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Abstract

Thermochemical conversion of larger biomass particles (thermally thick regime) toward high-end
products still suffers from an unrevealed quantitative relationship between process and product
parameters. The main issue relates to the influence of heating rate within the particle, critical
conversion-wise but difficult to assess experimentally. Computational fluid dynamics (CFD) modelling
may help, but first the model must prove its reliability to prevent error transfer to the results. This
study aimed to provide an unbiased, state-of-the-art model constructed in a stepwise mode to
investigate the heating rate’s distribution. Several datasets with broadly varying parameters from the
literature were used for the development and validation since the reproduction of datasets would not
bring novelty to solving the problem. Instead of the model's calibration to fit to the data, the
parameters for each step-model were meticulously selected to match the experimental conditions.
The stepwise development showed the best accuracy when the anisotropy and the heat sink drying
sub-model were implemented. Moreover, using the Ranzi-Anca-Couce (RAC) scheme led to more
accurate results than the Ranzi scheme. The comprehensive model was positively validated against a
broad range of production parameters (pyrolysis temperature: 500°C - 840 °C, diameter of particles:
10 mm - 20 mm, shapes: cylinders and spheres). Investigation showed a pattern in volatiles release
profiles and homogeneous heating rate distribution when particle size is below 4 mm. Despite basing
the models on the literature’s data, the study includes novel and valuable insights for biomass

conversion and constitutes a solid foundation for future development.
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Highlights

e Anisotropy is required to model gas velocities in single particle pyrolysis correctly

e The heat sink drying model is generally recommended for moist wood

e The Ranzi-Anca-Couce kinetic scheme shows higher accuracy than the Ranzi scheme
e The developed model has a good accuracy within the broad range of parameters

e Particles smaller than 4 mm can achieve a high heating rate over the whole volume



1. Introduction

Replacement of fossil fuels with biomass in combustion processes as a means of reducing excessive
GHG gas emissions has become under severe debate, e.g., in the European Commission [1, 2]. At the
same time, the conversion of biomass toward sustainable production of chemicals and carbonaceous
materials has become a generally accepted solution for emissions mitigation [3]. Through the years,
thermochemical conversion technologies of biomass have been emerging on the market. However,
technologies of large-scale production of biofuels and functional materials from biomass are burdened
with the high risk related to partially randomized product quality and the inability to tailor the end
product. Such a situation is caused by a not complete understanding of the mechanisms occurring
during the process, hence a lack of their comprehensive and quantitative description. That hinders the
optimisation of process control, assurance of product quality and, in the end, reduction of risks related

to the implementation of the technologies on the market.

A purely experimental approach does not solve the problem, mostly due to difficulties in assessing the
influence of parameters that critically affect the pathway of conversion, such as heating rate. The
solution that may lead to the acceleration of finding the solution is coupling the experimental approach
with numerical-based tools like computational fluid dynamics (CFD) modelling. Numerical studies
provide an in-depth look into the mechanisms of the process, which is highly difficult to assess
experimentally and ease the quantification relationships between parameters. Such a type of study
also requires less resources than experimental work [4]. Therefore, at the current stage of
development, the conduction of the only experimental study without support from the CFD-based tool
may be insufficient to provide novel insights, hence not helpful in finding the answers to the existing
problems. However, prior to their use, the numerical tools need to be refined to prevent the transfer

of error caused by a model to result, ensuring the reliability of results.

Wood is currently the most applied biomass at large scale thermochemical processing. A significant

reduction of the wood’s particle size through grinding represents an extensive cost for industrial



processing. Therefore, in conventional processing (e.g., kilns, retorts, auger reactors), wood is applied
in the form of chips, chunks, or logs [5, 6]. Conversely, in lab-scale investigations of thermochemical
conversion, wood is usually finely ground (below several mm in size). Most wood species have values
of thermophysical properties (e.g., density, specific heat) within a similar range, so the particle size
becomes the main parameter that dictates which phenomena have a major influence on its conversion,
hence the thermal regime [7, 8]. Contrary to finely ground particles, whose conversion is determined
mainly by the kinetic regime, so reaction kinetics, large particles in the form of chips or chunks belong
to the thermally thick regime, and their conversion is determined by heat transfer [8-11]. It is the most
complex scenario where the comprehensive description of the thermochemical conversion process
needs to include a reliable description of all phenomena that influence the heat transfer within a single

particle of wood.

Single particle models are commonly used CFD-based tools for numerical investigation of the pyrolytic
conversion in the thermally thick regime. Besides kinetic changes of the material’s constituents, the
single particle models also include changes in the particle’s structure, thermo-physical properties, and,
for the porous materials, the intrinsic gas and vapour flow within the pores [12, 13]. Wood is a porous
composite material with anisotropic properties and heterogenous bio-composition. Due to those
properties, an appropriate description of the thermochemical conversion of wood in the thermally
thick regime is a difficult task. Numerous reviews can be found in the literature about the pyrolysis of
single woody particles and its modelling. However, they mostly focus on the assessment of the
accuracy of specific models and not on the general impact of the implemented model’s components
like directional dependency, relationships between parameters and kinetic schemes [7, 8, 14-23].
Nonetheless, those components have a crucial impact on the simulated heat transfer. So far, a
comprehensive comparison of the influence of a specific model’s component on the heat transfer
within a wood particle during pyrolysis has not been made. Therefore, there is no direct guideline of
which description of the components should be used to obtain satisfactory model accuracy and

reliability.



Structural properties of wood (size of the lumens/vessels and orientation of cell-wall fibres) are a
foundation of directional dependency of its parameters (anisotropy). Virgin wood and char have three
distinctive directions: longitudinal, radial and tangential. Hence, in each direction, wood and char's
thermophysical properties (thermal conductivity, permeability and diffusion coefficient) differ in value.
However, an insignificant difference in the parameters along the radial and tangential direction allows
for treating them equally, unlike the parameters along the longitudinal direction [24-26]. Spherical
particle theoretically has an infinite number of symmetry axes, so in modelling studies, its geometrical
representation is often reduced to one dimension [16, 27, 28]. On the other hand, at least two
dimensions are required to implement the anisotropic properties, so 1D models always correspond to
isotropic properties [20, 29, 30]. Models with more than one dimension have become standard in
recent single particle studies [31-34]. Nevertheless, even if the number of dimensions in the model
allows for implementing particle’s anisotropy, the reported studies often neglect it or implement
anisotropy only partially (e.g., only for the thermal conductivity, but not for permeability) [27, 32, 33,
35, 36]. Therefore, basing on the available literature, it cannot be stated how relevant is the

implementation of the particle’s anisotropy on the outcome of the single particle model of wood

pyrolysis.

The moisture content in virgin wood negatively influences the energy efficiency of the pyrolysis
process, so a reduction of the moisture content prior to conversion (air-drying, heat-drying) is a
common practice [37-40]. When moisture is present within the particle during conversion, strong
endothermic water evaporation occurs, severely changing the heat transfer. That, in the end, has non-
negligible consequences for conversion in the thermally thick regime [41, 42]. Therefore, an
appropriate description of moisture mobility and evaporation is essential for model prediction
accuracy [15-17]. In literature, three moisture evaporation models are the most commonly applied:
kinetic model, equilibrium model and heat sink model [16, 26, 32], but hybrid approaches also can be
found [43]. A recent study on the comparison of different evaporation models’ performance suggests

that the heat sink model leads to the highest precision in model prediction. However, the investigation



was conducted on a 1D model (isotropic), and its conclusions suggest confirming the observations on

higher-dimensional models [16].

The reaction kinetics applied to the model have a multifaceted influence on simulated heat transport
within the particle due to its connection to reaction heat and the change in thermo-physical
parameters of components. One of the first kinetic schemes of wood thermal degradation is the one
proposed by Safizadeh and Chin [44]. Along with the requirement for higher model accuracy, it has
been modified and extended, e.g. by adding intermediate stages [27]. Nonetheless, such
improvements are limited since they do not account for detailed chemical changes of components.
The precise description of degradation reaction kinetics for each bio-constituent is a task that has not
yet been achieved due to the complex nature of the problem [20]. However, the lumped kinetic
scheme proposed by Ranzi et al. [45, 46], which covers the parallel degradation of each bio-polymer
and the formation of the most abundant products, provides an elegant partial solution to that issue.
The Ranzi scheme was founded on TGA-based experimental work so the conversion of small biomass
particles. Therefore, the Ranzi scheme is the most applicable for the pyrolysis of small particles (kinetic
regime), but for the conversion of particles in the thermally thick regime, its predictions are also
accurate [31, 32]. Size of the particle pose a non-negligible limitation in the heat and mass transfer,
which leads to restrictions in the evaporation of e.g., carbohydrates derivatives. It translates into
changes in the degradation pathway of wood components, hence elevated formation of lighter
compounds and char and changes in reaction heats [47-51]. Anca-Couce et al. proposed an extension
of the Ranzi scheme to account for the limitation caused by the particle size [52, 53]. The limitation is
reflected by the parametrically controlled conversion path called “secondary charring”, which is
incorporated into the lumped kinetic scheme (Ranzi-Anca-Couce, RAC scheme). Due to a lack of the
reliable correlation between the extent of secondary charring and the conversion parameters (e.g.,
heating rate, particle size), for now, the extent of the secondary charring has to be subjectively
estimated for modelled case. Despite the aforementioned flaw, the RAC scheme has been positively

validated with data from the wood pyrolysis in the thermally thick regime and also show a good



prediction accutracy [28, 54]. A direct comparison of both detailed kinetic schemes (Ranzi and RAC)
does not yet exist in literature. Therefore, questions arise on how differences in the schemes affect
the outcome (profiles of temperature, mass loss and vapours release and heat of reactions) and, more

importantly, which ones can be selected as being more appropriate to implement.

Experimental and numerical investigations on the pyrolysis of a single wooden particle concerning the
pyrolysis temperature have been amply described in the literature, but only a few focused on particle
size [27, 31, 33, 54-57]. Among those, only the experimental study of Attaya et al. investigated the
relationship between three parameters: pyrolysis temperature, particle size and shape [33]. In the
latter study, the broad experimental data was used to validate the single particle model proposed by
Park et al. (simple kinetic scheme and isotropic permeability) [27]. In view of finding the solution to
the quantitative relation between process and product parameters, the reproduction of the already
published data for model construction or validation purposes will not bring novel insights. Therefore,
considering the abundant experimental data available in the literature, which theoretically should not
be biased or inaccurate, it seems advisable to use the published experimental data as a foundation for
the CFD comprehensive model. That is especially attractive since the advanced models with complete
anisotropy of particle, combined with detailed kinetic schemes of bio-components degradation, have
not been validated with most experimental datasets. With such an approach, each part of the model
can be validated on a separate dataset, leading to the construction of a comprehensive model able to
simulate various processes in a broad range of conditions with appropriate accuracy and reliability.
Then such a model could be used for objective investigation of the relationships of process parameters

to the heating rate distribution.

This study aimed to provide an unbiased and state-of-the-art comprehensive model to investigate the
distribution of the heating rate within the single wood particle during pyrolysis in broad process
conditions. The study starts from a stepwise development of a model to ensure that each model’s

component description results in the highest possible reliability and accuracy from available solutions.



