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Abstract. Modelling is a complex task combining elements of knowledge in the field of computer 8 
science, mathematics and natural sciences (fluid dynamics, mass and heat transfer, chemistry). In 9 
order to correctly model the process of biomass thermal degradation, in-depth knowledge of 10 
multi-scale unit processes is necessary. A biomass conversion model can be divided into three 11 
main submodels depending on the scale of the unit processes: the molecular model, single particle 12 
model and reactor model. Molecular models describe the chemical changes in the biomass 13 
constituents. Single-particle models correspond to the description of the biomass structure and 14 
its influence on the thermo-physical behaviour and the subsequent reactions of the compounds 15 
released during decomposition of a single biomass particle. The largest scale submodel and at the 16 
same time, the most difficult to describe is the reactor model, which describes the behaviour of a 17 
vast number of particles, the flow of the reactor gases as well as the interaction between them and 18 
the reactor. This chapter contains a basic explanation about which models are currently available 19 
and how they work from a practical point of view. 20 
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15.1. Introduction 55 

One of the most important processes of primary biomass conversion into carbonaceous materials 56 
is pyrolysis. It can be defined as the thermal conversion of biomass in an atmosphere with no 57 
oxygen to prevent its burnout. The “idea” of this process is not a new concept and has been known 58 
since ancient times [1]. As one can presume, these traditional technologies are based on very basic 59 
solutions, like kilns or burning pits, which are simple in use, but their efficiency and process 60 
control are relatively poor. In the past, the knowledge about the conversion process itself was not 61 
profound and did not allow for significant improvements in the technology. In the last four 62 
decades, due to social pressure favouring renewables and though research initiatives, the 63 
knowledge gaps started to fill, and new, more efficient solutions started to appear. Unfortunately, 64 
despite the increasing pressure for replacing fossil fuels, the alternative materials produced using 65 
novel renewable technologies are in many cases not sufficiently engineered, or their price is 66 
uncompetitive on the current market. For this purpose new and more sophisticated methods of 67 
research as well as new technological ideas, including modelling, are being developed to meet 68 
both economic and engineering ends of the problem. 69 

15.2. Biomass conversion – the modeller’s approach 70 

15.2.1. General overview of simulation and its uncertainties 71 

Substantial improvements in computer science in the last 30 years eased and spread access to a 72 
robust tool - numerical modelling. Simulations conducted on numerical models have allowed to 73 
significantly improve the pace of research and development in the biomass processing field.  74 
    Some commonly used terms need to be defined and clarified before the topic of computational 75 
modelling can be dealt with. A “model” is the mathematically described (by algorithms and 76 
equations) representation of a system existing in real life, and a “simulation” is an act of 77 
performing a test on a model. The term “numerical” means that the mathematical model will be 78 
translated through informatics into a numerical language, known by a numerical tool (more 79 
straightforward, a computer) to perform the computations [2]. Models can be various, depending 80 
on the field where they are used, but in natural sciences and engineering, the most commonly used 81 
ones are numerical models. 82 
     A simplified scheme of a simulation study with the linkage between the experiments, theory, 83 
and model is shown in Fig. 15.1. As can be seen in this figure, the simulation has to be validated to 84 
obtain proof of its usefulness. Models based on experimental data are reliable only in a specified 85 
range of experimental values and only for this range results are valid. In general, it is always better 86 
to set the foundation of the model on fully established theories, which have a broader range of 87 
validity. 88 



 
 

 89 
Fig. 15.1 Simplified scheme of a simulation study (adapted from [3]). 90 

It needs to be kept in mind that models are only a representation of a real system, and in most 91 
cases they include simplifications and approximations. Moreover, the model background lies often 92 
in experimental data, which could be burdened with errors. Therefore, simulation results in most 93 
cases show discrepancies from “true/real” results, caused by unknown deviations of the model 94 
elements. These deviations are known as “uncertainties”. To be able to bring the model result’s 95 
closer to reality, the uncertainties need to be found, quantified and clarified. The sources of 96 
uncertainty can be divided into [4]: 97 
• Parameter uncertainty – related to the parameters used in the model, which cannot be 98 

experimentally measured (too hard or too expensive) and have to be assumed in the model 99 
• Model inadequacy – lack of full knowledge about the theory behind the modelled system or 100 

influence of the simplifying assumptions 101 
• Residual variability – simulation output differs from experimentally obtained results through 102 

random fluctuations of parameters in a real situation (low repeatability of the real system) 103 
• Parametric variability – the modelled system is not sufficiently described/measured, and 104 

input values have to be assumed 105 
• Observation error (experimental uncertainty) – stemming from deviation in values due to 106 

the variability of experimental measurements 107 
• Interpolation uncertainty – related to the assumption of the parameter trend in the range of 108 

experimental results between two consecutively measured data points 109 
• Code uncertainty (numerical uncertainty) – the strongest uncertainty related to numerical 110 

procedures, caused by the inability to exactly solve the problem (technical boundaries) and the 111 
use of approximations while solving, e.g., in solving partial differential equations by a finite 112 
element solution method 113 

 114 
A clear indication of the individual share of each uncertainty on the total uncertainty is not simple 115 
if at all possible, because of their strong interdependencies. For example, application of thermo-116 
physical data from literature can influence parametric variability and residual variability. The 117 
initially implemented experimental correlations in the model and the simplification of a real 118 
system introduce model inadequacy, and the model's validation with its consecutive adjustment 119 
to experimental data can increase the residual variability and the observation error. Proper 120 
clarification of errors can improve the modeller’s awareness about possible flaws within the 121 
model. Modellers are advised to keep a critical and very careful approach due to the possible 122 
implementation of unknown (unexpected) errors. The aforementioned errors, after 123 
implementation, are usually difficult to identify and time-consuming to remediate. 124 



 
 

15.2.2. Simulation and profit 125 

Simulations on a properly constructed model provide valuable information about the system 126 
behaviour, which often cannot be obtained through experimental measurements. Such knowledge 127 
can give a significant boost for the development of innovative solutions and helps to identify the 128 
critical points within the system (bottlenecks). In general, the use of modelling studies brings four 129 
main advantages [2]: 130 
• Allows for conduction of proof-of-concept (PoC) at the very beginning of the project (low sunk 131 

cost in case of failure) 132 
• Allows for a performance of numerous tests with a low unit cost 133 
• Increases the knowledge about dependencies in a real system 134 
• Accumulates the obtained datasets and simplifies their treatment and sharing (big data 135 

processing) 136 
 137 
All of the mentioned advantages can have a crucial impact on the economic feasibility of new 138 
technological solutions. As it is shown in Fig. 15.2, the application of simulations can reduce the 139 
overall cost of new solution implementations and reduce the risk of the project's unprofitability, 140 
which in the development of new technologies is a strong benefit.  141 
 142 

 143 
Fig. 15.2 Changes to the new idea implementation costs, through the project time (adapted from [2]). 144 

Models are more flexible than real processes, so changes in modelled systems and their influence 145 
can be quickly verified. The model allows for solving technical problems in the early stage, which 146 
is the lowest cost extensive option. Modelling can also expand the knowledge about the 147 
investigated process. If the model is detailed and mimics the real system well, there is a possibility 148 
to investigate and validate new correlations and theories through large and detailed databases of 149 
the process history. 150 

15.2.3. Theoretical framework of a comprehensive model for pyrolytic biomass 151 

conversion 152 

As it is illustrated in Fig. 15.3., a comprehensive/multi-scale model for biomass conversion can be 153 
divided into few submodels according to the scale in which the crucial processes take place. 154 
Besides combined implementation, each submodel can be studied separately, experimentally or 155 
through simulation, leading to expanding the knowledge of certain biomass conversion 156 
phenomena. 157 
 158 



 
 

