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Experimental research on the pyrolysis and gasification of randomly packed straw pellets was conducted with an emphasis on the
reactive properties of the shrinking porous structure of the pellets. The apparent kinetics of such pyrolysis was approximated by
the random pore, grain, and volumetric models. The best approximation results were obtained with the grain and random pore
models. The self-organized oscillations of the pellet conversion rate during pyrolysis were observed. Two complementary expla-
nations of the phenomenon are proposed.

1. Introduction

Old and modern gasification reactors are fed by various types
of fuel, including raw biomass and biomass in pelletized
form. Wood chips and chunks of different forms and sizes
are also applied, along with a pulverized form of pellets. As
the size of a biomass particle decreases, its pyrolysis and
gasification occur more quickly. Thus, it may be beneficial for
the conditions of industrial scale gasification to feed reactors
with a pulverized fuel. However, if one considers a fixed-bed
type reactor, the small particles of pulverized fuel may be par-
tially sintered during pyrolysis. The resulting char will have
a completely different permeability for gasification agents
than that of the pulverized particles in their initially loose
state. The release of tars and oils during pyrolysis may also
substantially decrease the permeability of the main biomass
stock for gasification agents. The bubbling of the particles
in fluidized bed-type reactors is among the alternatives that
avoid these drawbacks of fixed-bed type reactors. The bub-
bling, however, has its own disadvantages; for example, it is
necessary to prepare particles with a narrow size distribution,
and a relatively high flow of a gasification agent is required to
maintain bubbling of the particles.

Considering these issues and the additional energy and
processing costs required for fuel pulverization, exploiters
and developers of industrial scale gasifiers and gasifiers of
the types described in [1] may prefer the application of raw
biomass, wood pellets, chunks, and chips instead of their
pulverized form.

Despite this choice, the developers and exploiters of reac-
tors should consider the dependence of gasification regimes
on the evolution of porous structures that are created in the
bed. To achieve the optimal regimes, it should be possible to
predict the regimes of both pyrolysis and char gasification in
a packed bed as they depend on the temperature, gasifica-
tion agent, and fuel feeding rates. The evolution of porous
structures, from the delivery of fresh fuel to the bed to the
disappearance of completely gasified char, must be simu-
lated, along with the dynamics of ash-porous structures.

1.1. Literature Review. The best-known analytical results ap-
plicable for the approximation of the gasification process in
porous structures belong to the random pore (RPM) [2, 3]
and grain models (GM) [4, 5]. These models analyze changes
in the dynamics of chemical processes as they depend on
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changes in porous structures. A chemical process changes
a porous structure, and the dynamics of the process are
changed in turn because of the change of the structure. In
the particular case of the metallurgical gasification of pellets
with metal oxides and the case of the gasification of biomass,
the process of gasification agent diffusion is accompanied by
various chemical reactions that occur with the components
constituting the porous structures. The components change
during these reactions, and the possibilities for gasification
agents to come into physical contact with these compo-
nents change accordingly. Because different materials have
different internal porosity properties, the models may be
differently applicable to different materials. Fermoso et al. [6]
compared the applicability of the random pore, grain, and
volumetric models for the prediction of the extent of con-
version in five different chars. As expected, the random pore
model demonstrated the best applicability for such a task.
Its advantage over the grain and volumetric models is based
on its consideration of the overlapping of pores when their
growth competes with the decrease of their number because
of coalescence. The grain model considers the porous struc-
ture of a solid to consist of nonporous reacting grains with
unreacted cores that shrink during gasification. The solid
skeletons of the cores may remain, or the entire substance
of the cores may undergo phase transition to a gaseous state
and diffuse out of the shrinking porous structure. These dif-
ferences in the chemical and physical mechanisms involved
in the gasification process lead to many particular modifica-
tions and adaptations of the grain and shrinking core models
for various particular cases described in the literature.

Both models have also been unified. Raghunathan and
Yang [7] presented a unified approach to predict the conver-
sion curve to 70% of conversion as a function of the 50%
conversion time for chars with average values for the main
parameters of both models (the form factor of a grain model
and a structural parameter of a random pore model).