In this study, the commonly used practice of calibration of model parameters was not applied to fit the
experimental data. Instead, the chemical and thermophysical properties of wood for each step model
were selected meticulously and with to highest possible accordance with the real properties of the
woods of the experimental research (directly taken from the work or matched to the wood species
from the literature [18]). Then, into the step model, the different descriptions of the investigated
phenomena was implemented, and their result was compared to find the best possible description.
After a few steps of development, the comprehensive model was validated over a broad range of
process parameters and then used for the investigation of the heating rate distribution. The study also
includes a critical discussion on each step of the development as well as the extensive elaboration of
the pathway that can lead to the further development of the area of biomass pyrolysis in a thermally

thick regime.

This manuscript is divided into four parts, each devoted to a specific issue:

1) Part 1: The relevance of implementing wood anisotropy into the model and the accuracy of several
drying models (kinetic, equilibrium and heat sink model). The validation was based on the
experimental pyrolysis at 900 °C of cylindrical wood particles with an initial moisture content of 6 wt.

% and 40 wt. %, made by Lu et al. [43].

2) Part 2: The accuracy of different kinetic schemes (1 simple: Safizadeh and Chin, and 2 detailed: Ranzi
and RAC) in the prediction of temperature profiles, specific compound release profiles, and yields of
lumped products. The model validation is based on the experimental pyrolysis of cylindrical, dry wood

particles at 418 °C made by Benand;ji et al. [55].

3) Part 3: The accuracy in predicting temperature and mass loss over a broad range of pyrolysis
temperatures, particle sizes and shapes. Then on the validated, comprehensive model, the effect of
process conditions on heating rate distribution. Validation is based on previously established
experimental results from pyrolysis of particles with 2 shapes (spherical and cylindrical), each in 3

different sizes, pyrolysed at 4 different temperatures (ranging between 500 °C and 840 °C) made by



Attaya et al. [33]. Despite spherical particles not being representative for industrial-scale processing

[6, 19], such a shape is widely used in models with a dimensional reduction to 1D, so it was retained.

4) Part 4: Overview of the performance issues of models in view of the relation between implemented
model components and heat transfer. This section provides suggestions for model developmental

pathways for pyrolysis of single, large wooden particles.

2. Numerical setup

2.1. Model foundation

All modelled geometries were built as porous media according to the description provided by Grgnli
[26], which had already been validated in other studies [15, 16]. Depending on the scenario, maximally,
four phases were distinguished: solid, bound water, liquid water and gas. To obtain optimal
computational efficiency and to remove the phenomena and correlations whose relevance is not
essential, and which simultaneously are very burdening, the following assumptions were applied for

all models:

1) The description of fluid dynamics was simplified from Darcy and Forchheimer’s to a pure Darcy’s
description. That assumption was made based on two criteria [58]: Reynolds number << 10 and
Forchheimer number << 0.11, which both were fulfilled for the investigated scenarios. Calculation of
the Reynolds number and Forchheimer number for an exemplary case is provided in the

Supplementary Information in Section S4.

2) Intrinsic transport of mass within the domain occurs by convection and diffusion. The diffusion of
all compounds is temperature-dependent and modelled according to Fick’s binary diffusion law. The

mass boundary condition is modelled as a convective mass transfer.
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3) Due to a sufficiently large Péclet number for heat transfer, thermal equilibrium between all existing
phases is assumed on a given location with the modelled particle domain. The enthalpy for all phases

is a linear function of temperature. The gas phase is considered as an ideal gas.

4) Internal heat transfer occurs by conduction, convection and radiation and the thermal boundary

condition is described by radiative and convective heat transfer.

5) The model geometry only covers the particle, and the surrounding environment is not included.
Therefore, secondary gas-phase reactions (e.g., thermal cracking of volatiles, gasification and water
gas shift reactions) are not implemented into the model. Vapour recondensation was assumed to be

not relevant, so it was omitted [16].

6) Values of thermo-physical parameters and bio-chemical composition of wood and char used in a
specific model (if measured) were used directly from the experimental work or (if not measured or
disclosed) matched as close as possible to the wood species from the literature [18]. Within each
investigated scenario, models differ with the description of the specific component but not with the

parameters.

7) In the models, only 3 base wood constituents are distinguished: cellulose, hemicellulose and lignin,
which, if needed, were normalised to 100%. Other components (ash, extractives) are neglected due to
the assumption of their low concentration in the investigated cases, which for instance for the case of

stem wood are typically below 5 wt. % [59, 60].

8) For simplicity and comparability within every scenario, the conversion products were lumped into
product groups: bio-oil (light and heavy condensable compounds and water), pyrolysis gas (non-
condensable compounds) and char (char + metaphase). The moisture content (MC) wt. % is defined as
the mass of moisture per total mass of matter (water + biomass). The wt. % for the mass of the pyrolysis

products refers to the mass of specific or lumped product per initial mass of dry biomass.

11



9) Thermo-physical properties of solids are modelled as linearly dependent on the degree of

conversion. The enthalpy for all phases is a function of temperature.

10) The effective specific heat for the solid and gas phase is calculated from the share of the specific
heats of the lumped product groups (biomass, char, heavy condensables, light condensables, water

vapour, permanent gases), and not based on the concentration of the individual, specific compound.

11) In the applied software (COMSOL™, version 5.5), it was not possible to implement the shrinking of
the geometry (as drying and pyrolysis proceed) in a reliable manner. Therefore, despite that the
mechanical changes in the particle may have a significant influence on particle conversion, shrinkage,
cracking, and fragmentation of the domain during drying and pyrolysis were omitted [61-63]. Details

about the issue can be found in Section S5 in the Supplementary Information.

12) Due to large computational requirements, the computation of models from Part 3. (Section 3.3)
was conducted in parallel mode using the HPC (High Performance Computing) infrastructure located

at Ghent University.

The Supplementary Information (Section S1, S2) provides detailed information regarding:
fundamental, governing and auxiliary equations, and boundary conditions. The parameters that are
not changing between models are listed in Table S2, and the parameters corresponding to a model in
a specific scenario are provided in the related Section. In each Part of the study, only one description
varied between scenarios, while all other parameters and descriptions of the sub-models remained
constant. Also, when adjustment was implemented, the parameter or description was adjusted for all

scenarios to assure the highest objectivity of the investigation.

Due to the assumption of similarity between the tangential and radial direction in a wood particle, the
models did not require to distinguish 3 dimensions to implement anisotropy. Therefore, the use of 2D-

axisymmetric domains in the models was preferred, considering that the shape of a particle in every

12



investigated scenario had a symmetry axis (cylinder or sphere). In Section S3 of Supplementary
Information, additional information on the hardware used for the study (Section S3.1), the
configuration of the solver, simulation convergence (Section S3.2) and selection of the meshes and

maximal time step for each part of the study (Section S3.3) has been provided.

2.2. Directional dependence of wood thermophysical parameters

Wood is an anisotropic (orthotropic) solid, so parameters dependent on the fibre and vessel

orientation are implemented as an isometric tensor, defined as:

Ay 0 0
A=|0 A,, O (1)
0 0 A,

Where A € [Kph‘in,/'ls], Kph,in is the intrinsic permeability of a phase (gas or liquid water), As is the
effective thermal conductivity of a solid, and the subscript denotes the direction of the parameterin a
cylindrical coordinate system. In the models, the assumed parameter values in the tangential and
radial direction are insignificantly different, so the tensor is reduced to 2 directions (longitudinal and
radial). According to Thurman and Lecker [64], the transformation from anisotropy into isotropy can
be done by averaging the parameter values with an equal share of each direction (1/3 longitudinal +
1/3 radial + 1/3 tangential). However, Park at al. [27] have shown that the transformation correlation
proposed by Ozisik [65] is more accurate than Thurman and Lecker’s [64], so in the models, the

correlation for the transformation from anisotropy to isotropy was implemented as:
_ 1
AISO = (Ar,r ' Aqo,(p 'Az,z) /3 (2)

Where A;gp is the value of the direction dependent parameter transformed into the isotropic average.
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2.3. Drying models
2.3.1. Kinetic (KIN)

The kinetic drying model assumes a first-order Arrhenius reaction of water (bound or liquid) conversion

into vapour:

Wekin = Kexin(< pr > +< pp >) (3)

Where w, [kg/(m?3:s)] is the evaporation rate, ke k1 [1/s] is the evaporation rate of the kinetic drying
model, < p > [kg/m?] is the bulk density, and the subscript L and B denote liquid and bound water,
respectively. Prior to the implementation, a pre-assessment of the most accurate kinetic model was
performed. The details of the drying model selection are presented in Supplementary Information,
Section S6.1. In relation to the conducted pre-selection, the kinetic parameters Ag;y = T [1/s] (where
T is the temperature in Kelvin) and E, iy = 33 [kJ/mol] from Gentile et al. were selected as leading to

the most accurate results, so they were applied in the model in Part 1 [32].

2.3.2. Heat sink model (HS)

The heat sink model (thermal drying model, heat flux model) assumes that water evaporation in a
representative volume occurs only at the boiling temperature, and the temperature stays constant

until all water is evaporated [16, 43, 66]. According to Haberle et al. [16], it is described as:

fevap ]I-Zat if T = Te and < pL>> 0
e

(4)

We s =

0 otherwise

Where T, is the water boiling temperature, set on a fixed value of 100 °C, H,, is the latent heat of water
evaporation (set on a fixed value 2440 ki/kg [16, 43)]), juear [W/m?] is the heat flux towards the
representative volume and feqp [-] is an unitless, evaporation fraction factor. The value was set at a
fixed value 0.80, in relation to a conducted sensitivity analysis. The details of this preliminary sensitivity

14



analysis can be found in the Supplementary information Section S6.2. With the assumption that heat
transferred with the movement of water is negligible, the heat flux towards the representative volume

is defined as:

Jueat = V(egug < pe >C Cp — AepfVT) (5)

2.3.3. Equilibrium model (EQ)

The equilibrium model assumes that an equilibrium between liquid water and water vapour exists at
any time inside the particle’s pores, and the water vapour’s partial pressure at any given time tends to

be equal to the saturation vapour pressure. Therefore, it can be stated that:

<P >6= {Psat lf MC > MCrsp (6)
Pqr - k(MCp, T) if MC < MCpgp

Where MC [-] is the moisture content on a mass basis, MCpsp [-] is the moisture content at fibre

saturation point, < Pveq >G[bar] is the equilibrium’s partial pressure of water vapour, P, [bar] is the
saturation vapour pressure, k(MCg,T) [-] is the relative humidity factor. The saturation vapour

pressure was implemented as [67]:

(7)

467.35
Pgqr = €xp (24.21 - )

The equation for the wood'’s relative humidity factor was calculated from [26]:

6.453-1073 T
MCgy

MCFSP> @)

kK(MCp, T) =1 — (1 -

From the equilibrium partial vapour pressure, the vapour density was obtained through the equation:

<Py > My,
RT

(9)

<py >0=
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Where My, [kmol/kg] is the molecular mass of water. The final equation for the water evaporation

rate is defined as:

e6(< py! >=<p, >%)

. (10)

WeEQ =
eq

Where < pg? >¢ [kg/m?] is the equilibrium vapour density, < p, >¢ [kg/m?] is the water vapour
density at a given time and t,, [s] is the time required to reach equilibrium between the vapour
density and theoretically assumed saturation vapour density (“equilibration time”), which was set at a

fixed value of 103 s [15].