 159 
Fig. 15.3 Framework of a comprehensive biomass conversion model (adapted from [5]). 160 

The smallest considered scale in a comprehensive model is the molecular model. It describes the 161 
chemical reactions of organic compounds and catalytic effects of inorganic compounds which take 162 
place during biomass conversion. Chemical reactions themselves are not necessarily bound to 163 
spatial dimensions, so the implementation of geometry (i.e. biomass particle) can be omitted. The 164 
amount of data which is used for this model scale allows for simulations without the need for 165 
robust numerical solvers. 166 
    A submodel covering a larger size is the single-particle model. It describes the behaviour of one 167 
individual biomass particle for which temperature, species concentration and pressure gradients 168 
during the process play a crucial role. A single-particle model needs to contain a description of the 169 
heat and mass transport phenomena and fluid dynamics. The model may cover changes in particle 170 
size, shape and structure (porosity) as well as bio-polymers chemical reactions and water 171 
evaporation processes. The particle properties, intra-particle processes and boundary conditions 172 
have a strong influence on the final products yield and composition [5]. Therefore, the intra-173 
particle phenomena, as well as their chemistry, has to be described in a very detailed manner. In 174 
the model, the gases and liquids are treated as fluids and biomass as a stagnant solid. The Eulerian 175 
description (see later) is sufficient to cope with such physical behaviour for both phases. The 176 
single particle model is strongly dependant on the geometry, so the use of a numerical solver is 177 
necessary to perform simulations at this stage. 178 
    The last submodel of a comprehensive biomass conversion model is the reactor model. It covers 179 
the description of every relevant process in a reactor for biomass thermochemical conversion. 180 
The behaviour of each biomass particle in most cases should be, if possible, described separately 181 
with a single-particle submodel. Besides the particles’ conversion, the model also consists of flow 182 
and thermal behaviour of gases, particles movement (collisions with each other and walls) and 183 
thermo-physical interactions between gas and solid phases. Therefore in the reactor model, the 184 
Eulerian description of fluids needs to be combined with biomass particles movement described 185 
with a Lagrangian approach  (more complex and precise, simultaneously harder and more 186 
computationally extensive option), or with an Eulerian approach (this simplification is not always 187 
possible and valid but less complex and less computationally burdening). The quantity of 188 
equations and the amount of data needed to be processed in the reactor submodel is the largest 189 
among all submodels of a comprehensive biomass conversion model. To perform simulations in 190 
an efficient manner, the model requires appropriately large computational power resources, 191 
adequate to the chosen sub-models and their complexity. 192 
 193 



 
 

15.3. Molecular model 194 

15.3.1. Brief overview of biomass composition 195 

Before the description of chemical reactions that occur in biomass during thermochemical 196 
conversion, a brief explanation of biomass composition should be made. There are several 197 
biomass sources such as wood and woody biomass, herbaceous and agricultural residues, starchy 198 
crops, oil crops, aquatic biomass and, animal and human biomass wastes. The most commonly 199 
employed biomasses for energetic purposes, such as woody biomass, herbaceous biomass or 200 
agricultural residues, have a lignocellulosic structure. In lignocellulosic biomass, organic matter 201 
is mainly made from 3 main structural biopolymers: cellulose, hemicellulose, lignin and other, 202 
minor compounds which are organics named extractives and inorganics called mineral matter. 203 
The concentration of each substance varies with biomass type, and even within the same species, 204 
they are distributed in different ways among the plant organs (e.g. leaves, stem, bark, roots in 205 
wood) [6]. Detailed characterisation of the structure of bio-polymers and their thermal 206 
degradation has been extensively investigated and can be found in numerous literature reports 207 
[7-22]. 208 

15.3.2. Single component and competitive schemes 209 

Historically, the description of the pyrolysis reaction started with the introduction of simple 210 
biomass thermal degradation models. Those models are largely based on mass-loss data obtained 211 
in thermo-gravimetric (TG) experiments and up to this day are very common among researchers 212 
due to their simplicity. The core of said models is the biomass degradation kinetic, in which 213 
biomass is treated as a bulk material. Those models only take into consideration the primary 214 
biomass degradation reactions. Models based on TG show strong fluctuations between 215 
publications in obtained kinetic values. Differences can be caused by using feedstocks with 216 
different bio-composition, size, and morphology as well as by the applied methodology and 217 
calculation procedures [5]. In order to systematise TG measurements, the International 218 
Confederation for Thermal Analysis and Calorimetry (ICTAC) presented guidelines for an 219 
experimental procedure for kinetic investigations, including researches related to biomass 220 
degradation [23]. Discrepancies between the kinetic data among publications can also be caused 221 
by inappropriate assumptions regarding the kinetic mechanism. In most cases, TG models 222 
consider only the primary biomass degradation and they do not take into account the low-223 
temperature tar-char interactions (< 500 °C). Additionally, the secondary charring reactions in 224 
most TG-based models are not distinguished nor considered. Those reactions are usually lumped 225 
together with the primary degradation reactions, which leads to a shift in the value of primary 226 
kinetic parameters and as such, discrepancies in values between sources. A detailed overview of 227 
the experimental approach of a mass-loss based biomass degradation study can be found in a 228 
recent and comprehensive review by Anca-Couce [5]. 229 
     Introduction of the single-component competitive models led to an improvement of TG models 230 
accuracy. Those models, besides prediction of mass loss, aim to predict also the three main 231 
products of biomass pyrolysis: char, tar, and gas - without distinction on their detailed 232 
composition. Single-component competitive models are covering only primary biomass 233 
degradation reactions, which have an influence on the prediction accuracy of product’s yields [24]. 234 
Further development of the single-component competitive models was made by the introduction 235 
of cracking reactions of high molecular mass vapours (tars) at temperatures higher than 500 °C 236 
[25]. The most often used kinetic scheme is the one proposed by Shafizadeh and Chin [26]. 237 
     When a higher prediction accuracy is required, the degradation of individual biomass 238 
components has to be considered in the kinetic scheme. Such schemes are named the multi-239 
component parallel schemes, and they cover the degradation of the main biomass components 240 



 
 

(e.g. cellulose) and their intermediary products [27]. In literature extensions and improvements 241 
of the original Shafizadeh and Chin’s competitive scheme can be found, e.g. via the addition of 242 
intermediate compounds or considering the three main biomass constituents. Nevertheless, the 243 
expanded models show only moderate improvement regarding the accuracy in model prediction 244 
[28,29]. For more detailed outcomes, kinetic schemes need to cover the description of the thermal 245 
degradation of all bio-components, combined with a description of the consecutive degradation 246 
of the primary pyrolysis products. 247 

15.3.3. Detailed reaction schemes: Ranzi scheme 248 

A more detailed description of biomass degradation in a kinetic scheme was first introduced by 249 
Ranzi et al. [30], and was further improved by him and co-workers [31-35]. The most recent 250 
extension of the model was published by Debiagi et al. [36], which improves the accuracy of the 251 
prediction of char yield. In general, the Ranzi model combines all findings related to the thermal 252 
decomposition of each major component of biomass: cellulose, hemicellulose (2 types), and lignin 253 
[11,16,37]. In the scheme, the overall lignin is divided into 3 artificial types of lignin: LIG-H, LIG-254 
O, and LIG-C (hydrogen-, oxygen- and carbon-rich, respectively). Another innovation of the Ranzi 255 
model is a description of char, which distinguishes “pure” char and the volatiles “trapped” within 256 
a char metaplastic phase. Thermally unstable “traps” degrade according to the applied kinetic, 257 
releasing captured volatiles. Such a description allows for the introduction of the char 258 
devolatilisation into the kinetic scheme. The Ranzi model does not cover all possible evolved 259 
species in pyrolysis, but reduces their amount to 20 representative volatile compounds, being the 260 
most abundant in non- and condensable vapours. The Ranzi scheme allowed for the derivation of 261 
a complex reaction scheme, combining separate mechanisms into a consolidated form. The latest 262 
version of the composition of vapours, kinetic parameters, and the reaction heats can be found in 263 
the work of Ranzi et al. [34,35]. 264 
     The Ranzi model is a milestone in the description of pyrolysis kinetics, but there are a few areas 265 
in which improvements or extensions can be made. The kinetic scheme was developed for a 266 
description of fast pyrolysis, so it does not cover the secondary charring reactions. Moreover, it 267 
does not consider the catalytic influence of the of mineral matter (mainly AAEM’s) contained in 268 
biomass, which leads to overprediction of the sugars and underprediction of the non-condensable 269 
gases and char. Also, the pyrolytic mechanism of the evolution of phenolic compounds is not 270 
contained in the base scheme, causing an underprediction of BTXs at higher temperatures [5,19]. 271 
Accuracy improvement can be made by the implementation of secondary cracking reactions of 272 
the primary pyrolysis products in the gas phase. For example, it can be done by the 273 
implementation of the POLIMI kinetic mechanism, developed by the CRECK modelling group, 274 
recently revised by Ranzi et al. [35]. The POLIMI kinetic mechanism is a complex, radical, kinetic 275 
scheme, whose application improves the accuracy of prediction, but is also time-consuming to 276 
implement and increases the computational burden significantly. 277 