These models were developed and applied mainly for
kinetic cases, in which the kinetics of the transfer processes
in the porous structure is considered to be significantly faster
than the kinetics of the chemical processes in the structure.
This condition assumes a relatively small size of the porous
structure, which does not create substantial resistance to the
transfer processes. These assumptions are applied to the basic
studies [2, 4] of both models (RPM and GM), respectively.
The size of the particles considered in [6] as an appropriate
test of the models is the typical size of the particles applied
in the majority of devices for thermogravimetric analysis
(TGA) (p. size <150 μm). Such sizes allow the application of
a volumetric model, along with the grain and random pore
models. The basic assumption of a volumetric model is that
the gasification agent has free access to the small particles of
the gasified substance.

Fermoso et al. [6] showed that all three models have good
applicability to the prediction of the conversion of small par-
ticles from four different chars of the five chosen for the ex-
periments. The models were not applicable to the case with
the essential presence of catalytic ash particles in the char.

A particle-based model of the char gasification process
that accounts for the presence of catalytic ash particles, which

may agglomerate during the progress of char gasification,
was developed by Yamashita et al. [8]. The experimental
works conducted by Wu et al. [9] and by Song and Kim
[10] prove the main conclusions of the simulations in [8]
regarding the necessity of considering dynamic effects, which
change the char reactivity by the competing effects of deac-
tivation and increasing catalytic activity of the particles
present in different types of char. To model these effects
better, one may apply the tool and method developed by
Wang et al. [11] for fixed-bed reactor simulations, which
considers the existence of porous structures in the bed that
contain interacting particles of different types and sizes. One
such particle type may be the particle of catalytic metals
forming the ash particles, whose catalytic action may exhibit
nonlinear dynamics during gasification because of their ag-
glomeration and the overall increase of their concentration
in the disappearing char.

The case of intentionally added catalysts is considered by
Gutfraind and Sheintuch [12]. In this case, the catalyst may
form a fractal interface (e.g., on the fractal porous structure
of the char). This fractal interface adds additional peculiar-
ities to the consideration of the dynamics of the catalytic
effects and their variance with the time of gasification.

The gradual change of the fractal dimension of the
porous structures of the fuel particles along the length of
a fixed bed should also be considered. This change may be
caused by the gradual temperature decrease of gasification
agents such as steam if the heat for pyrolysis and char
gasification is delivered by the steam itself. The dynamics of
the fuel particles delivered into the bed for pyrolysis and
subsequent gasification of char may cause the part of the
bed filled by char to be substantially longer than the part
of the bed filled by the particles undergoing pyrolysis. The
parameters of porosity, ash agglomeration, and char defrag-
mentation in the beginning and the end of gasification are
not uniform along the whole length of the char-filled part of
the bed. The fractal dimension of the internal porous struc-
tures in the char may also be nonuniform and may gradually
change along the length of this part of the bed (in both up-
draft and downdraft beds).

Due to latter objectivity, one may consider certain side
effects of char gasification on pyrolysis in the bed. These side
effects may appear if there is a coincidence of the values and
rates of change of the fractal dimensions of the char porous
structures in the bed and the changing fractal dimensions of
the geodesics, as introduced by Nottale in his theory [13].
For these effects to be experimentally detected, the spatial
fractal lines of the geodesics must be spanned along the
porous structures made by a fuel in the bed. Another logically
deduced requirement is the placement of the origin of the
geodesics at the scale of the intermolecular interactions in the
hydrocarbons undergoing pyrolysis. If the next scale level to
pass by the geodesics is the scale level of the porous struc-
tures in the char with their fractal dimensions changing
along the bed, there is a hypothetical possibility for the
interactions with the geodesics to cause their disturbance
along this passage. This disturbance may be transmitted via
intermediate scale levels to the scale of the intermolecular
interactions in the hydrocarbons undergoing pyrolysis. Such
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a disturbance may destabilize the intermolecular interactions
in the hydrocarbons and change their normal reforming pro-
cess during pyrolysis.

Another type of hypothetical effects of processes like dif-
fusion, heat, and mass transfer was described by Nottale in
[14]. These effects are caused by self-organization, which
may arise from the action of introduced-by-Nottale general-
ized quantum potentials that oppose the potentials driving
the transfer processes. However, the scale level of porous
structures in reactors at which the self-organization may ap-
pear is unclear.