2.4. Kinetic schemes of primary biomass degradation
2.4.1. Single component competitive scheme (Simple)

The single-component competitive scheme of biomass pyrolysis, besides mass loss, aims to predict the
yield of the three main products (char, bio-oil, and gas) without their detailed composition. In this
study, the kinetic scheme proposed by Shafizadeh and Chin [44] with kinetic parameters from Thurner
and Mann [68] has been applied as the single component competitive scheme. The scheme and its

parameters are provided in Table S4.

2.4.2. Ranzi kinetic scheme (Ranzi)

The Ranzi model combines all findings related to the thermal decomposition of each major component
of biomass [69-71]. The scheme distinguishes cellulose, hemicellulose (2 types), and lignin divided into
3 artificial types of lignin: LIG-H, LIG-O, and LIG-C (hydrogen-, oxygen- and carbon-rich, respectively)
[72-74]. Additionally, the carbonaceous residue is defined as the char (the elemental carbon, C) and
the volatiles “trapped” within the char’s metaplastic phase, called here char’s metaphase (G[X]). The

metaphase represents the trapped volatiles that can still undergo release, e.g., through carbon matrix

16



reorganisation or conversion in a “trap”. The kinetics of metaphase change should mimic its formation
from bio-components and subsequent degradation, so the devolatilisation of the char. The Ranzi
model has evolved since its introduction [31, 32, 45, 75-77], and it currently covers 25 reactions and
involves 48 compounds. In this study, not all reactions and compounds were implemented (since the
extractives content was neglected). Table S5 summarizes the Ranzi scheme, and its parameters used

in this study [32, 77].

2.4.3. Ranzi-Anca-Couce scheme (RAC)

The RAC scheme is a modification of the Ranzi scheme [52, 78], and it currently contains 24 reactions,
33 compounds and 4 adjustable parameters [53, 54]. The adjustable parameter “x ” defines the share
of the alternative degradation (secondary charring) route in the overall process. The extent of
secondary charring is assigned separately for each bio-component: cellulose (x¢g;;), hemicellulose
(Xucke), lignin (x;;¢) and metaphase (xg[x)). Due to a lack of correlation between process conditions
and the extent of secondary charring reactions, the values of these parameters have to be selected
subjectively before the simulation in each model. Table S6 provides the RAC kinetic scheme and

corresponding parameters used in this study [53, 54].

3. Results and discussion
3.1. Relevance of implementation of wood anisotropy and influence of a specific drying model
3.1.1. Model foundation

In this Section, the results from the models from Part 1 are presented, which cover the investigation
of the influence of directional dependency of wood properties and the performance of specific drying
models. The specific parameters of the modelled wood cylinder, based on the work of Lu et al. [43]
and used in the models of Part 1 are shown in Table 1. Values of the poplar wood's thermal conductivity

17



were selected from the literature [79, 80], as they were not experimentally measured in the referenced

study. For the same reason, the gas permeability in wood was obtained from Comstock [24]. However,

there was no data in the literature regarding gas permeability in char derived from poplar wood.

Therefore, the gas permeability of poplar char was selected subjectively, taking into consideration the

wood anisotropy and correlations in gas permeability between wood and char, which are known for

other wood species [18]. The kinetic scheme based on Shafizadeh and Chin (Table S4) was used in the

model.

Table 1. Specific parameters of the Part 1 models in accordance with the work of Lu et al. [43]

(longitudinal direction on the z-axis and radial direction on the r-axis).

Parameter Symbol Unit Value
Particle Cylinder, moist poplar wood
Diameter D [mm] 9.5
Height H [mm] 38.0
Moisture content MC [wt. %] 6/40
Bulk density (dry) < pg > [kg/m3] 580
Thermal conductivity

Biomass (Longitudinal)  Apjomassz [W/(mK)] 0.315
Biomass (Radial) Agiomassr  [W/(m-K)] 0.150
Char (Longitudinal) Acharz [W/(m-K)] 0.215
Char (Radial) Acharr [W/(m-K)] 0.100
Permeability

Biomass (Longitudinal)  Kpjomass.z [m?] 1-10™
Biomass (Radial) Kpiomassr [m?] 5-10°%
Char (Longitudinal) Kchar z [m?] 5-101
Char (Radial) Kcharr [m?] 110
Boundary temperature

Gas Tsas [°C] 780
Wall Twau [°C] 960
Initial Tini [°C] 25
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For models assessing the influence of anisotropy, the thermal conductivity and permeability were
implemented according to eq. (1), and for the isotropic scenario, the parameters have been calculated
according to eq. (2). Additionally, in the latter models used to investigate the influence of anisotropy,
the kinetic (KIN) drying model was implemented. In the models used for assessing the influence of the
selected drying model, the following three different drying models were implemented: (kinetic (KIN),
equilibrium (EQ) and heat sink (HS) models) and were compared. Also, in compared the different drying

models, the anisotropic properties in the latter models of wood were implemented.

3.1.2. Influence of the directional dependency of wood properties

Implementing the directional dependence of the thermal conductivity in the wood had a noticeable
influence on the simulated temperature profiles (at the centre and the base’s surface) and mass loss
(fig. 1). Details of the relation between the reaction heat and the temperature profile are provided in
Section 3.2. As observed through the simulated centre temperature profiles, in the isotropic model,
the moisture is released quicker than in the anisotropic model, for both initial moisture contents.
Despite the noticeable difference in the centre temperature profile between both models, it is not
severe. The mass loss profiles show only a marginal difference between anisotropic and isotropic
models. Therefore, considering possible measurement error (and uncertainty) of the experimental
results, the objective indication about which description leads to more accurate results in terms of

temperature and mass loss prediction remains inconclusive.

The isotropic description lowers the thermal conductivity in the longitudinal direction, which leads to
its higher thermal resistivity. Such a change leads to higher heat accumulation in the region closer to
the particle boundary, so less energy is transported toward the centre. In turn, this is assumed to be
the cause of the more rapid temperature increase at the particle base’s surface for the isotropic model
compared to the anisotropic model. However, a more complex surface temperature profile can be

observed for the anisotropic model, especially close to the end of conversion (fig. 1, Top and Middle),
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which is caused by a fluctuation of the heating rate. That suggests the presence of a factor other than
thermal conductivity, which influences the heating rate at the particle’s base surface in the models

with implemented anisotropic properties of wood.
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Fig. 1. Simulated profiles of centre temperature (TC), base surface temperature (TS) and mass loss (ML)
from isotropic (Iso.) and anisotropic models (Aniso.) with the experimental data (Exp.) from Lu et al.
[43] (Top - TC and TS for6 wt. % MC, Middle - TC and TS for 40 wt. % MC and Bottom - ML for both

MC).
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The gas permeability (related to pressure drop per distance) and the length of the pathway from the
point of gas production to its release from the particle (surface) dictate the strength of the restriction
to gas flow. The gases always choose the path of least resistance, so if the difference in the pathway
length is less substantial than the difference in gas permeability, the gas will choose the release
pathway with a higher gas permeability. In models with the anisotropic description, the gas
permeability is significantly higher in the longitudinal than in the radial direction, so the influence of
permeability is much more relevant in terms of gas release than the difference in pathway length
between directions. Therefore, in anisotropic models, the escape path of evolved pyrolysis vapours is
predominantly longitudinally-oriented (fig. 2). Several modelling studies initially indicated the
existence of such behaviour of gas and vapours during wood pyrolysis [13, 22, 81-83]. Then, such
phenomena were confirmed experimentally by Brackmann et al. [29] and investigated with a model
based on a detailed wood structure by Ciesielski et al. [20]. In the isotropic model, the pressure drop
per distance is the same in every direction, so gases travel through the shortest possible escape path.
Hence their escape path is radially oriented and not longitudinally (fig. 2). A similar outcome was

obtained in numerical studies on models in which isotropic gas permeability was assumed [32, 35].

Gas velocity [m/s]
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Fig. 2. Simulated distribution of the intrinsic gas velocity at 70% conversion for MC = 40 wt. % and
anisotropic (left) and isotropic (right) gas permeability.
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The escape path of the evolved vapours leads through the already converted char zone, which has a
higher temperature than the initially evolved vapours [84, 85]. Therefore, with the assumption of
thermal equilibrium between phases, the vapours convectively transported through the hot char zone
will absorb heat, leading to a cooling effect of the solid char [13, 81, 85]. This cooling effect causes a
reduction in the heating rate in the zone through which the gases escape. In the end, this cooling effect
is recognised as a factor influencing particle conversion [13]. The cooling effect’s intensity depends on
the amount of vapours evolved during conversion, so an elevated initial moisture content in wood
through the creation of excess of water vapour enhances this cooling phenomenon [42]. The cooling
effect is the factor that changes the shape of the temperature profile at the particle’s base surface in
the anisotropic model when compared to the isotropic model (fig. 1). Moreover, assuming a
permeability independent of direction (isotropy) leads to the prediction of an inappropriate gas
velocity distribution within the particle (fig. 2). That translates to a lack of convective cooling in the
direction of higher gas permeability. Despite the inconclusive relevant effect of the directional
dependency of the thermal conductivity for the investigated particle, the anisotropy of the gas
permeability is required to predict the behaviour of a single wood particle during pyrolysis in an
accurate manner. Not implementing the directional dependency of the gas permeability can also be a
factor contributing to an inappropriate simulated composition and release profile of vapours in case if
the consecutive reactions in the vapour-phase are implemented into the model (e.g., cracking of heavy
condensables). Additionally, it is suspected that the inconclusive difference in the simulated centre
temperature profile between the anisotropic and isotropic model, so differences in the thermal
conductivity, are related to the relatively small size of the modelled particle. Consequently, the results
would be more unambiguous for larger particles (e.g., chunks) [17, 86]. Overall, it is advised to
implement the anisotropic description of the parameters into a model of pyrolysis of a single wood
particle (if possible), because then the behaviour of a wood particle is simulated in a more realistic,
hence more reliable manner. The anisotropic description may not be critically needed for

implementation when the particles are converted in the kinetic regime (fine powders) because then
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the internal heat transfer does not play a major role. On the other hand, the anisotropy seems to be
very relevant for all other regimes (thermally thin regime, thermal wave regime, and thermally thick
regime like in this study). Nonetheless, such a statement must be confirmed by appropriate

investigation to obtain an objective meaning and identify the threshold sizes.