15.3.4. Detailed reaction schemes: Ranzi - Anca-Couce model 278 

As was mentioned in the previous section, the Ranzi model was intended for the prediction of 279 
products from fast pyrolysis, so it shows some limitations in terms of describing biomass 280 
conversion in less severe thermal regimes. Lower thermal gradients or extended gas-solid 281 
reactions, e.g. in pyrolysis of larger samples, can lead to losses in prediction accuracy in case of 282 
application of the Ranzi model. An extension of secondary charring reactions to the Ranzi scheme, 283 
named as RAC (Ranzi - Anca-Couce) scheme was introduced by Anca-Couce et al. [19]. Their 284 
adaptation aimed to incorporate the secondary charring phenomena with the possibility of their 285 
adjustment to the severity of the conversion regime. A full description of the model with its kinetic 286 
parameters and reactions heat values can be found in the works of Anca-Couce et al. [19,37].  287 



 
 

    The RAC model introduces an adjustable parameters “x” which defines the share of the 288 
alternative degradation, named “charring” or “secondary charring” in the overall degradation 289 
process. The adjustable parameter also partially takes into account the influence of inorganics 290 
which have a role in promoting “charring” reactions. As the main factors which increase the extent 291 
of charring, the adjustable parameter value can be modified to account for [5]: 292 
• Decrease in the pyrolysis temperature, 293 
• Decrease in the heating rate, 294 
• Increase in volatiles retention time in the particle (larger particle or slower gas movements), 295 
• Increase of the pressure in the reactor, 296 
• High concentration of the mineral matter, especially AAEMs. 297 
 298 
The extent of secondary charring can be different for each bio-component, so the value of the “x” 299 
parameter should be assigned separately. Unfortunately, lack of quantitative correlations 300 
between the pyrolysis conditions, biomass composition and amount of secondary charring 301 
reactions cause the need for the iterative fitting of the “x” parameter to the experimental results. 302 
A common approach is to set the adjustable parameter for all bio-components a priori, based on 303 
the available experimental data and then slightly adjust to the experimental result [5,38]. It is 304 
worth to mention that the amount of secondary charring reactions have as well a noticeable 305 
influence on the heat of the reaction, as it was observed by Rath et al. [39]. 306 
    The RAC scheme also does not cover all areas which the Ranzi scheme lacks, e.g., a detailed 307 
description of AAEM’s influence or insights into polycyclic aromatic compounds formation. The 308 
base RAC scheme does not take into account the secondary gas-phase tar cracking kinetics. As 309 
well as the Ranzi scheme, it can be extended with the POLIMI kinetic mechanism. Another possible 310 
option is the simple one-step kinetics firstly introduced by Blondeau and  Jeanmart [40], and 311 
consecutively improved by Mellin et al. [41] and most recently by Anca-Couce et al. [42]. 312 
Application of the one-stage kinetic cracking scheme is relatively simple, and it improves the 313 
accuracy of predictions of the vapour composition. 314 
     Constant work and recent findings on the subject gives promise of improvement and further 315 
extension of the pyrolysis reaction schemes, which would allow for better understanding of 316 
biomass pyrolysis and the ability to predict its outcome with higher accuracy [17,43,44]. In table 317 
15.1 is shown a brief summary of the comparison of kinetic models. As it can be anticipated, the 318 
more detailed the model, the better the accuracy of the predictions that can be attained. From the 319 
practical point of view, the application of a detailed model needs a lot more initial information 320 
about the processed feedstock. It also increases the complexity of the model, which leads to a 321 
higher computational burden. Therefore, the complexity of the calculation has to be chosen with 322 
caution, in relation to the desired precision of the model outcome. 323 
 324 
Table. 15.1 Brief summary of the comparison of kinetic models  325 
 326 

 Detailed mass loss prediction Detailed product composition 

Single component competitive scheme No Limited 

Multi-component parallel scheme Yes No 

Detailed schemes (Ranzi, RAC) Yes Yes 

15.4. Single-particle model 327 

As was mentioned previously in section 15.2.3., the single-particle model focuses on the influence 328 
of the composition of a particle and its thermo-physical properties on the particle’s behaviour 329 
during pyrolysis. The biomass particle, due to its structure, cannot be treated as an impermeable 330 
solid object, so the description of a porous structure needs to be implemented. In practical 331 
pyrolysis applications, the biomass is rarely fed to the process in a completely dry state. Therefore, 332 



 
 

besides the description of the pyrolytic behaviour, the drying process and description of water 333 
movement within the particle have to be included in single particle models. 334 
     Due to the geometrical dependence as well as the complexity of the phenomena occurring in 335 
this stage, robust numerical solvers have to be applied. Having in mind that the Eulerian approach 336 
is able to handle the description of the processes, suitable numerical tools have to be applied, such 337 
as the Computational Fluid Dynamics (CFD). 338 

15.4.1. Modelling conversion based on CFD 339 

Prior to the mathematical description of the thermo-physical phenomena occurring in the single 340 
particle, a brief explanation of CFD will be provided here. It should give the reader a basic insight 341 
in the Eulerian approach, which is applied in single particle models as well as in the modelling of 342 
gas flow at the reactor scale. 343 
     Computational Fluid Dynamics (CFD) is the analysis of systems involving fluid flow, heat 344 
transfer and associated phenomena (e.g., chemical reactions) by using computer-based simulation 345 
[45]. In general, CFD can be treated as the integration of the following fields: natural sciences 346 
(physics and chemistry), mathematics and computer science [46]. 347 
     The model behaviour is based on governing equations – in which physical phenomena like 348 
transport phenomena are mathematically described through differential equations (e.g. Navier-349 
Stokes equation). To solve the governing equations, high-level computer programs and software 350 
packages convert them with the use of computer programming languages to numerous, simple 351 
commands that can be understood by a computing machine.  352 
     CFD for its computation needs dimensional geometrical domains. As the first step of the model’s 353 
construction, the initially specified geometry (“domain”) needs to be subdivided into a finite 354 
number of smaller, non-overlapping subdomains called “cells”. The process of dividing a domain 355 
into subdomains is called “meshing”, and it results in a grid of cells (“mesh”), that occupies the 356 
whole geometry. The cell can be defined as a representative element or a representative volume, 357 
depending on the division method (“finite element” or “finite volume”, respectively). Geometry 358 
division techniques are already included in most commercially available CFD software packages. 359 
Each cell in the domain has a “node”, which holds information about this certain area in the 360 
geometry. Information stored in the node changes according to the applied physical phenomena 361 
and chemical reactions. 362 
     The fluid dynamics principle employed in CFD means that it treats the flow of matter (fluid) as 363 
a continuum (Eulerian approach). In the Eulerian description of fluid dynamics, points in the 364 
geometry do not change their position with respect to the fluid motion [47,48]. The only change 365 
that occurs is the change of the values of parameters stored at specific, fixed points (nodes). 366 
Therefore, it allows only for a description of changes taking place in nodes in the investigated 367 
geometry. As a consequence, the approach makes no distinction of single molecules or particles, 368 
so their time-based investigation is not possible. 369 
     The accuracy and precision of a CFD simulation are determined by the number of cells 370 
contained in the grid (“mesh coarseness”). An increase in the number of cells improves a 371 
simulation accuracy, until the moment when a simulation becomes grid-independent. In other 372 
words, there exists a number of cells above which the addition of new cells no longer influences 373 
the simulation quality. The simulation is called a grid-independent simulation when further mesh 374 
densification does not lead to an improvement in solution accuracy [45]. Grid independent 375 
simulations have a major advantage, which is the smallest numerical error is achieved with the 376 
most coarse mesh (least computational burden).  377 
    A detailed explanation of the CFD solution procedure is complex and goes beyond the purpose 378 
of this chapter. Nevertheless, a brief introduction to the matter will be provided. A simplified 379 
scheme of data treatment and computing procedure in the CFD framework is shown in Fig. 15.4. 380 
The CFD framework consists of three main elements [46]: 381 



 
 

• Pre-processor – is a part of a CFD code that is responsible for the creation of an investigated 382 
geometry and its consecutive meshing. The mesh obtained in the pre-processor is a foundation 383 
for implementation of governing equations. 384 

