement IV). Furthermore, on the basis of own experimental data 

and results from pyrolysis experiments found in the literature. This hypothesis is 

based on the note about appropriate natural conditions that exist in a biomass 

undergoing pyrolysis, which partially resemble the conditions proposed by Nottale in 

[31] for an experiment with a retro-active force loop. The experiment was designed to 

prove the existence of generalized quantum potentials [37]. Such a proof might be 

useful with respect to many prospective applications. Its realization in the experiments 

with the samples in the form of tiny wood slices may be conducted without a special 

tuning of the form of an external retro-active force to be applied for the volatiles in 

the samples with the goal to achieve the form of oscillations required by the theory 

[31]. To achieve this form, the first approach, which was developed by Pyragas in 

[15], is reasonable to apply with the goal to synchronize and stabilize the internal self-

organization in wood pores of the samples.  
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5. The hypothesis of Supplement IV has received a further experimental support 

in the experiments described in Supplement V. The dynamic transport of volatiles in 

the pores of wood possessing fractal geometries of their surfaces is analogous to the 

dynamic transport of the gas passing along fractal surfaces inside an alloy that is 

being under-cooled (setup is sketched in Figure 9), and outside it (setups are sketched 

in Figure 10 and Figure 11).  

There might be an alternative mechanism that explains low activation energies and 

low temperatures of pyrolysis taking place in these dynamic conditions. That was 

discussed in Supplement V in the terms of possibilities for a direct collisional energy 

transfer to the hydrogen-carbon bonds due to the friction and convective heat transfer 

from the fractal surfaces to molecules of hydrocarbons. Such possibilities imply that 

the lowest constituents of the metallic fractals are of sizes comparable to the sizes of 

hydrocarbon molecules. To prove or reject this mechanism one needs to make 

microscopic characterizations of the fractal surfaces of the alloys. In addition, 

molecular dynamics simulations are needed to simulate the energy transfer from these 

surfaces to vibrations of the bonds of hydrocarbons, which causes their subsequent 

breakdown. 
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6.6. Discussion 

There are several self-organization related issues, which were not discussed in 

connection with the summary of the results from the experiments and simulations. 

The first one is linked with the possibilities of self-organized oscillations to appear 

during a high temperature char gasification process. An approach to use the random 

pore model to study this is based on analysis of overlapping pore surfaces. It 

considers the competing effects of pore growth during initial stages of gasification, 

and the destruction of the pores due to a coalescence of neighbouring pores as the 

reaction proceeds. Similar to what was discussed before, due to the presence of 

competing processes oscillating dynamics may take place. That is easy to understand, 

if one adds to the consideration an inhibiting action of the hydrogen (which is a 

product of the steam-char reactions) to these reactions. If the oscillations between 

competing processes in every volume of micro pores are unsynchronized, their 

summarized action yields the kinetics, which is well described by the random pore 

and grain models. Nevertheless, one may discuss the possibilities to change this 

kinetics using an external synchronizing perturbation. This could be in the form of 

periodic changes of some physical potential, which are able to influence the self-

organized dynamics of structural changes inside micro pores in the char.  

It looks reasonable to expect an increase of the efficiency of the steam char 

gasification due to such a modulation of the char’s internal structural dynamics. The 

main reason for this increase is the possibility to eliminate the chaotic and thus often 

opposite actions appearing due to the unsynchronized competing processes in the 

neighbouring volumes of reacting char.  

A more physically definite background with respect to the char gasification comes 

with the following argumentation for a periodic change of the external pressure. One 
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can accelerate the adsorption of water steam to the char by increasing the overall 

pressure around the char particles. When the products of steam-char reactions are 

ready to be desorbed or diffuse out of the particles, the external pressure should be 

decreased to facilitate the acceleration of this process. The time for a low external 

pressure has to be shorter in comparison to the time of a high external pressure, 

because of the high hydrogen mobility in the char structure. 

Such a periodic external control of the pressure (or the temperature) has to be 

relatively slow, due to the slow kinetics of the gasification reactions in char if one 

uses steam as a gasification agent. The overall efficiency increase of the char 

gasification with the help of such a control is difficult to predict, since its estimation 

requires an appropriate theoretical analysis and a specially designed experimental 

setup. For that one may consider possibilities to synchronize the times of pressure 

changes with the characteristic times of changes in the char porous structures and with 

the characteristic times of diffusion of different gases in these structures. 

Except the obvious advantages of such synchronization one may add to the 

consideration an additional note regarding an application of the theory [30,37]. The 

paper [37] allows a direct calculation of the force, which will act on micro volumes 

with gases in an opposite direction to the gradients of pressure or temperature. For 

example, according to the theory, the gaseous volumes with products of the steam-

char reactions will obtain additional impulses for motion out of the char particles 

during an externally induced pressure or temperature rise. That may provide a lower 

inhibition of the subsequent steam reactions with char, due to a faster release of its 

products in comparison with the steady conditions.  

One may note that such a periodic external variation of the parameters of gasification 

agents, as described above, already occurs in the gasification reactor installed at the 
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Division of Energy and Furnace Technology, ITM/MSE, KTH. The performance of 

this reactor in different configurations was studied by Ponzio and others in [3,40]. 

Due to the paired cyclic heating by combustion of methane and the cooling by the 

passage of a gasification agent via the honeycombs installed in this reactor, the 

temperature of the gasification agent varied cyclically during the process. However, 

there were no special optimizations of time and amplitude parameters of these cycles 

conducted in prior studies using this reactor. 