3.1.3. Accuracy of common drying models

The second element of the Part 1 investigation was assessing the performance of different, commonly
applied descriptions of moisture evaporation during pyrolysis of a single wood particle. As shown in
fig. 3, among all investigated drying models, the equilibrium model (EQ) noticeably overpredicted the
temperature of water evaporation (i.e., boiling point) at the particle centre for both initial moisture
contents. For a particle with 6 wt. % initial moisture content, the kinetic (KIN) and heat sink (HS) model
results are highly comparable. However, for a particle with an initial moisture content of 40 wt. %, the
difference between the models becomes more visible. In the higher initial moisture content scenario,
the KIN model slightly underestimates the temperature of water evaporation at the particle centre.
That, leads to a difference in the simulated heating rates by reducing the heat required to bring the
water to its boiling point. In the end, this is visible as a quicker water release in the KIN model in
comparison to the HS model. As can be observed, the selection of appropriate wood properties and
the drying model parameters leads to a very similar temperature profile of the base and centre of the

modelled particle.
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Fig. 3. Comparison of simulated profiles of centre temperature (TC), base surface temperature (TS) and
mass loss (ML) from different drying sub-models: kinetic (KIN), equilibrium (EQ) and heat sink (HS)
model with the experimental data (Exp.) from Lu et al. [43] (Top - TC and TS for 6 wt. % MC, Middle -

TC and TC for 40 wt. % MC, and Bottom - ML for both MC).

The simulated mass loss profiles from all drying models were also very similar and presented a good
fit to the experimental data (fig. 3, Bottom). As expected, the mass loss profile from the KIN model in
the 40 wt. % initial MC scenario showed a slightly faster mass loss in comparison to the other drying
models. The latter is related to the lower water boiling point simulated by the model and elevated
evaporation rate, which caused the prediction of a faster conversion due to lower heat requirement.
Despite the similarity in mass loss profile, the final char yield was predicted to be different according

to the drying model used (fig. 4). The simulated char yield with the KIN model for both initial moisture
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contents was lower than for the other investigated drying models, although, in simulations with the
EQ and HS model, yields were comparable. For every drying model, a higher initial MC led to an
increase in the predicted char yield, which is in agreement with other experimental and numerical
works [41, 42]. The influence of the initial MC on the char formation is depicted in the simulated char
yield distributions (fig. S5). The higher initial MC increases the evaporative heat absorption along with
convective cooling, which leads to a reduction of the heating rate. In the Shafizadeh and Chin kinetic
scheme applied in this model, the predicted mass ratio of bio-oil to char at 350 °C s 30, but at 550 °C,
this ratio almost doubled. Therefore, in the simulation with a high initial MC (and thus lower heating
rate), the conversion occurs at lower temperatures, which is favourable for char formation. For low
initial MC, the rapid increase in temperature shifts the conversion in favour of bio-oil and pyrolysis gas

formation.

Despite the predicted trend of MC on char yield being in agreement with other literature works [41,
87], the trend in the simulated char yield does not match the absolute values nor the trend seen in the
employed experimental validation data, where the char yield decreases with the initial MC. In the study
by Lu et al., pyrolysis of a moist wood particle was performed at a temperature of ca. 1000 °C [43].
Therefore, phenomena other than bio-components degradation, which were not implemented in the
models, may become significant (e.g., the Boudouard reaction above 710 °C [88], and steam
gasification above 600 °C [89-91]). The influence of steam gasification in relation to moisture content
is also suggested by the simulated water vapour distribution within the particles (fig. S6). However,
considering the short residence time of water vapour within the particle (less than 60 s for 40% initial
moisture content), the significance of such a phenomenon on elevated mass loss is questionable.
Additionally, in view of other single particle studies, such a low char yield for higher initial moisture
content seems unrealistic [30, 33, 54]. Therefore, it is suspected that the experimental char yield may
be burdened with error, and it may be the main cause of the deviation of the trend as predicted by the

models in this study and the experimental results from Lu et al. [43].
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Fig. 4. Simulated char yields (db.) with MC = 6 wt. % and 40 wt. % using KIN - kinetic, EQ - equilibrium

and HS - Heat sink drying sub-models, and experimental data (Exp.) from Lu et al. [43].

The outcome of this study is very similar to the results obtained by Haberle et al. [16]. The deviation
between studies in the temperature profiles obtained with the KIN model is related to the
implementation of different kinetic parameters of drying. The KIN and HS model depends only on the
intrinsic heat transfer, in opposition to the EQ model, which depends on heat transfer and the mass
transfer and fluid dynamics of water vapour. The description of the gas permeability in the EQ model
(directional dependency and parameters values) severely influences its performance [15]. The
difference in the gas permeability values is assumed to be a major factor leading to deviating results
between this study and those obtained by Haberle et al. [16]. The value of permeability was not
experimentally measured in the study of Lu et al. [43], so the values of intrinsic permeability in both
simulation studies had to be selected from the literature. That may be a cause of the elevated boiling
temperature with the use of the EQ model. It is suspected that the selection of more appropriate (real)
gas permeabilities could reduce the EQ model’s boiling temperature. Due to the experimental
uncertainty and small difference in the simulated profiles, it cannot be objectively indicated which
model (HS or KIN) gives more accurate results. In both cases, the model does not reflect the physical
phenomena, where KIN describes it via the Arrhenius equation (chemical process description), and the
HS model includes the evaporation factor. On a purely numerical basis, the HS had the best

performance in the investigated study.
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The EQ model is the most realistic model, but as shown in this study in may lead to suboptimal results
in comparison to the less realistic drying models. The implementation of the EQ model requires very
accurate values of the wood properties (especially permeability, which is extremely rarely measured).
Otherwise, the results are not precise and may become not reliable. Therefore, unless the modelled
particle is well characterised (thermal conductivity and permeability), it is advised to use the HS or KIN
drying model. Nonetheless, it needs to be highlighted that in this study, the most suitable kinetic
parameters of drying have been selected. As shown in Section S6.1, the selection of the sub-optimal
kinetic parameters will lead to very imprecise results for the KIN model. On the other hand, for the HS
model, certain accuracy is maintained, even for sub-optimal values of the evaporation factor, whose
value is between 0 and 1 (Section S6.2). Therefore, the HS model's use will always be burdened with
less risk of inaccuracy within the model, and the adjustment of this drying model is much less

complicated than in the KIN model.

3.2. Kinetic scheme and model accuracy

3.2.1. Foundations of the model

This section presents results from models from Part 2, which includes the investigation of the
differences in simulation outcomes resulting from the implemented kinetic scheme. The models were
based on the experimental work of Bennadji et al. [55] because in the latter study, the employed
pyrolysis temperature allows omitting the secondary gas-phase reactions (depending on the literature
source, secondary gas-phase reactions are irrelevant in pyrolysis below 500 °C or 650 °C [31, 92]).
Moreover, besides temperature profiles and the yields of lumped products, the selected reference
study contains the release profiles of several vapour phase compounds, which were used to validate
the detailed kinetic schemes. The specific model parameters of the wood cylinder, based on the work

of Bennadji et al. [55], used in models of Part 2 are shown in Table 2.
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Table 2. Specific parameters of Part 2 models in accordance with the work of Bennadji et al. [55]

(longitudinal direction on the z-axis and the radial direction on the r-axis).

Parameter Symbol Unit Value
Particle Cylinder, dry poplar wood
Diameter D [mm] 19.05
Height H [mm] 40.00
Moisture content MC [wt. %] 0
Bulk density (dry) < ps > [kg/m?3] 500
Bio-components conc.

Cellulose (CELL) CCELL [wt. %] 50.50
Hemicellulose (HCE) CHCE [wt. %] 29.55
H-rich lignin (LIG-H) CLIGH [wt. %] 2.59
O-rich lignin (LIG-0) CLIGO [wt. %] 7.38
C-rich lignin (LIG-C) CLiGe [wt. %] 9.98
Secondary charring param.

Cellulose XCELL [-] 0.20
Hemicellulose XHCE [-] 0.25
Lignin X116 [-] 0.35
Metaphase XG[x] (-] 0.40
Thermal conductivity

Biomass (Longitudinal) Agiomass,z  [W/(mK)] 0.255
Biomass (Radial) Agiomassy  [W/(mK)] 0.125
Char (Longitudinal) Acharz  [W/(mK)] 0.105
Char (Radial) Acharr [W/(m-K)] 0.071
Permeability

Biomass (Longitudinal) Kpiomass.z [m?] 110
Biomass (Radial) Kpiomassr [m?] 1.10%
Char (Longitudinal) Kcharz [m?] 5-1013
Char (Radial) Kcharr [m?] 5-10
Boundary temperature

Gas Tgas [°C] 418
Wall Twau [°C] 418
Initial Tini [°C] 95

Similar to Part 1 (Section 3.1), some thermophysical parameters of wood were not measured in the
referenced study [55], so their values had to be selected from the literature. The initial wood density
was selected from Cobretta et al. [31] and wood thermal conductivity from Lee et al. [93]. However,
the thermal conductivity of wood in the radial direction was selected to be higher by 20% than the

value obtained from the sourced study, with the presumption that such change is in agreement with
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the literature [31, 67, 79, 80]. Gas permeability in wood was selected from Comstock [22], and gas
permeability in char, as in Section 3.1.1., was selected subjectively, taking into consideration the
change in gas permeability between wood and char, which are known for certain wood types other
than poplar [18]. The initial concentration of the lignins [55] (H-rich, O-rich and C-rich lignin) needed
for the detailed kinetic schemes was calculated with split parameters, according to Cobretta et al. [31].
In the experiments, wooden cylinders were dried prior to pyrolysis, so the moisture content was

neglected, and there was no need to implement a drying sub-model into the particle pyrolysis model.

In Part 2 three scenarios were investigated, each with a different kinetic scheme being implemented
into the model: the simple kinetic scheme (Table S4), the Ranzi (Table S5) and RAC (Table S6) kinetic
schemes. The simple kinetic scheme was based on the work of Shafizadeh and Chen, without any
alteration [44]. The Ranzi scheme was used in its most recent adaptation by Debiagi et al. [46].
However, as the latter study lacks reaction enthalpies, their values were incorporated from Gentile et
al. [32]. The RAC (Ranzi-Anca-Couce) scheme has been applied from the work of Anca-Couce et al. [54],
and the parameters of secondary charring were obtained from Anca-Couce and Scharler [53].
However, as opposed to the originally described scheme, the formation reaction of dehydrated sugars
(levoglucosan and xylan) was included, so the values of x.g;; and xycr parameters have been
increased appropriately, although subjectively (Table 2). In Table S3 a list of appropriately grouped
compounds covered by the detailed kinetic schemes (Ranzi and RAC scheme), along with their molar

masses and molecular formulas, is shown.

3.2.2. Temperature prediction accuracy

Initially, the accuracy of the models was assessed by fitting the simulated centre temperature profile
and the experimental profile (fig. 5). The focus was not only on obtaining a quantitative fit (R? for data
between 100 s and 600 s), but also on the accuracy of capturing the shape of the experimental

temperature profile, which contains a plateau between 250 s and 350 s (with a temperature between
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350 °C and 400 °C), and a peak around 400 s (temperature above 420 °C). Literature indicates that the
plateau is related to the degradation of hemicellulose and cellulose (holocellulose) and the
evaporation of its decomposition products [19, 94, 95]. As pointed out by Di Blasi et al. [94, 96], for
pyrolysis at temperatures below ca. 500 °C, the reaction enthalpy in the central part of the particle is
the driver of the peak in temperature. There are several theories regarding the cause of the occurrence
of this peak [94], assigning it to the degradation of lignin or attributing it to the heat of condensation
reactions of the carbon structures associated with the metaphase (polycondensation of the basic

structural units (BSUs)) [95, 97-101].
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Fig. 5. Simulated centre temperature profiles using different kinetic schemes (Simple, Ranzi and RAC),

validated with experimental data (exp.) from Bennadji et al. [55].