We have mentioned the fractal theory [13] developed by
Nottale because of the wide presence of fractal porous struc-
tures created by fuel and catalysts in gasification reactors. The
heat and mass transfer processes are active on these struc-
tures. Consequently, it may be reasonable to consider the
effects caused by fractality in such reactors. However, these
effects may require special conditions for their detection and
observation. Their magnitude appears to be essential for the
processing of fuels with substantial amounts of catalysts,
which is not the case for the majority of biomass types [9].

From a general perspective, the GM and RPM models,
which do not consider fractality-related effects, may be fully
applicable to grains and pores of completely different scales
because the basic processes of the growth and overlapping of
pores and the shrinking of unreacted cores are qualitatively
the same at different scales. The differences that arise with
changes of scale are mainly associated with the resistances to
mass and heat transfer in and out of the porous structures.
If the kinetics of the chemical processes is much slower than
the kinetics of the transfer processes in a particular porous
structure, the models are applied in their kinetic form.
Otherwise such additions to the models as those published
in [3, 5] are applied.

For microporous systems, the tradeoff between the dif-
fusion and kinetic control becomes important at elevated
temperatures. As the temperature increases, the diffusion-
related control may become substantially weaker than the
reaction kinetics control. In such a case, one may apply the
models in their kinetic form to relatively large porous struc-
tures.

We conducted a test of this assumption [15] during ex-
periments with the gasification of chars that were intention-
ally obtained from pulverized particles of wood pellets and
from whole wood pellets. Different pyrolysis conditions were
applied to investigate the dependence of the kinetic para-
meters on both the scale of the gasified porous structures and
the differences of these structures caused by differences in
the pyrolysis conditions. It appeared to be possible to obtain
relatively stable values of the apparent activation energies in
all of the experimental cases. The values were estimated by
the application of the volumetric, grain, and random pore
models in their kinetic forms. Less accurate fit parameters
using the three models mentioned above were obtained with
the volumetric model and with all of the models at the
lowest experimental temperature (800◦C). The scale levels of
the gasified porous structures were the level of particles of
pulverized pellets (0.2–1.0 mm diameter) and the level of
individual wood pellets (8 mm diameter).

With the transition to larger scales, diffusion (which is
the main mechanism of reactant transfer in and out of the
microporous structures) must be replaced by pressure-driven
mass transfer. The reaction kinetics observed at such scales is
considered to be the apparent reaction kinetics, which is true
if the porous structure is composed of particles with sizes
much greater than those commonly accepted for kinetic
measurements in TGA devices.

In the case of the random packing scale level in a fixed
bed, the porous structure to be changed during the pro-
cess consists of pellets as building blocks. This structure
dynamically changes during pyrolysis. The changes include
initial swelling and subsequent shrinkage, which occurs with
the release of volatiles. Such shrinkage may be partially
analogous to the shrinkage of the microporous structure
of the char during its gasification by steam. The latter is
successfully modeled by GM and RPM (see [6]). By con-
sidering the joint transport of mass and heat by steam or
argon moving through the structure of randomly packed
pellets to be analogous to the diffusion of a gasification
agent into the microporous structure of the char, we may
consider both the random pore and grain models to be
applicable to the simulation of the process, which dynami-
cally changes the para-meters of the random pellet packing.
This consideration assumes the application of the so-called
scaling approach. Several examples on the application of
this approach to the analysis of self-similar functions and
dynamical processes of different spatial and time scales are
described in the book by Feder [16] (e.g., the Weierstrass
function).

The approach is based on the assumption that similarities
exist between the totally different processes if they have some
common characteristics in their backgrounds. For example,
the ability for self-organization [17] (which creates qualita-
tively the same phenomena on completely different scales)
is one such common characteristic. In the particular case of
this work, the common background between the gasification
process in porous structures on the microscale and the
pyrolysis of randomly packed pellets comprising porous
structures on the macro-scale is the dynamical change of the
porous structures during the process. The change of the
porous structure changes the dynamics of the chemical pro-
cess that occurs in the structure. The exploration of this
change on the macro-scale of an experimental basket with
the pellets undergoing pyrolysis is one of the objective tasks
of this paper.

1.2. Objective. Because of the described basics for the appli-
cation of the scaling approach to pyrolysis experiments, the
objective of this paper is to test the approach using the
random pore, grain, and volumetric models to predict the
conversion of randomly packed pellets by pyrolysis in atmo-
sphere of high-temperature argon and steam.

The experimental setup for this task is described in
Section 2. The results and discussion for the experiments and
simulations are presented in Section 3.
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Table 1: The proximate and ultimate analysis of the straw pellets.