• Solver – through implemented solution methods, the solver simulates the changes of the 385 
variables in the nodes according to the applied governing equations and boundary conditions. 386 
The solver processes information regarding the applied physics and chemistry located on the 387 
nodes of the grid. Therefore, the solver is responsible for performing the simulation. 388 

• Post-processor – is responsible for the visualisation of the simulation results. Most post-389 
processors allow for quick creation of 1D, 2D or 3D plots and representation of variables of 390 
interest on the applied geometry.  391 

 392 
Fig. 15.4 CFD code solution scheme (adapted from [46]). 393 

The CFD solution scheme as depicted in fig. 15.4 provides a general scheme, which is valid for any 394 
model based on the Eulerian approach. The specification of parameter values in the governing 395 
equations depend on the characteristics of the process which one needs to solve. Moreover, the 396 
reliability of a simulation’s results is linked directly to data and auxiliary correlations, so to their 397 
compliance with the modelled system and range of application. Therefore further subsections will 398 
be focused on the reliable description of the phenomena occurring in the single particle models 399 
as well as the validity of the thermo-physical parameters applied in modelling of biomass 400 
pyrolysis. 401 

15.4.2. Definitions of phases in a particle’s structure 402 

Biomass feedstock which has not been dried previously, and is typically used for conversion, 403 
consists in most cases of four different phases: liquid water, bound water, solid and gas. The bound 404 
water is distinguished from liquid water due to its significant difference in behaviour. Each of the 405 
mentioned phases needs to be identified and described separately.  406 
     A detailed theoretical description of each phase was first made by Whitaker [49], in which a 407 
boundary surface between each phase has to be differentiated and known during the whole 408 
process. Wood has a very complex geometric structure, which strongly changes during pyrolysis, 409 
so identification of boundary surfaces at every point in time is a very difficult and complex task. 410 
Also, the amount of computation for such a sophisticated model would be very high. 411 
     The efficient description of phases has been investigated by Perre and his co-workers [50,51], 412 
and on this basis, an elegant description of the system was presented in the work of Grønli [52]. 413 
In their approach, all of the phases are treated as a continuum for which conservation laws must 414 
be satisfied. The description assumes averaging of variables and parameters over a finite volume, 415 



 
 

which can simultaneously contain all phases. This results in a set of conservation equations for 416 
every phase, valid within the applied geometry. 417 
     For further model description, it will be helpful to define the spatial average over the 418 
geometry’s total volume for any given variable (𝜑) valid for every phase. The spatial average is 419 
defined as: 420 

 < 𝜑 > =  
1

𝑉
∫ 𝜑 𝑑𝑉

 

𝑉

  (15.1) 

The spatial average for one of the phases (𝛾) is defined as: 421 

 < 𝜑 >𝛾  =  
1

𝑉𝛾
∫ 𝜑 𝑑𝑉

 

𝑉𝛾

  (15.2) 

Where < 𝜑 >𝛾 is the variable ‘s averaged value in the phase 𝛾  and 𝑉𝛾 is the volume of the phase in 422 

the representative volume V. The volume fraction occupied by the phase 𝛾  is defined as: 423 

 𝜀𝛾 =
𝑉𝛾

𝑉
  (15.3) 

A relation between the averaged value in phase 𝛾 and a spatial average is described as: 424 

 < 𝜑 >= 𝜀𝛾 < 𝜑 >𝛾  (15.4) 

In other words, < 𝜑 >𝛾 is an intrinsic or true value of the variable and < 𝜑 > is an averaged value 425 
in the representative volume. For example, if < 𝜌𝑆 >𝑆  would be defined as the true density of the 426 
solid phase, then < 𝜌𝑆 >  will be defined as the density of contained solids in a representative 427 
volume of the porous particle structure (i.e. bulk density). The notation with the <,> brackets are 428 
based on the authors believe that it is clearer, and of course, it is not mandatory. 429 
     Since the particle is made in most cases out of four phases, the representative volume can be 430 
treated as a sum of volumes of each phase: 431 

 𝑉 = 𝑉𝑆 + 𝑉𝐿 + 𝑉𝐵 + 𝑉𝐺  (15.5) 

Where subscripts S, L, B, and G represent solid, liquid water, bound water and gas, respectively. 432 
Sum of volume fractions occupied by each phase sums into one, so: 433 

 𝜀𝐺 = 1 − (𝜀𝑆 + 𝜀𝐿 + 𝜀𝐵) = 1 − (
< 𝜌𝑆 >

< 𝜌𝑆 >𝑆
+

< 𝜌𝐿 >

< 𝜌𝐿 >𝐿
+

< 𝜌𝐵 >

< 𝜌𝐵 >𝐵
)  (15.6) 

Which means that knowing the intrinsic and average density of a solid, and both types of water, a 434 
volume fraction occupied by the gas can be calculated. Visual representation of a real system in 435 
the Whitaker theory is shown in Fig. 15.5. 436 



 
 

 437 
Fig. 15.5 Visual representation of the conversion of a real system (woody biomass) into a model 438 

system according to Whitaker’s theory. 439 

15.4.3. Governing equations 440 

In this section, an explanation of the conservation laws will be provided. Nonetheless, the 441 
theoretical derivation of the formulas will be omitted. In here, the fundamental description of the 442 
mathematical description of the governing equations is applied. Therefore, the negative signs in 443 
the equations originated purely from mathematical derivations, and they are reflecting the actual 444 
values of parameters (positive or negative). All equations mentioned in this subsection are valid 445 
only within the applied particle geometry, and they do not describe the interactions of the particle 446 
with its external environment. Reading this subsection is worth to keep in mind that all 447 
conservation equations are referring to a single, finite and representative volume. 448 
    For clarity purposes, the one component kinetic scheme will be used for explaining the 449 
principles. All kinetic schemes described in this section are treated as first-order Arrhenius 450 
kinetics with the pre-exponential parameter set as constant or temperature dependent. 451 
Additionally, from now on, wood will be treated as the exemplary lignocellulosic biomass type in 452 
the model description. 453 

15.4.3.1. Mass conservation equations: Solids 454 

At any given time of a pyrolysis reaction, the solid is represented by a mix of unconverted biomass 455 
and biochar, so it can be stated that: 456 

 < 𝜌𝑆 >=< 𝜌𝐵𝑀 > +< 𝜌𝐵𝐶 >  (15.7) 

Where < 𝜌𝑆 >, < 𝜌𝐵𝑀 > and < 𝜌𝐵𝐶 > are the volume-averaged densities of solid, biomass and 457 
biochar respectively. Mass conservation equation of biomass is defined as: 458 

 𝜕

𝜕𝑡
< 𝜌𝐵𝑀 >= 𝜔̇𝐵𝑀  (15.8) 

Where 𝜔̇𝐵𝑀 is the mass change rate of biomass caused by degradation and devolatilisation 459 
reactions. Although the degradation reactions lead to a reduction in mass, a negative sign is not 460 
used in equation (15.8). Similarly, the mass conservation equation of biochar is defined as: 461 



 
 

 𝜕

𝜕𝑡
< 𝜌𝐵𝐶 >= 𝜔̇𝐵𝐶   

 

(15.9) 

In most general form, the mass conservation equation is defined as: 462 

 𝜕

𝜕𝑡
< 𝜌𝑆 >= 𝜔̇𝑆  (15.10) 

Where 𝜔̇𝑆 is the total mass change of a solid obtained from a sum of the biomass degradation and 463 
char formation.  464 

15.4.3.2. Mass conservation equations: Single component in the gas mixture 465 

The equation for mass conservation of the ith component in a gas mixture is defined as: 466 

 𝜕

𝜕𝑡
(𝜀𝐺 < 𝜌𝑖 >𝐺) + ∇< 𝑢𝑖𝜌𝑖 >= 𝜔̇𝑖  (15.11) 

Where < 𝜌𝑖 >𝐺  is the density of the ith component in the gaseous phase, < 𝑢𝑖𝜌𝑖 > is ith 467 
component’s transport term and 𝜔̇𝑖 is the mass change rate caused due to formation/degradation 468 
reactions of the ith gas component. Transport of the gas is driven by two phenomena: convection 469 
and diffusion. Therefore the transport term can be described as: 470 

 < 𝑢𝑖𝜌𝑖 > = 𝑢𝐺 < 𝜌𝑖 >𝐺  − < 𝜌𝐺 >𝐺 𝐷𝑒𝑓𝑓 ∇ (
< 𝜌𝑖 >𝐺

< 𝜌𝐺 >𝐺)  (15.12) 