The simple scheme and the Ranzi scheme showed strong under-prediction of temperature in the range
related to the degradation of hemicellulose (below 300 °C) and cellulose (around 350 °C) (fig. 5). The
Ranzi and RAC kinetic scheme, as opposed to the simple kinetic scheme, simulated the exothermal
peak. However, the peak location and its shape obtained from the Ranzi scheme did not agree with
the experimental data. The determination coefficients of fit (R?) of the centre’s temperature between
100 s and 600 s (time of conversion) for the simple, Ranzi and RAC scheme were 0.794, 0.892 and
0.981, respectively. Overall, the RAC model was able to simulate the temperature profile with much

higher accuracy, and its prediction of the temperature peak location and its shape was satisfactorily
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precise. Considering the similar origin of both detailed kinetic schemes and the application of the same
thermo-physical parameters, the strong deviation in model-predicted temperature profiles was
unexpected. The Ranzi and RAC schemes differ in the reactions accounted for, degradation products
considered and the kinetic parameters, while the greatest difference between both kinetic schemes

was in the reaction enthalpies.

3.2.3. Reaction enthalpies in the kinetic schemes and their relevance

For the Ranzi scheme, the total thermal outcome of the pyrolysis reaction (exo/endothermicity)
changes rapidly with the conversion degree, and for the RAC scheme, the overall thermal outcome is
consistently exothermic, despite the degradation of cellulose showing significant endothermicity (fig.
6). The complete conversion as predicted by the model with the Ranzi scheme implemented was c.a.
100 s later than for the model where the RAC scheme was used. The secondary degradation of
hemicellulose in the Ranzi scheme is strongly endothermic and creates a significant heat sink that
lowers the heating rate, and in consequence, leads to the appearance of the first semi-plateau (change
in slope) on the temperature profile (between 150 s and 250 s). Such a semi-plateau at 418 °C obtained
with the Ranzi scheme was also observed in the work of Corbetta et al. [31]. In the RAC scheme,
conversion of the hemicellulose is considered entirely exothermic, so a resulting hemicellulose-related
temperature plateau was not observed. On the opposite, for the Ranzi model, the hemicellulose-
related heat sink is evident, hence the plateau was visually pronounced. The presence of the
hemicellulose-related heat sink influences the subsequent degradation rate of cellulose. It can be
observed in fig. 6 as the difference between both kinetic schemes in the location and duration of the

cellulose-related semi-plateau.
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Fig. 6. Model-predicted degradation reaction enthalpies of the lumped bio-components (left axis)
and the centre temperature (right axis) using the Ranzi and RAC kinetic scheme, compared with data
from Bennadiji et al. [55] (Q — reaction heat, Total — all bio-components, CELL — celluloses, HCE — all
hemicelluloses, LIG — lignins, G[X] — metaphase, TC — temperature of centre, mod. — simulated

profile, exp. — experimental profile).

The time of appearance and shape of the exothermic peak also differs significantly between kinetic
schemes, which is related to the reaction enthalpies of metaphase degradation. The Ranzi scheme
contains a strong heat release with the degradation of the trapped CO, and CO, which constitutes a
major share of the heat that creates the peak. In the RAC scheme, the values for those heats were
significantly reduced at the investigated temperature because they have barely reacted, so the heat
creating the peak is provided mostly by lignin degradation (fig. 8). Such an approach is in agreement
with experimental works [50, 102, 103]. It shows that reactions at slightly higher temperatures than
the investigated here lead to a further exothermicity, which could be associated with the carbonaceous
material devolatilisation or BSU’s re-organization, so mainly provided by the G[X] forms as in the RAC

model.
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The fast pyrolysis process described by the Ranzi scheme occurs in the kinetic regime (small particles,
unhindered volatile release), which differs significantly from the conversion in the thermally thick
regime (large particles, hindered volatile release). When the release of the heavy volatile compounds
(e.g., levoglucosan, xylan) is restricted, the compounds cannot evaporate efficiently from the internal
surface and partially undergo heterogeneous conversion into lighter compounds and char [47-50]. The
reaction enthalpy increases almost linearly with the increase in restricting the volatiles release, hence
char formation [7, 94, 104], while the formation and evaporation of heavy volatiles have an
endothermic effect [94]. In the RAC scheme, the inhibition of the volatiles release is taken into account
by the secondary charring parameters “x ”. These parameters alter the kinetic path of conversion and
the reaction enthalpies, resulting in less endothermic degradation of the bio-components and greater

compatibility with the experimental results of wood conversion in the thermally thick regime.

3.2.4. Yields of lumped products and compounds release profiles

Pyrolysis products were lumped into 3 groups (according to Table S3): the sum of the char and
metaphase (C+CM) being designated as the char yield, the sum of the water, light and heavy
condensables (CD+T+W) being designated as bio-oil yield and the sum of the permanent gases (PG)
being indicated as pygas yield. The numerical error in closing the mass balance for each model was
negligible (< 2 wt. %), and each kinetic scheme predicted yields of lumped pyrolysis products fairly well
(fig. 9). The simple scheme overpredicted bio-oil yield (by 5 wt. %) at the expense of the char yield. The
Ranzi model noticeably overpredicted the pygas yield (by 7 wt. %) and underpredicted the bio-oil and
char yield (by 4.5 wt. % and 2.5 wt. %, respectively). The RAC scheme overpredicted the bio-oil (by 3
wt. %) and pygas (by 2 wt. %) yield, underpredicting the char yield. Strangely, for the Ranzi scheme,
the combined yields of char and pygas were 8 wt. % higher than for the RAC scheme in which secondary
charring was implemented. It is suspected that the enhancement of the char and pygas formation in
the Ranzi model is related to the lower predicted heating rates due to the more endothermic

hemicellulose conversion.
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Fig. 7. Simulated pyrolysis yields obtained using the Simple, Ranzi and RAC kinetic scheme compared

to the experimental data (exp.) from 418 °C by Bennadiji et al. [55].

The model developed by Gentile et al. [32] was based on the experimental data from Cobretta et al.
[31], so data was acquired in the same research group as in Bennadji et al. [55]. The similar origin of
the experimental data on which the model is based allows for a direct comparison of the results of the
Ranzi scheme from this study (fig. 8) with the vapour/gas release profile results of Gentile et al. [32].
Such analysis is beneficial, because it provides insights into the performance of the Ranzi kinetic
scheme and may reveal the influence of the recent modifications to the scheme, such as the RAC
scheme [31, 32, 46]. Only the release profiles of CO,, CO and methanol obtained with the Ranzi scheme
in this study and in Gentile et al. present high similarity [32]. The release profile of CH, obtained by
Gentile et al. shows underprediction by this studies’ model, especially in the later stage of conversion,
while this studies’ model data indicate strong overprediction in the initial stage [32]. The problem with
a premature release of the methane in the simulations with the detailed kinetic models in comparison
to experimental data was already noticed in literature [49, 54]. Nonetheless, its origin is still not clear.
For formaldehyde, there is a proper fit in the initial stage, however, the model appears to underpredict
the later stages of release, as it is also observed in Gentile et al. [32]. Interestingly, in models using the
older Ranzi scheme [31, 32], the experimentally obtained acetic acid release matched the release of
hydroxyacetaldehyde (HAA), so a comparison of the acetic acid release profile could not be made.
Since acetic acid was firstly incorporated into the scheme by Debiagi et al. [46], it is suspected that
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hydroxyacetaldehyde was selected in place of acetic acid as the formation of the latter was assumed

not to be significant in the older scheme [31, 32].
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Fig. 8. Simulated compounds release profiles obtained with the Ranzi and RAC kinetic scheme and data
(exp.) from Bennadji et al. [55] (A — CO,, B — CO, C — CH4, D — methanol (CHsOH), E — formaldehyde

(HCHO), F — acetic acid (CHsCOOH)).

Overall, the compound release profiles obtained in this study with the Ranzi scheme are comparable
to other modelling studies [31, 32]. So, the current model with the Ranzi scheme can be assessed as
reproducible despite not being able to accurately predict the experimental release profiles of all
compounds considered. Unfortunately, for the results obtained with the model including the RAC
scheme, a similar comparison cannot be made as for the Ranzi scheme, as modelling results of pyrolysis
of a single wood particle using the RAC scheme were not yet available in the literature. Although, for

indirect comparison, the results from a pyrolysis model of a single wood pellet with implemented RAC
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scheme could be used [54]. Due to differences in the structure of the kinetic schemes, the predictions
obtained by the Ranzi and the RAC scheme showed a deviation in compounds (fig. 8). Both schemes
show overprediction in the release of the CO;, CO and CH, in the initial stage of the conversion (up to
200 s), most noticeably for the latter compound. However, in the later stages of the conversion, the
model-predicted release profile of the gases fitted well with the experimental data (figs 8A, 8B, 8C).
The evolution of methanol is well predicted by both models (fig. 8D). For the formaldehyde and acetic
acid, the Ranzi scheme significantly underpredicted their release in comparison to the RAC scheme

(figs 8E, 8F).

The model incorporating the simple kinetic scheme is fairly accurate in predicting the temperature
profile and yields of lumped products, but it does not allow to study of the release of the individual
vapour/gas-phase compounds. Therefore, simple schemes should not be applied for advanced model-
based investigation of pyrolysis. The model incorporating the RAC scheme showed higher accuracy in
the simulation of the temperature profile in comparison to the model using the Ranzi scheme. The RAC
scheme implements a restriction on the release of the gas and vapour compounds, hence altering the
degradation pathway and reaction enthalpy associated with it, which has high relevance for the
conversion of larger particles. Moreover, results from the model based on the RAC scheme are in
better agreement with the experimental data (Bennadji et al. [55]) for the yields of lumped products
and release profiles of formaldehyde and acetic acid when compared to models based on the Ranzi
scheme. Therefore, for the conversion of a wood particle in the thermally thick regime, the use of the
RAC scheme is deemed more suitable. Nevertheless, the RAC model is based on the application of the
secondary charring parameters (“x”) being currently subjectively selected before the simulation. As
such, a quantitative correlation between the degree of conversion and secondary charring parameters
needs to be established to remove manual fitting bias from the scheme’s accuracy. Here it is needed
to mention that the lack of implementing the catalytic effect of the AAEMs may be one of the factors
that cause the discrepancy between experimental and simulated results regardless of the applied

kinetic scheme. The catalytic influence of the alkali and alkaline earth metals, AAEMs (especially
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potassium), was neglected in the presented study, but those elements can influence the conversion
pathway, conversion yields as well as thermal effect of the conversion [105-111] . So far, the effect has
not been incorporated into the reaction scheme nor validated (despite several attempts) [105, 107,
108, 112, 113], so it could not be implemented in the developed models. Therefore, the Ranzi and RAC
scheme is only validated for, so restricted to biomasses with very low AAEMs content (like stem wood).
For biomasses more burdened with mineral matter, the model’s extension with the catalytic influence

needs to be made to become validated.