Analysis Conditions

Proximate analysis
Symbol Unit As received Analytical Dry Dry ash-free

r a d daf

Analytical moisture (dry air) W % 5.6 5.8 — —

Total moisture Wt % 10.1 5.8 — —

Ash A % 3.4 3.6 3.8 —

Combustible matter % 86.5 90.6 96.2 —

Volatiles V % 69.9 73.2 77.7 80.8

HHV (higher heating value) Qs kcal/kg 4034 4224 4486 4662

HHV Qs kJ/kg 16889 17685 18780 19518

LHV (lower heating value) Qi kcal/kg 3703 3905 4183 4347

LHV Qi kJ/kg 15503 16348 17512 18200

Ultimate analysis

Carbon Ct % 41.82 43.79 46.5 48.33

Hydrogen Ht % 5.22 5.47 5.81 6.04

Oxygen O % 39.02 40.86 43.39 45.9

Nitrogen N % 0.43 0.45 0.48 0.5

Sulfur St % 0.04 0.4 0.04 0.04

Chlorine Cl % 0.075 0.079 0.084

Fluor F %

2. Experimental Materials and Methods

Industrially produced straw pellets were chosen for the ex-
periments. Their characterization is presented in Table 1.

Experiments on the pyrolysis of the pellets were con-
ducted in the experimental apparatus depicted in Figure 1.

The apparatus applies the initial heating with ceramic
honeycombs (3) by the combustion of methane. Then, the
combs are switched to heating the gaseous mixtures passing
through their hot ceramics. The initial mixing of gases such
as nitrogen and oxygen takes place inside the burner (20).
This mixing is controlled by electronic gas flow regulators.
Steam to one of the mixing inputs is delivered by a separate
steam generator. A basket (18) with dimensions of 3×5×8 cm
is produced from 1 mm cell wire mesh. It is suspended by a
tiny wire (6) from the digital balance (7). The construction of
the basket includes a thermocouple that provides a Keithley
voltmeter with readings of the temperature inside the basket.
The thermocouple (18) is heated by convection of the gas
passing through the honey combs, by radiation from the
combs and by the thermal insulation of a reactor chamber.
The thermocouple shows equilibrium temperature that is
approximately 120 degrees higher than the temperature of
the gases penetrating the basket. The temperature of the gases
flowing through the reactor chamber gradually decreases in
the direction of the exhaust (9). The glass window (18) allows
manual positioning of the basket in the flow. Its insertion
into the reaction chamber occurs after the cessation of com-
bustion, followed by placement of the basket under the hatch
(8) and the blowing of nitrogen delivered by the cooling

input (5). The remaining flue gases are purged from the
combs and the reaction chamber by nitrogen from another
regulated input. Then, the gaseous mixture from the inputs
begins to flow around the immediately inserted basket. Be-
cause the basket is suspended from the digital balances with
the attached thermocouple, the readings of the mass loss
taken during the reactions inside the basket have some
noise. The convection of hot air around the wires from the
thermocouple and the variation of the gas pressure in the
flow produce instabilities in the weight readings. These in-
stabilities are accounted for by an optimization procedure
developed in the Scilab language to estimate the apparent
kinetic parameters of pyrolysis with the three kinetic models
mentioned above. The algorithm of this estimation is based
on a multivariable optimization performed on data from
several mass loss curves measured at different temperatures.
In the case of the assumed compliance of the pyrolysis
kinetics to the kinetics of the first order chemical reaction
[18], the algorithm should give approximately the same
parameters of the activation energy and frequency factor as a
volumetric model at every temperature used for the measu-
rements. If the actual process and parameters from the best
approximation by the models do not comply with the Arrhe-
nius law, the algorithm shows this directly and gives the opti-
mal fitting parameters of every model for every measured
curve. The short description of the models starts from the
basic expressions of the Arrhenius kinetic constant and the
differential equations that describe the volumetric model.