An optimization research might be useful not only with respect to the expected 

improvements in the reactor’s performance, due to the synchronization and 

acceleration of the adsorption and desorption processes in char. The proposed 

hypothetic explanation of a lowering of the activation energy of pyrolysis reactions 

taking place in the non-equilibrium gradient conditions in Supplement IV also looks 

reasonable to apply, if one would consider the performance of the reactor at MSE fed 

by the fuel in the form of relatively big wood particles. The parameters of their 

pyrolysis might be comparable to the same parameters of smaller particles (wood 

pellets, for example). Especially, if one will introduce the external synchronizing 

action for the internal self-organization processes taking place during a pyrolysis of 

these particles. 

On the other hand, the argument about a lowering of the activation energies for the 

pyrolysis reactions due to a self-organization inside the particles may be confronted 

by an argument about a direct collisional energy transfer to molecules of 

hydrocarbons in these particles. This energy transfer may take place due to the 

dynamic processes of heat conduction, mass transfer with friction, and phase changes. 

These accompany the self-organized oscillations in the fractal porous structure of 

wood during its pyrolysis. Such active non-equilibrium processes may directly induce 
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destructive perturbations to the vibrational dynamics of the long strains of macro-

polymers in the wood structures.  

An additional factor for such a direct effect on the polymeric decomposition is the 

existence of some kind of structural anisotropy along the wood grains. This 

anisotropy should favour quasi-1D oscillations of velocity, temperature or pressure of 

the phase changing volatiles moving along these grains as well as along such long 

macro-molecules as cellulose and lignin. The later constitute hard structures of these 

grains. The length of these macromolecules may achieve a size of one millimetre. 

That makes it possible to have an accumulation and a destructive summation of many 

direct vibrational inputs of energy coming to these molecules which would lead to a 

decomposition of them. 

On the other hand, the Nottale’s theory [37] allows a consideration of collective 

vibrations in macromolecules directly in the frame of his approach. His theory implies 

a possibility for the indirect energy transfer to molecular oscillators, due to the 

presence of non-equilibrium conditions with unsteady gradients. Both possibilities 

may contribute to the well-known (for instance, see references [22,23]) bias of the 

activation energies of the pyrolysis reactions, that appear due to temperature 

gradients. To resolve this ambiguity one should make new experiments, such as those 

proposed in the Future work section.  
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7. Conclusions 

The detailed conclusive remarks pertinent to the results represented in the five 

supplements of the thesis are written in the Summary and Discussion subsections. In 

addition, a generalization of these remarks is presented in the following conclusions: 

1. It appears reasonable to apply the random pore and grain models, which 

initially were developed for simulation of gasification processes in 

metallurgical pellets, for kinetics approximations of the biomass char 

gasification by a high temperature steam.  

2. It appears less good to apply the random pore and grain models for kinetic 

simulations of the pyrolysis of porous structures comprised of biomass 

particles. The main reasons for such a conclusion is due the physical 

inconsistence of the analogy between a fully converted porous structure of 

char during its gasification and a partially converted porous structure of the 

beds comprised of biomass particles during pyrolysis. Another reason for a 

partial applicability of these models is due to the possibility of an appearance 

of the self-organized oscillations during the process. These oscillations can 

appear due to a feedback, which may change a smooth dynamics of the 

processes described by the grain and random pore models. 

3. As the phenomena of the self-organization may be controlled by such methods 

as Pyragas describes in his works, it looks reasonable to apply these methods 

to improve various parameters of the high temperature processes of pyrolysis 

and gasification of biomass. This is what is implied by the self-organization 

perspective mentioned in the title of this thesis. The basic support for this 

perspective is provided by the possibility to decrease the entropy of the 

pyrolysis and gasification processes by the application of an externally 
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induced synchronization and control of the internal dynamics of these 

processes. 

4. A close support for the self-organization perspective related to the 

experimental practice is related to the formulation of a hypothesis, which 

explains the lowering of activation energies of pyrolysis due to the rise of 

dynamic gradients in the particles. Another experimental aspect of the main 

research question of this thesis deals with the stability of temperature of 

volatiles evolving during active pyrolysis of wood slices. This stability also 

may be explained due to the hypothesis. To move from the explanation to a 

definite experimental proof of the hypothesis one has to make the experiments 

implying a concise control of conditions and outputs of naturally and 

artificially created self-organization in the samples being researched in this 

work.  

5. A new prospective experimental possibility to prove the hypothesis and the 

theory behind it was found during the experiments focused on mechanically 

assisted low-temperature pyrolysis of gaseous hydrocarbons (Supplement V). 

This possibility should be studied in more details with respect to various 

parameters of the process, which require simulations and experimental 

verifications. Thus all the aspects of the main research question of the thesis 

regarding the self-organization perspective in respect to its scientific and 

industrial applications for a better pyrolysis and gasification of biomass will 

find their definite and approved answer. 
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8. Future work 

Two experimental directions may be foreseen, which might be reasonable to develop 

in the frame of the self-organization related approaches to be applied for the high and 

low temperature pyrolysis and gasification processes.  

1. TGA based experiments using an acoustical, laser or micro-wave based 

external control to study the self-organization in pores of thin wood slices 

undergoing high-temperature pyrolysis and gasification. The goal of these 

experiments is to find perturbation frequencies, which will stabilize and 

synchronize self-organization in the pores of the slices. Thus, making their 

pyrolysis and gasification as efficient as possible. The effects of the self-

organized or externally induced oscillations of pressure and temperature on the 

interfaces between the volatiles and fractal pore surfaces should also be 

investigated. 

2. Experiments on pyrolysis and gasification of chosen types of biomass using 

such conditions, which will allow a concise control of the fractal dimensions 

and other parameters of the surfaces, along which the volatiles are moving 

during the processes.  
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