Where 𝑢𝐺  is the superficial gas velocity, < 𝜌𝐺 >𝐺  is the total density of the gas mixture, 𝐷𝑒𝑓𝑓 is the 471 

effective gas diffusion coefficient. The low permeability of biomass structures (small pores) leads 472 
to relatively low Reynolds numbers (< 10) for the gas movement inside a particle. Therefore the 473 
viscous resistance force is much larger than the inertial one, which simplifies the description of 474 
flow from Darcy and Forchheimer’s description to a pure Darcy’s description [53]: 475 

 𝑢𝐺 =
𝐾𝐺,𝑒𝑓𝑓

𝜇𝐺
∇(< 𝑃𝐺 >𝐺)  (15.13) 

Where 𝐾𝐺,𝑒𝑓𝑓 is the effective gas permeability, 𝜇𝐺  is the gas dynamic viscosity and < 𝑃𝐺 >𝐺   is the 476 

pressure in the gas mixture. 477 

15.4.3.3. Mass conservation equations: Liquid water 478 

Mass conservation equation for liquid water is defined as: 479 

 𝜕

𝜕𝑡
< 𝜌𝐿 > + ∇< 𝑢𝐿𝜌𝐿 >= 𝜔̇𝐿  (15.14) 

Where < 𝜌𝐿 > is the volume-averaged liquid water density,  < 𝑢𝐿𝜌𝐿 > is its transport term and 480 
𝜔̇𝐿 is a mass change rate caused by evaporation or re-condensation. It is assumed that liquid water 481 
migrates through the structure entirely due to a pressure change (convectively), so its transport 482 
term is expressed as: 483 

 < 𝑢𝐿𝜌𝐿 > = 𝑢𝐿 < 𝜌𝐿 >  (15.15) 

Where 𝑢𝐿 is a superficial velocity of the liquid water. Similar to the gas mixture, Darcy’s law is also 484 
avalid to obtain the superficial liquid velocity: 485 



 
 

 𝑢𝐿 =
𝐾𝐿,𝑒𝑓𝑓

𝜇𝐿
∇(< 𝑃𝐿 >𝐿)  (15.16) 

Where 𝐾𝐿,𝑒𝑓𝑓 is the effective liquid  water permeability, 𝜇𝐿 is the liquid water dynamic viscosity 486 

and < 𝑃𝐿 >𝐿   is the pressure in the liquid water. 487 

15.4.3.4. Mass conservation equations: Bound water 488 

Mass conservation equation of bound water is defined as: 489 

 𝜕

𝜕𝑡
< 𝜌𝐵 > +∇< 𝑢𝐵𝜌𝐵 >= 𝜔̇𝐵  (15.17) 

Where < 𝜌𝐵 > is the volume-averaged bound water density, < 𝑢𝐵𝜌𝐵 > is the bound water’s 490 
transport term and 𝜔̇𝐵 is the mass change rate caused by water’s unbinding.  In opposition to the 491 
liquid water, it is assumed that the bound water migrates entirely by diffusion, so its transport 492 
term is: 493 

 < 𝑢𝐵𝜌𝐵 > = − < 𝜌𝑆 > 𝐷𝐵 ∇ (
< 𝜌𝐵 >

< 𝜌𝑆 >
)   (15.18) 

Where 𝐷𝐵 is the bound water’s diffusion coefficient.  494 

15.4.3.5. Energy conservation equation 495 

The energy conservation equation is based on the assumption that the Péclet number for heat 496 
transfer is sufficiently large, so a local thermal equilibrium is obtained by all phases [53]. 497 
Therefore the equation is defined as: 498 

 

𝜕𝑇

𝜕𝑡
(< 𝜌𝑆 > 𝐶𝑃,𝑆+< 𝜌𝐿 > 𝐶𝑃,𝐿+< 𝜌𝐵 > 𝐶𝑃,𝐵 + 𝜀𝐺 < 𝜌𝐺 >𝐺 𝐶𝑃,𝐺)

+ ∇𝑇 (< 𝑢𝐿𝜌𝐿 > 𝐶𝑃,𝐿+< 𝑢𝐵𝜌𝐵 > 𝐶𝑃,𝐵 + 𝜀𝐺 ∑ < 𝑢𝑖𝜌𝑖 > 𝐶𝑃,𝑖

𝑁

𝑖=1

) =  ∇(𝜆𝑒𝑓𝑓∇𝑇) + 𝑄 
 (15.19) 

Where 𝐶𝑃 is the heat capacity/specific heat and subscripts S, L, B and i indicate solid, liquid water, 499 
bound water, and the ith component of the gas mixture, respectively, 𝜆𝑒𝑓𝑓 is the effective thermal 500 

conductivity and 𝑄 is the total heat produced by the occurring reactions, and it is defined as: 501 

 𝑄 = ∑ 𝐻𝑖𝜔̇𝑖

𝑁

𝑖

+ 𝐻𝐿𝜔̇𝐿 + 𝐻𝐵𝜔̇𝐵 + 𝐻𝑆𝜔̇𝑆  (15.20) 

Where 𝐻  is the overall heat of the reaction. In the most general case, the transport terms are 502 
implemented in the conservative form, so the energy conservation equation takes into account 503 
the heat transfer through conductive, convective and diffusion transport [52,54,55]. Some authors 504 
apply simplifications in defining the transport, by omitting the heat transported through diffusion, 505 
assuming that the amount of heat exchanged through this phenomenon is negligible [28,56-58]. 506 
Taking abovementioned simplification into account, the energy conservation equation takes the 507 
form: 508 

 
𝜕𝑇

𝜕𝑡
(< 𝜌𝑆 > 𝐶𝑃,𝑆 + < 𝜌𝐿 > 𝐶𝑃,𝐿+< 𝜌𝐵 > 𝐶𝑃,𝐵 + 𝜀𝐺 < 𝜌𝐺 >𝐺 𝐶𝑃,𝐺)

+ ∇𝑇(𝑢𝐿 < 𝜌𝐿 > 𝐶𝑃,𝐿 + 𝑢𝐵 < 𝜌𝐵 > 𝐶𝑃,𝐵 + 𝑢𝐺𝜀𝐺 < 𝜌𝐺 >𝐺 𝐶𝑃,𝐺) =  ∇(𝜆𝑒𝑓𝑓∇𝑇) + 𝑄 
 (15.21) 

15.4.3.6. Reactions 509 

The mass change rate of every reaction in the kinetic scheme is defined as: 510 



 
 

 𝜔̇𝑗 = 𝑘𝑗 < 𝜌𝑗 >= 𝑘𝑗𝜀𝛾 < 𝜌𝑗 >𝛾  (15.22) 

Where 𝜔̇𝑗 is the mass change rate of the jth species (e.g., biomass, tar, gas), 𝑘𝑗 is a reaction rate of 511 

the jth species, < 𝜌𝑗 > is the averaged volume density of the jth species and < 𝜌𝑗 >𝛾 is the intrinsic 512 

density of the jth species in phase 𝛾. Water can be an exception to this definition. Depending on the 513 
applied drying/evaporation model (equilibrium, heat sink, kinetic model) the mass change rate 514 
for the liquid and bound water will take a form suitable for the chosen model. 515 

15.4.4. Evaporation of water 516 

Moisture evaporation is one of the most energy-intensive phenomena occurring during pyrolysis 517 
of wet biomass particles. Therefore, its appropriate description has much importance. Three 518 
common ways of implementing biomass drying can be used in practice: the kinetic model, heat 519 
sink model and equilibrium model. 520 

15.4.4.1. Kinetic model 521 

The kinetic model represents the simplest way of describing evaporation. It was first introduced 522 
by Chan et al. [59], and then, due to its simplicity, it has been widely applied by other authors [60-523 
63]. The kinetic model assumes a first-order Arrhenius reaction of the liquid water phase turning 524 
into vapour. In work by Haberle et al. [64] a summary of the commonly used parameters for this 525 
model can be found. 526 
    The kinetic model is very convenient, but it treats a physical phenomenon via a chemical 527 
description, so it does not reflect the process well in real terms. In practice, in the kinetic model, 528 
water evaporation starts before water obtains its boiling temperature (100 °C at 1 atm), and the 529 
temperature during evaporation does not stay constant during the whole process. Therefore, such 530 
a model may be suitable for specific cases, but it is not advised for general application. 531 