The Arrhenius kinetic constant of the reaction (which is
calculated by (1)) is applied to differential equation (2) to
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Figure 1: Small scale batch-type gasifier: 1: air, methane, oxygen, nitrogen, and steam inputs; 2: combustion chamber; 3: honeycomb; 4: heat
insulation; 5: cooling chamber with nitrogen input; 6: tiny wire; 7: digital balance; 8: hatch; 9: exhaust; 10: cold water supply; 11: water sink;
12: flue gas analyzer; 13: GC; 14: water coil cooler with isopropanol trap; 15: first isopropanol trap; 16: water trap; 17: glass window; 18: basket
with samples and thermocouple; 19: thermocouple; 20: burner with mixing chamber.

describe the volumetric conversion of a gasified substance
with time:

kVM = k0e−Ea/RT , (1)

dX
dt
= kVM(1− X). (2)

The linearized solution of this equation reads

− ln(1− X) = kVMt. (3)

The existence of a porous structure that undergoes non-
linear evolution is considered in RPM by the application of
the structural parameter ψ:

ψ = 4πL0(1− ε0)
S2

0
. (4)

Here, S0 is the surface of the pores, L0 is their length, and
ε0 is the solid porosity of the unreacted substance. For a kine-
tic case, the model reads

dX
dt
= kRPM(1− X)

√[
1− ψ ln(1− X)

]
,

(
2
ψ

)[√[
1− ψ ln(1− X)

]]− 1 = kRPMt,

(5)

kRPM and kGM are the Arrhenius kinetic constants calculated
in the same way as kVM for a volumetric model by (1).

The grain model for a particle composed of spherical
grains gives the following differential equation for the con-
version rate:

dX
dt
= kGM(1− X)2/3. (6)

This equation has the following linearized solution:

3
[

1− (1− X)1/3
]
= kGMt. (7)

The variations of the kinetic parameters obtained for the
models at different temperatures show the extent of the devi-
ations of the simulated apparent kinetics from the Arrhenius
law. The quality of the fits obtained with the models is esti-
mated using the coefficient of determination calculated by
the commonly accepted formula:

R2 =
∑

i

(
Xmi − Xmi

)2 −∑i

(
Xpi − Xmi

)2

∑
i

(
Xmi − Xmi

)2 . (8)

Here, Xmi is calculated from the measurements of mass
loss in the basket, and Xpi is extent of conversion projected
by a model. Because of the low ash content in the pellets, the
mass of the ash is neglected in the calculation of Xmi, which
equals the following:

Xmi = m0 − mi

m0
. (9)

Here, m0 is the initial mass in the basket and mi is its value
at the ith measurement, which is taken every second in the
applied experimental setup.

The special GM and RPM parameters, which are related
to the parameters of the porous structure, are also varied
for every temperature because of the expectable initial differ-
ences in the parameters of the porous structures made by the
pellets in the experimental basket at different temperatures.

The part of the experimental setup that is designed for
chemical measurements has been applied for measurements
of the compositions of the pyrogases as they depend on the
gas/fuel ratios using steam and argon gas. It was assumed that
the steam reacts with the tars produced during pyrolysis
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in the random packing of pellets, thus changing the ratios
of hydrocarbons measured on output. We reported the
results of the gas composition measurements that prove this
assumption in [19]. In the current work, we concentrate on
approximations of the thermogravimetric results of the same
measurements. In such a case, the most important factor,
which changes with the change of the steam/fuel ratio and
with the switch to argon, is the efficiency of the heat transfer
to the randomly packed pellets in the basket. The chemical
interaction (or its absence) of the gas with the products of
pyrolysis is not considered to be essential for the conversion
rate.

The conversion rate prediction by the GM and RPM
is expected to follow the changes of the pyrolysis kinetics,
which are caused by changes of the porous structure of the
randomly packed pellets in the basket. Because of the nature
of this random packing, the optimization procedure to
obtain the kinetic parameters of the first order pyrolysis reac-
tion and the specific parameters of the models should not be
applied to the entire measured mass loss curves. The extent
of the approximated conversions should be analyzed up to
50–60% conversion of the entire mass in the basket, which
is less than the extent of conversion achieved by the pellets
during their fast pyrolysis (up to 80–90% of mass, according
to the measurements at the highest temperature). This limi-
tation is introduced by the fact that the porous structure does
not entirely disappear with the complete conversion of mass,
which is expected by the models in the case of, for example,
char gasification. The observable change of the porous struc-
ture formed by the pellets stops before the final stages of
pyrolysis.