3.3. Model reliability at variable pyrolysis temperature, particle size and shape

3.3.1. Foundations of models

This section presents results from models from Part 3, which include the assessment whether the
appropriately established models can simulate the pyrolysis process in a single particle over a broad
range of process conditions (temperature, particle size and shape). Moreover, this Part investigates
the dependency between process parameters and the heating rate occurring within the particle during
conversion. The models were constructed and validated with experimental results from Atreya et al.
[33]. For the model-based investigation in this section, only data for cylinders and spheres were used
from the aforementioned study (yielding in total 24 scenarios). Models of one shape (12 scenarios)
were computed simultaneously in parallel mode with the use of the High-Performance Computing
facility at UGent. That reduced computation time from 144 h = 6 days (computation in series) to 12 h
(computation in parallel) for 12 scenarios (1 shape) (details in the Supplementary Information, Section
S3). The specific model parameters of the wood cylinder were selected in accordance with the
experiments conducted by Atreya et al. [33], which next were used to simulate the experimental
conditions for models of Part 3 are shown in Table 3. The listed boundary temperatures in the table
indicate specific scenarios that were available in the experimental study, and which were used as

validation data. The averaged values, along with the standard deviation of the boundary temperatures,
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were obtained by averaging the temperatures within one temperature scenario for all sizes of particles

within the same shape.

Table 3. Specific parameters used in Part 3 models in accordance with the work of Atreya et al. [33]
(longitudinal direction on the z-axis and the radial direction on the r-axis). The different temperatures
and particles diameters indicate a specific scenario being modelled (boundary temperatures variation

related to the average of all scenarios with a specific temperature for all particles with a certain shape).

Parameter Symbol Unit Value
Particle Cylinder/Sphere, dry maple wood
D1/D1 10/10
Diameters D2/D2 [mm] 15/15
D3/D3 20/20
Height H/— [mm] 20/-
Moisture content MC [wt. %] 0
Bulk density (dry) < pg > [kg/m?3] 630
Bio-components conc.
Cellulose (CELL) CCELL [wt. %] 42.20
Hemicellulose (HCE) CHCE [wt. %] 32.30
H-rich lignin (LIG-H) CLIGH [wt. %] 16.51
O-rich lignin (LIG-O) CLiGo [wt. %] 5.59
C-rich lignin (LIG-C) CLIGC [wt. %] 3.30
Thermal conductivity
Biomass (Longitudinal) Agiomass,z  [W/(m-K)] 0.255
Biomass (Radial) Agiomassr  [W/(m-K)] 0.115
Char (Longitudinal) Acharz [W/(m-K)] 0.105
Char (Radial) Acharr [W/(m-K)] 0.081
Permeability
Biomass (Longitudinal) Kpiomass,z [m?] 1-10%
Biomass (Radial) Kpiomass,r [m?] 1-10°®
Char (Longitudinal) Kchar,z [m?] 5-10°%
Char (Radial) Kcharr [m?] 5-10%
Boundary temperatures
Tgas,s500°c 494 +13
Gas T6as610°c °c] 603+ 6
TGas,720 °oc 714+ 8
TGas,84-0 °c 838118
Twau,500 °c 509 + 13
wall Twane10°c °cl 618+6
Twau,720°c 7268
Twangao°c 850+18
Initial Tini [°Cl 40
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The parameters that were not provided in the referenced study were selected from the literature.
Wood density was selected from Park et al. [27], and the thermal conductivity of wood and char was
selected from Lee et al. [93]. However, the thermal conductivities in the radial direction for wood and
its derived char were increased by 10% (subjectively selected to enhance accuracy) on similar bases as
in Part 2 [31, 67, 79, 80]. Also, the permeability values were applied accordingly, as in Part 2 (Section
3.2). The initial concentration of bio-components was used from Park et al. [27], and split parameters
were used from Cobretta et al. [31]. The samples were dried prior to the pyrolysis in the experiments,

so the moisture content was neglected, and the drying sub-models were not implemented.

For the kinetic scheme, the RAC scheme was applied for all scenarios. Implementing the secondary
charring parameters as a single set of constants for all simulated scenarios (Table 3) did not allow
obtaining the required accuracy due to significant variation in the conversion conditions (along with
the different scenarios) in terms of pyrolysis temperature and particles size. Therefore, the secondary
charring parameters were implemented as simple functions with a variable related to a specific
scenario, as presented in Table 4. It needs to be pointed out here, that the function was calibrated by
iterative simultaneous simulation of the 12 scenarios (4 temperatures x 3 sizes x 1 shape = cylinder),
until the correlation function did lead to an accurate result for all 12 scenarios. Details can be found in

Section S6.3. in the Supplementary Information.

Table 4. Secondary charring parameters in relation to scenario-specific process conditions (R} - in mm,

Tenp in °C).

Parameter Unit Relation Applied range Limit (0 < x)
XCELL [-] 0.016 Ry — 0.02 5<R; <10 R, < 1.25
XHCE [-] 0.016 Ry + 0.06 5<R <10 No limit
XL1G [[]  0.565—0.00053 Tzyp 480 < Tgyp < 870 1065 < Tenp
XG[x] [-] 0.565 — 0.00053 Tgyp 480 < Tgyp < 870 1065 < Tgnp
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In preliminary simulations, an investigation was made to find the most appropriate relationship
between the set parameters of a model and the secondary charring parameter, which results in the
highest fit of the centre temperature and mass loss profile to experimental data. Initially, the relation
was based on only one set parameter (boundary temperature) for all charring factors, however, that
did not lead to promising results, and an additional set parameter (size of a particle) had to be taken
into account. Satisfactory results were obtained when the secondary charring parameter of cellulose
(xcgLL) and hemicellulose (xy ) were made dependent on the particle size, and the lignin (x;;;) and
metaphase (xa[x]) charring parameters were expressed as a function of pyrolysis temperature. The
particle size parameter was selected as the longest distance between the particle’s centre and surface
in the direction in which fibres have parallel alignment (Ry), so the radius in all investigated cases. The
pyrolysis temperature parameter was selected as the equilibrium temperature of the centre after
completed conversion (i.e. after the exothermal peak), so when the stable temperature was reached

at the end of the conversion process (Tgyp) equal to the expected temperature of pyrolysis.

3.3.2. Performance of the model over a broad range of parameters

Validation of the model results with the experimental data from Atreya et al. [33] shows that the model
predicted the centre temperature and mass loss with more than satisfactory accuracy considering the
broad range of process conditions applied (cylinders in fig. 9, and spheres in fig. S7). For all models
simulating pyrolysis at 500 °C, the presence of the exothermic peak was observed, and such a peak
faded with an increase in pyrolysis temperature. It is in agreement with literature reports [94, 96].
Simulations of the centre temperature profile at 500 °C showed a good fit for the initial and later stage
of conversion, however, only for particles with a diameter of 10 and 15 mm. For both cylinders and
spheres with a diameter of 20 mm, the centre temperature profile showed only a satisfactory fit in the
initial stage of conversion. Simulations with pyrolysis temperature above 500 °C presented a lack of fit

in the initial stages of the conversion. The discrepancy between simulation and experiment increased
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with particle size and was more noticeable in spheres than in the cylindrical particles. However, in the

later stages of conversion, the profiles showed a very good match with the experimental data.

Even with the implementation of the secondary charring parameters as functions, the misfit in the
initial stage of conversion in simulations with pyrolysis temperatures above 500 °C was evident
(especially at 840 °C). This suggests that the discrepancy can be related to the modelled heat transfer
(its parameters or description) besides the implemented kinetic scheme. The pre-trial simulations
showed that a significant increase in the radial thermal conductivity led to a reduction in the initial
misfit. However, such a change also implied a strong overprediction of temperature in the later stages
of the conversion and the overall temperature profile’s shape. Therefore, a major adjustment of
thermal conductivity did not have a beneficial effect on fitting the temperature profile and cannot be
treated as a general solution to improve the calibration of the current models. Moreover, this
parameter is set for well-defined cases (when wood thermal conductivity is measured prior to the
experimental work), so it cannot be used for adjustment or calibration. The problem with the initial
misfit in the temperature profile seems to have a much more complex foundation besides the thermal
conductivity. That involves issues with the radiative heat transfer within the particle (for scenarios with
the temperature above 500 °C) and dynamic changes in heat transfer distance due to the shrinking of
the particle. The influence of the dynamically changing particle size (i.e., shrinking of the particle
especially prevalent in the later stage of conversion) was not accounted for since the particle’s
shrinking behaviour was not implemented into the model, so its role cannot be objectively stated.
Sources indicate that a single particle can undergo cracking during pyrolysis (especially if the particle
exceeds 4 mm size), which could influence the temperature profile. On the other hand, none of the
sources indicates at exactly which stage of conversion (time, temperature) the cracking occurs.
However, it is suspected that it occurs mainly at the end of the conversion due to the pressure build-
up at the particle’s centre [27, 114]. Nonetheless, the referenced study does not mention the
occurrence of fragmentation of particles, so the extent of particle cracking as a contributing factor

remains unknown [33]. Another factor that cannot be ruled out is the influence of the experimental
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setup in the course of the conversion (e.g., heating through the thermocouple). It could explain the

noticeable difference in the temperature profile between particles with 10/15 mm and 20 mm.

However, in the experimental setup, thermocouples with a diameter of 0.25 mm were used to assess

the temperature in the particle centre, which suggests that the heating through such narrow

thermocouples should rather not have an influence [27, 33].
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Fig. 9. Temperature centre (TC) and mass loss (ML) profiles from simulation (mod.) for pyrolysis at

500 °C, 610 °C, 720 °C and 840 °C for wood cylinders with 20 mm height and various diameters, and

data (exp.) from Atreya et al. [33] (Left - TC, Right - ML).
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Due to the small error in mass balance (for every scenario < 5 wt. %), the models can be assessed as
unburdened with numerical error. The experimental results did not include release profiles of specific
compounds or total yields of lumped products such as bio-oil or non-condensable gases, so only char
yield was available for use as validation data (fig. 10) [33]. For spheres, the absolute error between
predicted and experimental char yield was 1.3 £ 0.7 wt. %. For cylinders, the error was a bit higher (1.8
+ 1.5 wt. %) due to the low accuracy of simulations at 500 °C (in which there was an error of 4.2 + 0.2
wt. %). In general, among all simulations, those at 500 °C showed the lowest prediction accuracy with
respect to mass loss (fig. 9 and fig. S7) and to final char yield for all particles sizes considered (fig. 10).
However, the accuracy improved majorly with an increase in pyrolysis temperature. It is suspected
that the inaccuracy of the mass loss profile and char yield prediction in simulations at 500 °C may be
related to an inappropriate formulation of the functions describing the secondary charring parameters.
Therefore, the relation between the charring parameters and pyrolysis at lower temperatures needs
to be further investigated to simulate the process with higher precision. Nonetheless, the results from
500 °C for spheres are strangely much more accurate than for cylinders. In comparison to the data
available in the literature (e.g., Wang et al. [23]), it can be noticed that the results for the cylinders
from Atreya et al. at 500 °C show a slightly lower char yield [33]. However, the source of the difference

between the studies remains inconclusive.
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Fig. 10. Experimental [33] and simulated char yields for particles pyrolysed in temperatures between

500 °C and 840 °C (squares — cylinders, circle: spheres).
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For simulations at 720 °C and 840 °C, up until halfway through the conversion, their predicted mass
loss profiles showed an excellent agreement with the experimental profiles, but along the course of
the conversion, the profiles lose their precise fit (fig. 9 and fig. S7). The overprediction of char yield for
both particle shapes occurred mainly for simulations at 720 °C but not at 840 °C (fig. 10). The omission
of gasification reactions ([88-91]) in the model seems not to be a factor affecting inaccuracy in the later
stage of the conversion since the effect of gasification reactions (if significant) would lead to an
opposite trend. Therefore, suboptimal kinetics describing the metaphase degradation up to 720 °C are
suspected as the major cause behind the lack of fit in the mass loss profiles in the later stages of
conversion. Overall, the models show satisfactory validity in the given validation scenarios, so further

analysis is considered to be reliable.