15.4.4.2. Heat sink model  532 

The heat sink model (thermal drying model, heat flux model) [57,64,65] assumes that water 533 
evaporation in a representative volume occurs only at the boiling temperature, and the 534 
temperature stays constant until all water is evaporated. To maintain a constant temperature, the 535 
evaporation reaction needs to consume all the energy transferred to the representative volume. 536 
Thus all the energy delivered to the volume is absorbed (sunk) by the evaporation reaction. 537 
Mathematically the model is formulated as: 538 

 𝜔̇𝑒 = {

𝑗𝐻𝑒𝑎𝑡

𝐻𝑒
   𝑇 ≥ 𝑇𝑒 𝑎𝑛𝑑 < 𝜌𝐿 > > 0

    
0                    𝑜𝑡ℎ𝑒𝑟𝑤𝑖𝑠𝑒      

  (15.23) 

Where 𝜔̇𝑒 is the evaporation rate, 𝑇𝑒 is the water boiling temperature, 𝐻𝑒 is the heat of water 539 
evaporation and 𝑗𝐻𝑒𝑎𝑡 is the heat flux towards to the representative volume. With the assumption 540 
that heat is not transferred by water, the heat flux is defined as: 541 

 𝑗𝐻𝑒𝑎𝑡 = ∇(𝜀𝐺𝑢𝐺 < 𝜌𝐺 >𝐺 𝐶𝑝,𝐺  −  𝜆𝑒𝑓𝑓∇𝑇)  (15.24) 

The heat sink model of Lu et al. [65] assumes that the boiling temperature of water is fixed at 373 542 
K. Nevertheless, strong local evaporation can cause noticeable changes in pressure which shifts 543 
the boiling temperature. The pressure effect on the boiling temperature can be modelled as [64]: 544 



 
 

 𝑇𝑒 = 𝑇𝑒,0 log (
< 𝑃𝐺 >𝐺

𝑃0
) + 𝑇0  (15.25) 

Where < 𝑃𝐺 >𝐺  is the actual gas pressure, 𝑃0 is atmospheric pressure (1atm), 𝑇𝑒,0 is an empirical 545 
constant (32.7 K) and 𝑇0 is the water boiling temperature at atmospheric pressure (373 K). 546 
     The heat sink model describes the evaporation phenomena more accurately than the kinetic 547 
model, and it suits very well the models of large particles, which are subjected to a high 548 
temperature and a high heating rate. Nevertheless, it also has its flaws. The model assumes an 549 
infinitely thin moving volume where evaporation takes place, so it is not valid in case if the 550 
thickness of the drying volume is not negligible in comparison to the size of the domain [5]. 551 
Another disadvantage of the model is the application of a step function  (Eq. (15.23)), which is 552 
hard to handle by a numerical solver and results in numerical instability [57,66]. The step function 553 
was investigated by Haberle et al. [64], who advised using an evaporation fraction factor (fevap) as 554 
the multiplier of the heat flux. The purpose of this limiting factor is to reduce the amount of the 555 
heat sunk by the evaporation reaction. In that way, the drying is distributed over neighbouring 556 
nodes, leading to the smoothing of the step and reduction of numerical instability. The 557 
disadvantage of such an approach is the forced broadening of the thickness of the drying volume.  558 

15.4.4.3. Equilibrium model 559 

The equilibrium model assumes that an equilibrium between liquid water and water vapour exists 560 
inside the particle’s pores. The water vapour’s partial pressure at any given time tends to be equal 561 
to the saturation vapour pressure (when the biomass moisture content is above the fibre suration 562 
point, or FSP) or saturation vapour pressure reduced by the relative humidity factor (moisture 563 
content below the FSP). For a whole range of moisture concentrations, it can be stated that: 564 

 < 𝑃𝑣
𝑒𝑞

>𝐺= {
  𝑃𝑠𝑎𝑡(𝑇)                      (𝑀𝐶 > 𝑀𝐶𝐹𝑆𝑃)

 
𝑃𝑠𝑎𝑡(𝑇) 𝜅(𝑀𝐶𝐵, 𝑇)  (𝑀𝐶 ≤ 𝑀𝐶𝐹𝑆𝑃)

  (15.26) 

Where < 𝑃𝑣
𝑒𝑞

>𝐺  is the equilibrium’s partial pressure of water vapour, 𝑃𝑠𝑎𝑡(𝑇) is the saturation 565 
pressure in function of the temperature, 𝜅(𝑀𝐶𝐵, 𝑇) is the relative humidity factor calculated from 566 
the wood isotherm. This parameter depends on the bound water content and the temperature. 567 
The saturation pressure in function of temperature can be obtained from Raznjevic’s [67] 568 
experimental correlation: 569 

 𝑃𝑠𝑎𝑡 = exp (24.2101 −
467.3545

𝑇
)  (15.27) 

The equation for the wood’s relative humidity can be obtained based on data from the 570 
Encyclopaedia of Wood (1980) [68], which was obtained by Grønli [52]: 571 

 
𝜅(𝑀𝐶𝐵, 𝑇) = 1 − (1 −

𝑀𝐶𝐵

𝑀𝐶𝐹𝑆𝑃
)

6.453⋅10−3 𝑇

 
 (15.28) 

From the equilibrium partial pressure, the vapour density can be obtained through: 572 

 
< 𝜌𝑣

𝑒𝑞
>𝐺=

< 𝑃𝑣
𝑒𝑞

>𝐺 𝑀𝐻2𝑂

𝑅𝑇
 

 (15.29) 

Where 𝑀𝐻2𝑂 is the molecular mass of water. Taking into account all above, the final equation for 573 

water evaporation rate can be defined as: 574 

 𝜔̇𝑒 =
𝜀𝐺(< 𝜌𝑣

𝑒𝑞
>𝐺−< 𝜌𝑣 >𝐺)

𝑡𝑒𝑞
  (15.30) 



 
 

Where < 𝜌𝑣
𝑒𝑞

>𝐺  is the equilibrium vapour density, < 𝜌𝑣 >𝐺  is the water vapour density at a given 575 
time and  𝑡𝑒𝑞 is the time it takes to reach  equilibrium between the actual vapour density and 576 

theoretically assumed saturation vapour density (“equilibration time”). Jahili et al. [54] stated that 577 
the equilibration time has to be appropriately short in relation to the pore diameter of wood and 578 
proposed a constant value of 10-5 s. Lu et al. [65] proposed a correlation of the equilibration time 579 
based on particle specific surface area and pore diameter, expressed as: 580 

 𝑡𝑒𝑞 = 𝑆𝑆𝑆𝐴

3.66 𝐷𝑒𝑓𝑓,𝐻2𝑂

𝑑𝑝𝑜𝑟𝑒
  (15.31) 

Where 𝑆𝑆𝑆𝐴 is the specific surface area of a porous particle, 𝐷𝑒𝑓𝑓,𝐻2𝑂 is the effective diffusivity of 581 

water, calculated according to the work of Olek et al. [69] and 𝑑𝑝𝑜𝑟𝑒  is the average pore diameter. 582 

In their work, Lu et al. applied values obtained experimentally from N2 adsorption [65]. 583 
   The equilibrium model was designed initially for the modelling of slow, low-temperature drying. 584 
Nevertheless, it was also applied in the modelling of fast, high-temperature drying, but only with 585 
moderate success [57,64,65,70,71]. In the literature, hybrid evaporation models can also be found. 586 
Those models combine different models for liquid and bound water evaporation [63,64]. 587 

15.4.4.4. The heat of water evaporation 588 

The most convenient way to implement the heat of evaporation is by using a constant value. For 589 
models without differentiation between liquid and bound water or models with liquid water only, 590 
the heat of evaporation can be assumed to be equal to 2440 kJ/kg  (at 20 °C) [64,65] or as 2257 591 
kJ/kg (at 100 °C) [57]. A more appropriate way to implement the heat of evaporation can be done 592 
by using a temperature-dependent heat of evaporation correlation, e.g. the equation suggested by 593 
Ranzjevic [67]: 594 

 𝐻𝐿 = 3179 − 2.5 𝑇  (15.32) 

Where 𝐻𝐿 is the heat of water evaporation. In models where both liquid and bound water are 595 
distinguished, a more complex approach for describing the heat of evaporation is needed. Such a 596 
model should include an additional term to account for the energy required for unbinding of the 597 
bound water prior to its evaporation. As such, the heat of evaporation for a whole range of 598 
moisture contents (liquid and bounded water) can be defined as: 599 