The hydrodynamic and temperature conditions in the
reaction chamber remained approximately the same with the
change of the steam/fuel ratio. The ratio was changed by dec-
reasing the number of pellets in the basket. The pyrolysis in
an argon atmosphere with a decreased number of pellets
was studied with approximately the same flow parameters
(1 Nm3/hour∼1.783 kg/hour, Reynolds number in the range
of 1000 ± 500, depending on temperature). Because of the
differences in the volumetric expansion of steam and argon at
different temperatures, the actual hydrodynamic parameters
of the flow around the experimental basket differed at every
temperature. This objectivity introduces additional varia-
bility in the apparent kinetic parameters to be obtained.

3. Results and Discussion

The graphs of the relative mass loss and the rise of the tem-
perature in the middle of the basket in an argon atmosphere
at three different honeycomb temperatures are presented in
Figure 2. These graphs show the typical experimental data
processed further by the optimization procedure to obtain
the apparent kinetic parameters of pyrolysis in the described
experimental setup.

The extents of pellet conversion approximated by the
optimization procedure for the other experiments are pre-
sented in Figures 3, 4, 5, 6, 7, and 8.
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Figure 2: Temperature profiles and relative mass losses versus time
for the pyrolysis of 50 g pellets in 1 Nm3/h argon at three different
temperatures (Tg : temperature of gas, Ts: temperature of samples).

0.7

0.6

0.5

0.4

0.3

0.2

0.1

0
0 20 40 60 80 100 120 140 160 180

Time (s)

C
on

ve
rs

io
n

GM fit
RPM fit
VM fit

Measured X(t)

Figure 3: Approximated conversion of the half basket at the first
temperature. T = 1065 K; GM: form factor = 0.80, K0 = 749; Ea =
100506; R2 = 0.998. RPM: PSI = 4.37; K0 = 164; Ea = 96018; R2 =
0.999. VM: K0 = 3262; Ea = 119000; R2 = 0.973.

All results of the conversion extent approximations mea-
sured in the three different series of experiments are pre-
sented in Table 2.

The table and graphs show the expected incompliance
of the apparent kinetics to the Arrhenius law. This incompli-
ance is caused by certain flaws in the hypothesis relevant to
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Table 2: Parameters of the pyrolysis approximations obtained with the three kinetic models.

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
788 0.979 45.08 504 114000 0.963 0.33 507 104528 0.938 950 109000

833 0.944 3.29 501 114000 0.964 0.85 452 104532 0.881 451 109002

917 0.996 11.19 310 114499 0.996 0.84 425 104532 0.916 418 109004
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Figure 4: Approximated conversion of the half basket at the second
temperature. T = 1158 K; GM: form factor = 0.88; K0 = 379; Ea =
100537; R2 = 0.994. RPM: PSI = 7.13; K0 = 70; Ea = 96021; R2 =
0.997. VM: K0 = 1276; Ea = 119000; R2 = 0.961.

the applicability of the models to larger-scale porous struc-
tures, which are changed by completely different physical
processes. Pyrolysis produces not only gases but also liquids,
tars, and particles, which may hinder the easy contact of the
reaction-driving agents with the porous structure. However,
this interference appears to be relatively small under the
conditions of the high-temperature flash pyrolysis. The ap-
pearance of liquids between the pellets is not an issue at
these conditions. Tars partially react with the steam in the
randomly packed pellets, as we showed in [19]. The main
delimiter for the easy penetration of heat to the randomly
packed pellets is the active release of gaseous volatiles and tars
from the pellets. This release is driven by heat, most of which
is delivered by the convection of gas moving into the porous
structure. The other heat transfer mechanisms, conduction
and radiation, work in parallel with convection. Additional
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Figure 5: Approximated conversion of the half basket at the third
temperature. T = 1180 K; GM: sorm sactor = 1.00; K0 = 485; Ea =
100527; R2 = 0.982. RPM: PSI = 25.40; K0 = 54; Ea = 96021; R2 =
0.996. VM: K0 = 1470; Ea = 119000; R2 = 0.909.