For modelling release profiles and vyields of specific compounds in pyrolysis of wood at elevated
temperatures in a realistic manner (T > 500 °C [54] or T > 650 °C [31]), secondary gas-phase reactions
have to be incorporated. These reactions occur within the particle and after the release of volatiles in
the volume surrounding the particle. The surrounding volume is required to be included in the model
to reliably account for these secondary reactions [31, 54]. The models in this study did not simulate
the volume which surrounds the particle, so secondary gas-phase reactions were omitted. Hence,
yields of the lumped products (heavy and light condensable (T and CD), permanent gases (PG) and
water (W)) are based only on the RAC’s primary kinetic scheme and its relationship with the process
conditions. A comparison of the yields of the lumped products from scenarios with different process
conditions is shown in fig. 11, and the data show noticeable similarity to the experimental data from
fluidised bed pyrolysis [23, 114, 115]. The overview of the results is presented in Section S9.4. in the

Supplementary Information.
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Fig. 11. Model-predicted lumped yields of pyrolysis products as a function of temperature (500 °C,
610 °C, 720 °C and 840 °C), particle size (D = 10 mm, 15 mm and 20 mm) and shape (Left - cylinder,

Right - sphere).

The secondary charring parameters were implemented as linear functions of the particles size for both
particle shapes. However, changes in yields of pyrolysis products with the particle’s size for the same
shape as well as between shapes are not linear (fig. 11). Therefore, it is assumed that the heating rate,
besides the secondary charring parameters, is another conversion-wise relevant parameter that
influences the pyrolysis yields. Hence, two factors, heating rate and secondary charring parameters,
also have to be taken into account to explain the observed differences in the linearity of changes in
the pyrolysis yields. Overall, the structure of the models allowed to obtain results that were positively
validated with the experimentally obtained profiles, hence results from these models can be assessed
as very reliable and satisfactorily accurate. Basing on the obtained outcome from models, the influence

of temperature, size and shape on the simulation outcome can be investigated.
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3.3.3. Outer thermal layer

Only the heating rate that occurs during the conversion has a direct relation to the path of conversion.
Therefore, averaged values of the heating rate as a function of the conversion extent at specific particle
locations were used in this investigation instead of values averaged over the entire simulation time
(the latter being the more common practice). From the heating rate distribution, it can be observed
that its value is not evenly distributed among the whole domain of the particle. Therefore, specific
points within the particles were selected to assess the influence of the pyrolysis temperature and
particle size on the heating rate. Details of the assessment on the cylindrical particle are presented in

Supplementary Information (Section S9.5.).

How much the heating rate changed (and the linearity thereof) with temperature was majorly
dependent on the location within the particle. The most noticeable increase in heating rate was on the
line between the centre point and the edge of the cylinder’s base, although the radial direction was
more influenced than the longitudinal. The cause of the latter may be related to higher thermal
conductivity and a stronger cooling effect (higher permeability) in the longitudinal direction, as
investigated in Part 1 (Section 3.1). The relative radial position of the investigated points was set
constant, so with an increase in particle size, the absolute distance from the investigated point to the
surface differed (which is also the case for the points at the particle’s centre). The absolute distance
between the point and the surface was the main factor causing differences in heating rate in the
longitudinal and radial direction. Therefore, if the point in the spatial body is located sufficiently far
from the surface, the heating rate during the conversion is not significantly influenced by the pyrolysis
temperature. The largest changes in heating rate with pyrolysis temperature occur in the layer closest

to the surface.

Independent of the heating rate, the existence of a pattern was noticed on volatile release profiles at
the particle surface, e.g., for heavy condensables (T) shown in fig. 12. For all particles pyrolysed at 840

°C, from the start till approx. 30 s, the model-predicted release profiles are in very good agreement
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with each other. Also, the value of the maximum model-predicted mass flux (0.017 kg/(m?-s)) and the
time of its appearance (8 s) is very similar for all scenarios (840 °C). After the initial match of release
profiles, the mass flux profiles start to differ in the further stage of conversion, and they become
dependent on the shape and size of each modelled particle. A similar outcome was obtained for
pyrolysis of wood cylinders above 650 °C in the experimental study by Gauthier et al. [116]. Analysis of
results shows that for the first 30 s, the same volume of all particles was converted in a very similar
manner, which confirms the existence of the outer thermal layer with comparable thickness for every

simulated scenario.
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Fig. 12. Simulated surface mass fluxes of heavy condensables for cylindrical and spherical particles with

different sizes (D = 10 mm, 15 mm and 20 mm) at a pyrolysis temperature of 840 °C.

Analysis of the simulated heating rate distribution indicated that only the outer approx. 2.5 mm of the
particle is prone to drastically change its heating rate as affected by pyrolysis temperature (further
referred as the outer thermal layer). At 500 °C, the thermal layer is hardly noticeable, but with an
increase in pyrolysis temperature, its presence becomes more recognisable, and at 840 °C, its thickness
is sharply visible (fig. 13). Interestingly, the thickness of the outer layer was independent of the particle
size. Although, the shape had an influence on the heating rate within the layer due to the dependency

of inward thermal flux and surface area per volume to which the flux is directed. The relevance of the
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thermal outer layer on the heating rate distribution depends on the magnitude of the thermal flux and
the thermal resistivity. Moreover, it is suspected that the thickness of the layer is related to the
thermophysical parameters of wood (via thermal resistivity), so it can vary for different species. With
a presumed constant thickness of this thermal layer, a change in particle size leads to an increase in
the volume ratio between the layer and the inner volume. For the cylindrical particles, the ratios were
4.3,2.0and 1.4, and for spheres 7.0, 2.4 and 1.4, both for D = 10 mm, 15 mm and 20 mm, respectively.
A higher value of this ratio indicates that a higher share of particle mass is converted at significantly
higher heating rates than in other parts of the particle. The existence of the outer thermal layer would
explain the changes in the linearity of the simulated yields of lumped pyrolysis products versus
temperature. Basing on the results obtained from the primary kinetic scheme, the observed trend can
be indicated as: the lower the value of thermal layer volume/inner volume ratio (so for large particles),
the higher the yields of char (C+CM) and water (W) and the lower the yields of heavy and light
condensables (T and CD). Nonetheless, in a more general view, the pyrolysis temperature and
implemented kinetic scheme (secondary charring parameters) may have a more significant influence
than the outer layer itself. Considering that observations enclosed in this Section are numerically

based, their validation with experimental data is required.

Cylinders 2 [mm] Spheres Heating rate
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Fig. 13. Simulated heating rate distribution at a pyrolysis temperature of 840 °C for cylindrical (left)
and spherical (right) particles at the 8™ second of the conversion (merged view for 3 sizes of particles:
D =10 mm, 15 mm and 20 mm).
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The obtained results indicate the presence of the outer layer of the particles with c.a. 2.5 mm thickness
in all investigated cases for all modelled particles, which behave similarly despite differences in particle
shape and size. The consequence of this thermal layer’s presence is a significantly higher heating rate
close to the particle’s surface in comparison to the inner volume of the particle. Therefore, through
the size of a particle, the heating rate has the ability to cause a noticeable influence on the pyrolysis
yields. The implication of the numerically observed thermal layer will be that the restriction for
efficient conversion of a wood particle with a high heating rate, its size should not exceed 4 —5 mm in
any direction. The literature does not contain sufficient reference data from single particle pyrolysis to
assess the implementation’s reliability objectively. However, studies of the pyrolysis of wood particles
in fluidised beds indicate the correctness of this implication [23, 114, 115, 117]. The references studies
indicate the existence of 3 particle size ranges within which particle’s conversion occurs differently.
Considering the char yield, it can be stated that up to 1 mm, increasing the particle size results in an
increase in char yield. Then, between 1 mm and 3 - 4 mm, the char yield remains relatively constant,
but above 4 mm, with an increase in size, the char yield increases again (logarithmically). Therefore,
for particles in the middle size range, the conversion occurs ratter homogeneously in the whole particle
volume, presumably with the same heating rate at any location within a particle. Then with a larger
size, the effect of the thermal layer may become more pronounced. Besides the size of the particle,
the conversion and its yields (as well as the significance of the suspected thermal layer) can be altered
by other parameters of conversion like temperature, or vapours residence time and experimental
setup/reactor type [114, 115, 118-120]. Therefore, a conclusive statement in regard to the influence

and presence of the thermal layer must be made with extreme caution.
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3.4. Future improvements in models for single wood particle pyrolysis in the thermally thick regime

Despite the generally good agreement among the models and experimental data, the results in fig. 9
and fig. S4 show that the misfit in the temperature profile is located in a different stage of the
conversion than where discrepancies in the mass loss profile occur. This is an indication that models,
despite their satisfactory accuracy, still do not fully resemble the actual conversion taking place in
single wood particles. The conversion takes place in the thermally thick regime, so all processes that
influence the heat transfer have relevance and need to be accurately implemented and
interconnected. Within the heat transfer model, along with its sub-models and parameters on which
they are based, an indication of several areas where an improvement is required and will be discussed
briefly hereafter. Considering the variety of multi-coupled factors, improvements need to be
comprehensive and be done with precision and carefulness. It needs to be reminded, that the
parameters of the real system cannot be freely changed in the model description since they are strictly
related to the actual properties of a material. The only changes that should be made (and are in

principle allowed) are the descriptions of the sub-model which are implemented.