 𝐻𝑒 = {
𝐻𝐿   𝑖𝑓 𝑀𝐶 ≥ 𝑀𝐶𝐹𝑆𝑃

 
 𝐻𝐿 + 𝐻𝐵   𝑖𝑓 𝑀𝐶 < 𝑀𝐶𝐹𝑆𝑃

  (15.33) 

Where 𝐻𝑒 is the total evaporation heat of water and 𝐻𝐵 is the the energy needed to unbind the 600 
water. The latter can be calculated using the equation proposed by Stanish [72]: 601 

 𝐻𝐵 = 0.4 𝐻𝐿 (1 −
𝑀𝐶𝐵

𝑀𝐶𝐹𝑆𝑃
)

2

  (15.34) 

15.4.5. Shape specification and coordinate systems 602 

The most common coordinate system for fluid dynamics is the Cartesian coordinate system. In 603 
cases where the particle anisotropy in a direction other than Cartesian’s the implementation of 604 
another coordinate system can be beneficial. A wood particle does not have large property 605 
differences in the radial and tangential direction. Therefore in case of a wood particle, despite the 606 
particle’s anisotropy, the Cartesian system can be applied without significant error. Table 15.2 607 



 
 

shows the changes in description between coordinate systems for particles of different shapes: 608 
block (Cartesian), cylinders (Cylindrical) and spheres (Polar). 609 
 610 
Table. 15.2 Coordinate systems for CFD systems (D – number of dimensions). 611 
 612 

Coordinate 
system 

D ∇< 𝑢𝜌 > 

Cartesian  
(𝑥, 𝑦, 𝑧) 

1 
𝜕

𝜕𝑥
< 𝑢𝜌 > 

2 
𝜕

𝜕𝑥
< 𝑢𝜌 > +

𝜕

𝜕𝑦
< 𝑢𝜌 > 

3 
𝜕

𝜕𝑥
< 𝑢𝜌 > +

𝜕

𝜕𝑦
< 𝑢𝜌 > +

𝜕

𝜕𝑧
< 𝑢𝜌 > 

Cylindrical  
(𝑟, 𝜃, 𝑧) 

1 
1

𝑟

𝜕

𝜕𝑟
(𝑟 < 𝑢𝜌 >) 

2 
1

𝑟

𝜕

𝜕𝑟
(𝑟 < 𝑢𝜌 >) +

𝜕

𝜕𝑧
< 𝑢𝜌 > 

3 
1

𝑟

𝜕

𝜕𝑟
(𝑟 < 𝑢𝜌 >) +

𝜕

𝜕𝑧
< 𝑢𝜌 > +

1

𝑟

𝜕

𝜕𝜃
(< 𝑢𝜌 >) 

Polar  
(𝑟, 𝜃, 𝜑) 

1 
1

𝑟2

𝜕

𝜕𝑟
(𝑟2 < 𝑢𝜌 >) 

2 
1

𝑟2

𝜕

𝜕𝑟
(𝑟2 < 𝑢𝜌 >) +

1

𝑟𝑠𝑖𝑛(𝜃)

𝜕

𝜕𝜃
(𝑠𝑖𝑛(𝜃) < 𝑢𝜌 >) 

3 
1

𝑟2

𝜕

𝜕𝑟
(𝑟2 < 𝑢𝜌 >) +

1

𝑟𝑠𝑖𝑛(𝜃)

𝜕

𝜕𝜃
(𝑠𝑖𝑛(𝜃) < 𝑢𝜌 >) +

1

𝑟𝑠𝑖𝑛(𝜃)
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 613 

15.5. Thermal and physical properties of lignocellulosic biomass 614 

15.5.1. Density 615 

15.5.1.1. Density of biomass 616 

The composition and the structure of biomass differ significantly not only with plant species but 617 
also within individual specimens of the same species. Moreover, the climate, the availability of 618 
nutrients, solar radiation and genetic changes have an influence on the plant growth, hence its 619 
structure and composition. Also, different plant organs differ in structure and composition. This 620 
leads to significant differences in biomass densities among others. Analysis of apparent density 621 
(oven dry) data of 167 measurements of the Pinaceae family from the Global Wood Density 622 
Database shows a significant heterogeneity within one family of a single plant (n =167, average = 623 
435 kg/m3, st. dev. = 65 kg/m3). 624 
    Measurement of the solid’s apparent density can be conducted by a simple measurement of 625 
weight over mass. This is not a very accurate method, especially for finely ground biomass or char 626 
samples, due to the free spaces between the grains of a solid. A more sophisticated method for 627 
measuring the apparent density is mercury porosimetry, in which Hg displaces gas around the 628 
grain. At atmospheric pressure, mercury is not able to penetrate pores whose size is below 15 µm. 629 
Therefore, the result of the measurement by mercury porosimetry is only slightly overestimated 630 
[52]. Due to the high toxicity of mercury, recently more interest is devoted to measurement 631 
methods with micro-granular suspensions. Their role is similar to mercury and relies on 632 
displacement of the gas from spaces between the grains. Some sources call the density measured 633 



 
 

with micro-granular suspensions as “envelope” density [73], in order to distinguish it from bulk 634 
density, but stay with the name “apparent” [74]. 635 
    The true (skeletal, intrinsic) density is measured by helium pycnometry. The method uses 636 
helium as the pore displacement gas because it can penetrate pores with a diameter larger than 637 
40 nm [52]. If the analysed material does not have closed pores, helium pycnometry allows for 638 
very accurate true density measurements. As is shown in the work by Brewer et al. [75], some 639 
pores in the biochar structure are not penetrable by helium, without prior grinding of the material. 640 
    Knowing both true and apparent densities and in case that samples were measured with zero 641 
moisture (dry state), the volume fraction occupied by gas, can be calculated using: 642 

 𝜀𝐺 = 1 − 𝜀𝑆  (15.35) 

The orientation of the cut plane of a sample during true density measurement influences the result 643 
due to the anisotropy within the wood cell walls. Table 15.3 shows a summary of the apparent 644 
and true densities together with resulting porosity for selected biomasses. If not specified, the 645 
sample anisotropy was not taken into account in the measurement. 646 
 647 
Table. 15.3 Apparent and true densities together with resulting porosity of selected biomasses. (SW - Softwood, HW-648 
Hardwood, TW-Tropical wood, GR- Grass, (L)-Longitudinal, (T)-Transverse) 649 
 650 

Species  
(Common name) 

Type 
Apparent 
density 

True 
density 

Porosity Ref. 

[-] [-] [kg/m3] [kg/m3] [-] [-] 

Birch HW 580 1450 0.600 
[52] 

Spruce SW 470 1390 0.662 

Bilinga TW 603 1458 0.586 

[74] 

Beech HW 781 1472 0.469 

Boxwood HW 940 1506 0.376 

Danta TW 698 1480 0.528 

Afzelia TW 826 1501 0.450 

Yew SW 626 1481 0.577 

Maple HW 483 1512 0.681 

Spruce SW 401 1524 0.737 

Idigbo TW 616 1501 0.590 

Birch HW 594 1502 0.605 

Larch SW 588 1481 0.603 

Mansonia TW 625 1466 0.574 

Merbau TW 902 1518 0.406 

Gaboon TW 426 1473 0.711 

Ramin TW 608 1505 0.596 

Black locust HW 726 1509 0.519 

Oak HW 706 1528 0.538 

Pine SW 451 1489 0.697 

White alder HW 538 1492 0.639 

White lauan TW 627 1474 0.575 

Spruce (2 mm) SW 420 
1470 (L) 0.714 

[76] 1290 (T) 0.674 

Spruce (6 mm) SW 420 1380 (L) 0.696 



 
 

1310 (T) 0.679 

Maple (2 mm) HW 520 
1510 (L) 0.656 

1430 (T) 0.636 

Maple (6 mm) HW 520 
1430 (L) 0.636 

1400 (T) 0.629 

Ash wood (2 mm) SW 660 
1360 (L) 0.515 

1350 (T) 0.511 

Ash wood (6 mm) SW 660 
1320 (L) 0.500 

1330 (T) 0.504 

Mesquite wood SW n.a. 1204 - 
[75] 

Miscanthus GR n.a. 1322 - 

 651 

15.5.1.2. Density of  char 652 

The char’s density and porosity depend on the initial composition and structure of biomass, as 653 
well as on the conditions of a pyrolysis process. The production temperature has a significant 654 
effect on the char's true density, as opposed to the heating rate, which seems to not have a relevant 655 
influence [75,77]. In Table 15.4 data of the true and apparent (if available) density as well as the 656 
porosity of chars obtained from different biomasses distinguished by pyrolysis conditions is 657 
summarised. The theoretical maximum of the true density of a char is 2250 kg/m3, which refers 658 
to the true density of graphite [78], but in practice, the maximum that can be obtained is within 659 
the range between 2000 kg/m3 and 2100 kg/m3. 660 
 661 
Table 15.4. True and apparent (if available) densities with resulting porosity of chars obtained from different biomasses. 662 
 663 

Species  
Final Pyro. 