heat is transferred to the entire basket from its side because
of its direct exposure to the radiation from the honey combs.
The parameters describing the interplay between the differ-
ent heat transfer mechanisms, practically unknown in the
applied experimental conditions, do not allow exact simu-
lation of the process. There are, however, two basic charac-
teristics of the interplay between the transfer of an external
agent driving pyrolysis (heat) and the pyrolysis itself. (1) The
first characteristic is the self-regulating or self-organizing
character of pyrolysis. The systems undergoing pyrolysis may
be considered to be systems with self-organization because
of the interplay between the process and its driving agent. As
we showed in [20], the convective and radiative transfer of
heat to a particle is partially delimited by the microexpansion
of volatiles in the convective boundary layer around the
particle. This limitation was shown by direct measurements
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Figure 6: Approximated conversion of the full basket at the first
temperature. T = 1040 K; GM: form factor = 0.33; K0 = 82; Ea =
90069; R2 = 0.995. RPM: PSI = 0.56; K0 = 84; Ea = 90023; R2 =
0.996. VM: K0 = 9367; Ea = 130000; R2 = 0.994.
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Figure 7: Approximated conversion of the full basket at the second
temperature. T = 1103 K; GM: form factor = 0.33; K0 = 63; Ea =
90067; R2 = 0.991. RPM: PSI = 2.34; K0 = 55; Ea = 90024; R2 =
0.992. VM: K0 = 5381; Ea = 130000; R2 = 0.986.

of the temperature at the center of a relatively large particle
(a wood pellet) and in proximity to its surface. The rise of
the temperature near the surface of a particle is delimited by
the release of volatiles during the process. In such a case, the
process of externally driven heat transfer cannot be consid-
ered to be an independent controlling agent. Thus, a system
under pyrolysis partially delimits the heat transfer to itself.
Consequently, in the case of abundant heat sources around
the particle, the control of its pyrolysis should be considered
to belong to its apparent reaction kinetics. (2) The second
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Figure 8: Approximated conversion of the full basket at the third
temperature. T = 1186 K; GM: form factor = 0.33; K0 = 58; Ea =
90062; R2 = 0.967. RPM: PSI = 0.10; K0 = 75; Ea = 90020; R2 =
0.985. VM: K0 = 4508; Ea = 130000; R2 = 0.984.

characteristic is the dependence of the dynamics of the self-
organized processes on the dynamics of the change of the
porous structures. The tradeoff between the control of the
internal reaction kinetics and the control of the external heat
transfer may favor the latter because of the decrease of the
surface of particles as their shrinkage progresses. Pyle and
Zaror in [18] showed that the effect of shrinkage on the
heat transfer as a result of the decreased surface of the par-
ticles is compensated by the decrease of their thickness. The
progression of shrinkage may provide an increase or decrease
of the overall permeability of the porous structure for both
gaseous heat carriers and volatiles. Frigerio et al. [21] showed
the importance of different obstacles in the flow of volatiles
for the overall dynamics of pyrolysis in a fixed bed. We
hypothesize that the effect of shrinkage of the entire porous
structure on pyrolysis is analogous to the effects considered
in the derivation of the models (RPM and GM) in their kine-
tic form [2, 4].

A somewhat unexpected flaw in the analogy may be con-
sidered because of the experimental limitations of the com-
plexity of the entire porous structure composed of the pellets
in a relatively small experimental basket. The complexity
of this structure is much lower than the complexity of the
microporous structure of a single biomass particle with a
size less than 150 μm. The sizes of the micropores are in the
range of angstroms, and microporosity prevails in the char
[22]. Consequently, we may also apply a volumetric model
to obtain the apparent kinetic parameters of the pyrolysis
of such a “small” porous particle, which consists of approxi-
mately 40 or 25 pellets in the experimental conditions of this
work.

It is necessary to note that the program used to obtain
the apparent kinetic parameters of the models allows the
selection of the parts of mass loss curves for analysis. The
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selections were made with consideration of the fact that
noticeable shrinking of the porous structure in the basket
does not take place during the whole process, but it occurs
up to the stage of the final formation of char, as described
by Lee et al. [23]. With such a selection, the approximations
provided by RPM demonstrate relatively stable values of the
activation energy in the range of 90 kJ/Mol. Nearly the same
value was obtained with the grain model in experiments
with steam. This result supports the hypothesis about the
applicability of the scaling approach with both models (RPM
and GM) to porous structures on scales greater than the
microscale. The variability of the structural parameter, form
and frequency factors of the models may be considered to
be acceptable for rough predictions of the apparent pyrolysis
kinetics in gasification reactors with the same internal con-
ditions as those in the experimental basket.

The optimization procedure, which is based on measure-
ments with argon, gave higher deviations of the parameters
than the same procedure based on measurements with steam.
This difference may be attributed to differences between the
gases in their properties of thermal expansion, heat, and mass
transfer to the basket.