The description of effective thermal conductivity plays a major role in heat transfer, so its appropriate
implementation has high importance. The simplest and most commonly used formulation is one
provided by Grgnli [26]. Literature also provides other formulations dedicated especially to wood [79,
121-123]. The detailed formulation was provided by Thunman and Leckner [64], based on merged
approaches from Siau [122] and Saastamoinen and Richard [123]. The dedicated formulation seems to
be a better fit for the purpose, but there are a few concerns regarding its use. The formulation is based
on wood porosity and thermal conductivity of a single, non-porous fibre (perpendicular and parallel
direction). Thunman and Leckner proposed one set of values, which should be valid for every type of
wood, but considering the variation of the bio-composition in wood, the formulation may not be
appropriate for all wood species [64]. Moreover, the authors propose thermal conductivity values of

wood char “fibre” based on coal, which in their own opinion, can be inaccurate. Therefore, as long as
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the thermal conductivity values for wood and biochar are not reliable, the use of this formulation by
Thunman and Leckner cannot be advised. The implementation of Grgnli’s formulation of effective
thermal conductivity requires the use of the thermal conductivities of materials (wood, char) that are
highly corresponding to the modelled scenario (specie, density, and for the char, pyrolysis
temperature) [26]. For a specific wood, the values of the thermal conductivity can be found in the
literature (Longitudinal (n = 25) — Min. = 0.25 W/(m K), Max. = 0.45 W/(m K), Avg. * St. Dev. =0.33
0.05; Radial (n = 25) — Min. = 0.09, Max. = 0.31, Avg. + St. Dev. = 0.18 + 0.06) [18, 124, 125]. For wood
chars, the situation is much more difficult because only a few studies provided those parameters, and
that includes only for a few species (Longitudinal (n = 13) — Min. = 0.11 W/(m K), Max. = 0.34W/(m K),
Avg. + St. Dev. = 0.24 + 0.07; Radial (n = 13) — Min. = 0.03, Max. = 0.13, Avg. + St. Dev. = 0.08 + 0.03)
[80, 93], and data for char does not match wood species or modelled conditions. As pointed out in
Section 3.3.2., manual calibration of the thermal conductivity of wood and char may not be sufficient

or even beneficial for model performance.

The formulation of effective thermal conductivity consists of conductive heat transfer in solids and
voids and internal radiative transfer, which above 500 °C has a non-negligible share. In literature,
several descriptions of radiative transfer can be found [13, 126-129]. Nevertheless, predictions on their
basis differ significantly for the same temperature and pore size (fig. S12). For future development, it
would be beneficial to assess their accuracy and choose one on an objective basis. An additional
difficulty in the implementation of the radiative heat transfer is the use of the appropriate pore width
in wood char. In literature, reliable data on the shape and dimensions of the vessels/lumens in specific
wood species can be found [6, 79, 130, 131]. However, the changes in the width of the wood pores
during pyrolysis have not been described yet, and the literature is not abundant with the pore width
measurements in wood chars. Also, considering that for both hard and softwoods, the size of a lumen
in the longitudinal direction is close to 1000 times higher than in the radial or tangential direction, it

needs to be assessed if the assumption of the isotropic radiative transfer has validity [6].
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The heat transfer is also connected to the true density and porosity. In the investigated models, as well
as in other studies [6, 27, 28, 31-33, 43, 54-57], the value of the true density of the solid is set as
constant, but the experimental studies on chars indicate a change of true density with temperature
[132-134]. To accurately implement changes in bulk density, besides the appropriate function of the
true density, the model has to be extended with an accurate description of shrinking [32, 61, 63, 135].
Both features have to be implemented simultaneously, considering their compensatory effect on
overall porosity within the modelled domain. The compensatory effect may be one of the causes why
some studies indicate the low relevance of the shrinking [61]. As pointed out in Section 3.3.3, only
when particle shrinking is implemented, dynamic changes in distance are taken into account, and the
heat transfer is described in accordance with reality. However, the effects are negligible for particles

below 1 mm and become more pronounced when the particle size or temperature increases [62].

Implementing the anisotropic gas permeability is often neglected in studies [27, 31-33, 35, 54].
Nevertheless, the lack of appropriately implementing gas permeability leads to a suboptimal prediction
of pressure within the particle, hence the gas velocity distribution within the particle and intrinsic
residence time of vapours. The latter has severe consequences for the secondary gas-phase reactions,
confirmed experimentally and numerically [30, 31]. Also, as shown in Section 3.1.2., the permeability
influences the heating rate distribution through the convective cooling effect, especially when the
particles were initially moist. A similar problem with thermal conductivity has to be solved for the gas
permeability, namely, how it dynamically changes with temperature. The experimental data for chars
of various wood species is also lacking. An additional problem is posed by the strong deficit in validation
datasets, like pressure profiles within particles. Due to very complex measurements, only a few studies

provide pressure profiles of wood particles during pyrolysis [93].

When heat transfer is implemented in a reliable manner along with case-specific thermo-physical
parameters and bio-composition corresponding to the validation dataset (e.g., [48, 49]), the model can

be used for finding adjustments to the detailed kinetic schemes. With reliable changes in the heating
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rate and pressure distribution, the detailed kinetic schemes can be investigated and improved, but
only at pyrolysis temperatures below which the secondary gas-phase reactions are negligible. For a
wood particle, the dependence of reaction kinetics on the heat transfer is described by the
dimensionless pyrolysis (Py) and Biot (Bi) numbers. Considering that woods differ in thermo-physical
properties only within certain limits, both dimensionless numbers depend mainly on the pyrolysis
temperature and characteristic length related to the particle size [8-11]. However, the dimensionless
numbers are only an approximation by averaging the conversion characteristics, which in the case of
large particles can have a different course depending on the location within the particle’s domain. As
presented in Section 3.3.3., the conversion in close vicinity to the particle's surface compared to the
conversion in the geometric centre can differ substantially, despite the whole particle having single
values for the dimensionless numbers. Therefore, direct global correlations of conversion based on Py
and Bi numbers, hence assigning the whole large particle into one kinetic regime, may lead to model
inaccuracy. Therefore, a more appropriate and accurate solution has to be found. To avoid the
subjective selection of parameter values for the secondary charring factors in the RAC scheme, they
should be coupled with the heating rate, the partial vapour pressure of specific compounds and
concentration of available catalytically active sites on which the secondary reactions take place [47].
This will also open up the possibility of reliable adjustment of the reaction enthalpies in the primary
kinetic scheme. Moreover, numerous studies show that the concentration of the alkali and alkaline
earth elements (AAEMs) influences the degradation of initial bio-components (via alteration of
activation energy and pre-exponential factor and the reaction heat of formation of specific volatiles)
[105, 108-111, 136, 137]. Nonetheless, severe caution needs to be taken to prepare a study that aims
to identify their effect. The first issue is the appropriate selection of the dopant (i.e., inorganic element)
concentration to match the concentration of the elements in stem wood. The second, when leaching
of the biomass is applied to produce demineralized biomass, also the changes in the bio-composition
of the biomass (extractive content, degradation of hemicellulose) due to the use of the leaching agent

(i.e., acid) have to be considered. For the latter, it is also important to assure that the leaching agent
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was removed from the material prior to doping or processing [106, 107, 109, 138] . Then, based on the
appropriately prepared study, an attempt to introduce a modification to the kinetic scheme can be
provided, and a quantitative correlation of the effect of catalytically active elements on the kinetic
parameters and thermal effects can be proposed [107, 108, 112, 113]. When a detailed pyrolysis
scheme consistently includes the effect of inorganics, it will be meaningful to study its influence in a
particle model, as done in this work with the currently available detailed pyrolysis schemes. That, in
the end, would extend the validity of the Ranzi and RAC scheme to feedstock more burdened with

mineral matter than stem wood (like herbaceous biomass).

For adjustment of the kinetic scheme at temperatures in which secondary gas-phase reactions are no
longer negligible, it is necessary to extend the particle model with the surrounding (external) volume,
along with an appropriate description (mass and heat transfer and fluid flow in the surrounding
volume). Then, depending on the modelled temperature, the model has to be completed with the
following reactions: thermal cracking of vapours, reactions between vapours and gases, steam
gasification and Boudouard reaction. However, first, an assessment of the kinetic parameters for
secondary cracking of volatiles has to be performed to indicate their appropriate value to be used in

the single particle models [14, 92].

4. Conclusions

As presented, the modelling of pyrolysis of a single wooden particle in the thermally thick conversion
regime is a complex and demanding task and requires high caution from the modeller with the
selection of parameters and formulation of specific sub-parts of the model. The step-by-step approach

presented in this work allowed to state that:

e The influence of anisotropy in thermal conductivity, hence the difference in model outcome (with
respect to assuming isotropy), could not be accurately assessed as the obtained differences in

mass loss and temperatures between the models were in the range of the deviations in the
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experimental results. However, the implementation of anisotropy in wood has high relevance for
accurate simulation of the distribution of intrinsic gas velocity, hence the retention time of
vapours within a particle and secondary reactions of vapours. Therefore, implementation of the
directional dependence of parameters is advised when the previous processes are of interest.
For the higher dimensional models with appropriate implementation of the parameters and sub-
model description, the performance of the kinetic, equilibrium and heat sink model for the
description of drying is highly similar. If the particle is well-assessed experimentally (thermal
conductivity and permeability), the most appropriate model for the description of the drying is
the equilibrium model due to its realistic description of the phenomenon. Otherwise, as is
commonly the case, the selection of less realistic, but still precise models like the kinetic or heat
sink model can be implemented. Moreover, the heat sink model is preferred to the kinetic model
since the sub-optimal selection of the parameters in the kinetic model leads to a higher risk of low
precision than for the heat sink model.

Among investigated detailed kinetic schemes, the implementation of the RAC kinetic scheme led
to the most accurate results in terms of the parameter profiles and overall yields in the conducted
study. It also presented the most reliable reaction heats. Therefore, the implementation of the
RAC model for the description of wood pyrolysis in the thermally thick regime is advised.

A well-established single particle model is able to predict the centre temperature and mass loss
profile fairly accurately within a broad range of process parameters (pyrolysis temperature,
particle size and shape). However, to increase its precision, the secondary charring parameters in
the RAC kinetic scheme have to be related to relevant parameters. Correlations proposed in this
work are based on temperature and particle size for the investigated conditions. They should be
extended in the future to consider other parameters such as the heating rate or the presence of
inorganics.

Simulations indicated the presence of the outer thermal layer which thickness (ca. 2.5 mm) was

the same for all particles despite varying size and shape. Therefore, it suggests that homogeneous
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efficient heating of particles can be made only if their size does not exceed 4 - 5 mm. However,

this result has to be validated experimentally.

In the future, additional improvements have to be implemented into the model to obtain the required
precision of prediction. It will require the development in both the model description as well as a
broader and more detailed experimental dataset for validation purposes. Then, the well-established
pyrolysis model of a single wood particle will allow for in-depth investigation of the relationship
between wood properties and process conditions occurring during the conversion. That, in the end,
will open a possibility for further technological optimisation of pyrolysis-based processes using
biomass as feedstock and a more conscious approach to tailoring of the large-scale process. Then, the
well-established pyrolysis model of a single wood particle will allow for in-deep investigation of the
relationship between wood properties and process conditions occurring during the conversion, which
at the moment, are poorly understood. Moreover, the well-developed single particle model will
provide a baseline, from which the influence of the reactor could be distinguished and then separately
optimised. Finally, that will open a possibility for further technological optimisation of pyrolysis-based
processes using biomass as feedstock and a more conscious approach to tailoring the large-scale

process.
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