If the procedure is used to select the larger parts of the
conversion curves, values of the activation energies in the
range of 110 ± 20 kJ/mol are obtained. The greatest varia-
tions in this range have been shown by a volumetric model.
Because this model does not account for the presence of
changing porous structures in the “gasified” particle, it is
more sensitive to the peculiarities of heat and mass transfer
to and from the basket.

The approximations using the extended selections of the
smoothed conversion curves, which were measured for a
basket with a smaller amount of pellets (∼25) in a steam
atmosphere, are presented in Figures 3, 4, and 5. The appro-
ximations of the unsmoothed conversion curves for the full
basket with pellets in steam are presented in Figures 6, 7, and
8.

A remarkable characteristic of these experimental curves
is their potential to be interpreted as proof of self-organi-
zation, which usually reveals itself in the self-organized oscil-
lations [17].

The self-regulated kinetics of pyrolysis has been discussed
above in the discussion about the possibility of applying the
kinetic models to a process. The self-organized slow oscil-
lations on the graphs of the measured conversion can be
observed directly, and they may be more visible at the
lowest temperatures using smoothing of the noisy mass-loss
readings. The clearest oscillations are visible in the graph of
the conversion of the full basket in the flow of steam at the
highest experimental temperature in Figure 8.

This phenomenon is clearly not considered by appro-
ximations that describe the dynamic change of the porous
structures in the basket during pyrolysis. The self-organi-
zation may appear because of the mechanisms mentioned
above. These mechanisms consider two opposite potentials
with corresponding processes, whose interaction may intro-
duce oscillations. The first mechanism considers the poten-
tial of the pressure difference, which may simultaneously
drive the mass and heat transfer into the porous structure in

the basket. The opposite process appears to be caused by the
pyrolysis and release of volatiles initiated by the heat transfer.
The reduction of the heat transfer caused by the release of
volatiles causes a decrease of the production of volatiles,
followed by an increase in the heat transfer, leading to a sub-
sequent increase in the production of volatiles and a decrease
in heat transfer, in a continuous feedback loop.

The conditions necessary for such an oscillation-based
regime of pyrolysis may exist because of the relatively low
pressure gradients around the basket. Flows with low Rey-
nolds numbers (1000 ± 500) may not produce large enough
pressure gradients to drive the hot gas through the porous
structure in a basket without noticeable resistance from the
volatiles.

Another possible mechanism for the observed oscilla-
tions has been mentioned in the literature review. It provides
a basic mechanism for the self-organization in any transfer
process [14]. Despite the fact that the potential driving the
process that opposes the transfer process is already present
in the system during pyrolysis, the theory presented in [13]
may provide the concept of a mechanism for the cumulative
amplification of mass loss oscillations on the level of the
relative microscale. Such oscillations may occur because of
the interplay between the opposite potentials driving the
heat transfer from a convective boundary layer into the indi-
vidual pellet and the microexpansion of the pellet’s volatiles
moving out from its micropores into the layer. Because it
is synchronized on the scale of the porous structure in the
whole basket, the self-organization on the microscale level
of the boundary layer of every pellet may produce the
overall oscillations of the mass loss rate in the basket. The
hypothetical interconnection between the interacting oppo-
site processes on different scales may occur via the fractal
geodesics introduced by Nottale in his theory.

4. Conclusions

The experiments and simulations of mass conversion during
the pyrolysis of a changing porous structure of pellets showed
the better applicability of the kinetic form of the random
pore and grain models compared to the volumetric model
for the partial simulation of the process.

The shrinking of the pellets during pyrolysis provides
a reformation of the entire porous structure of the pellets
in the random packing. This reformation changes the para-
meters of heat and mass transfer in and out of the structure,
thus changing the dynamics of the entire process analogously
to the change of the gasification dynamics in the porous
structures of pellets with metallic oxides and char.

The scaling approach, which allows the application of the
final expressions of the grain and random pore models in
their kinetic form, changes the spatial scale to a larger one
and the time scale to a shorter one (if the pyrolysis of ran-
domly packed pellets in a basket is compared to the steam
gasification of a char particle). The approach appeared to be
partially applicable (up to 50–60% of the conversion curve)
for a rough prediction of the apparent pyrolysis kinetics
in randomly packed pellets at elevated temperatures (T >
700◦C).
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