Temp. 
Heating 

rate 
Apparent 
density 

True 
density 

Porosity Ref. 

[-] [°C] [°C/min] [kg/m3] [kg/m3] [-] [-] 

Birch 600 5.0 390 1570 0.752 
[52] 

Spruce 600 5.0 390 1540 0.747 

Mesquite wood 

300 

5.0 

603 1340 0.550 

[75] 

350 532 1382 0.615 

400 523 1384 0.622 

450 476 1433 0.668 

500 492 1520 0.676 

600 447 1634 0.726 

700 509 1735 0.707 

Miscanthus 

350 

5.0 

262 1392 0.812 

400 282 1438 0.804 

450 274 1466 0.813 

550 286 1611 0.822 

600 293 1722 0.830 

700 271 1965 0.862 

Miscanthus 

350 23.3 284 1357 0.791 

360 24.0 307 1368 0.776 

370 24.7 271 1380 0.804 



 
 

400 26.7 270 1402 0.807 

425 28.3 295 1432 0.794 

450 30.0 253 1432 0.823 

Pitch pine 

450 

0.5 n.a. 1360 - 

[77] 

3.3 n.a. 1370 - 

10.8 n.a. 1370 - 

16.7 n.a. 1390 - 

525 

0.5 n.a. 1400 - 

3.3 n.a. 1400 - 

10.8 n.a. 1410 - 

16.7 n.a. 1420 - 

750 

0.5 n.a. 1740 - 

3.3 n.a. 1740 - 

10.8 n.a. 1720 - 

16.7 n.a. 1760 - 

1000 

0.5 n.a. 1970 - 

3.3 n.a. 1980 - 

5.8 n.a. 2000 - 

8.3 n.a. 2010 - 

10.8 n.a. 2000 - 

12.5 n.a. 2010 - 

16.7 n.a. 2010 - 

 664 

15.5.1.3. Densities of bound and liquid water 665 

Bound water is water that exists in the biomass structure, and which is partially incorporated into 666 
the cell wall. In literature an explanation of the interaction between bound water and the cell 667 
structure as well as information about the storage locations of bounded water can be found [79]. 668 
In general, the cell wall of biomass, due to its chemical structure, is hydrophilic in its nature, and 669 
it has the ability to interact with water molecules through hydrogen bonding. Through this 670 
mechanism, water is able to stick to the wall and occupy empty spaces in its structure [80]. 671 
    The cells wall of biomass has only a finite ability to bind water. To describe the amount of water 672 
that can be bound to a wall, the term fibre saturation point (FSP) was introduced first by Tiemann 673 
in 1906 [79]. It is defined as the moisture content below which only bound water exists in a 674 
biomass structure. Above the fibre saturation point, cell walls cannot bind more water, so both 675 
bound and liquid water can exist. In literature, the two most commonly applied values of the base 676 
FSP have been reported: 30% proposed by Stamm in 1971 [81] and 40% proposed by Skaar in 677 
1988 [82]. Measurements show that above the FSP, the density of the bound water is close to 1110 678 
kg/m3 and with moisture content close to zero its value rises up to 1300 kg/m3 [83]. The bound 679 
water’s density increases at lower moisture content, according to the cell wall binding strength 680 
per amount of available water molecules [80]. In order to avoid over-complexity of the problem, 681 
authors typically use a constant value of 1000 kg/m3 for the true density of the bound water  682 
[52,54,57,64,65]. 683 
    The true density of the liquid water depends on the temperature, due to its thermal expansion. 684 
In the pyrolysis conditions, the water does not significantly exceed 100 °C, so the simplification 685 
that the true density of water has a constant value of 1000 kg/m3 does not induce strong 686 
inaccuracies in the model. 687 



 
 

15.5.1.4. Density and pressure of gases and vapours 688 

Temperatures and intrinsic pressures during pyrolysis allow for the assumption that gases and 689 
vapours can be treated as ideal gases, so: 690 

 < 𝑃𝑖 >𝐺=
< 𝜌𝑖 >𝐺 𝑅𝑇

𝑀𝑖
  (15.36) 

Where < 𝑃𝑖 >𝐺  and 𝑀𝑖 are the partial pressure and molar mass of ith component in the gas 691 
mixture, respectively. The total gas density can be calculated from: 692 

 < 𝜌𝐺 >𝐺= ∑ < 𝜌𝑖 >𝐺

𝑁

𝑖

  (15.37) 

The molecular mass of the gas mixture is defined as: 693 

 
𝑀𝐺 = (∑

< 𝜌𝑖 >𝐺

< 𝜌𝐺 >𝐺 𝑀𝑖

𝑁

𝑖

)

−1

 
 (15.38) 

 694 
Where 𝑀𝐺  is the mean molar mass of the gas mixture. The total gas pressure can be calculated as: 695 

 < 𝑃𝐺 >𝐺=
< 𝜌𝐺 >𝐺 𝑅𝑇

𝑀𝐺
  (15.39) 

Where < 𝑃𝐺 >𝐺  is the total pressure. In case of the application of a simple, single-component 696 
model, permanent gases and tars are often treated not as a product mixture, but as single 697 
representative species of the mixture. For example in the work of Grønli [52], tars are represented 698 
by benzene with a molecular mass of 110 g/mol and gases are represented by a 1:1 mixture of 699 
carbon monoxide and carbon dioxide with a molecular mass of 38 g/mol. 700 

15.5.2. Moisture content and saturation 701 

The amount of water in biomass is described by the moisture content (MC), and calculated as: 702 

 𝑀𝐶 =
𝑚𝑎𝑠𝑠 𝑜𝑓 𝑤𝑎𝑡𝑒𝑟

𝑚𝑎𝑠𝑠 𝑜𝑓 𝑏𝑖𝑜𝑚𝑎𝑠𝑠 (𝑑𝑏. )
  (15.40) 

The water in biomass can exist in two phases, so: 703 

 𝑀𝐶 = 𝑀𝐶𝐿 + 𝑀𝐶𝐵  (15.41) 

Where 𝑀𝐶𝐿 is the moisture related to the liquid water and 𝑀𝐶𝐵 is the moisture related to the 704 
bound water. To calculate both moisture contents, the value of the fibre saturation point (function 705 
of the temperate) has to be obtained, for example, with the equation proposed by Siau [84]: 706 

 𝑀𝐶𝐹𝑆𝑃(𝑇) = (𝑀𝐹𝑆𝑃
𝑜 + 0.298) − 0.001 𝑇  (15.42) 

Where 𝑀𝐶𝐹𝑆𝑃 is the fibre saturation point at a certain temperature, and 𝑀𝐹𝑆𝑃
𝑜  is the base fibre 707 

saturation point (value between 0.3 or 0.4). Knowing that only above the fibre saturation point 708 
both types of water can be found in biomass, it can be stated that: 709 

 𝑀𝐶𝐵 = min (𝑀𝐶𝐹𝑆𝑃 , 𝑀𝐶)  (15.43) 

 𝑀𝐶𝐿 = max (𝑀𝐶 − 𝑀𝐶𝐹𝑆𝑃 , 0)  (15.44) 



 
 

With the assumption that the water content in the gas phase is negligible, the apparent density of 710 
bound and liquid water can be calculated respectively: 711 

 𝑀𝐶𝐵 =
< 𝜌𝐵 >

< 𝜌𝑆 >
  (15.45) 

 𝑀𝐶𝐿 =
< 𝜌𝐿 >

< 𝜌𝑆 >
  (15.46) 

Where < 𝜌𝑆 > is the solid’s apparent density in the dry state. Having the value of the true and 712 
apparent density for both water types, the volume fraction occupied by these phases can be 713 
calculated. 714 
     Saturation of a particle quantifies to what extent the space within pores is occupied by water. 715 
This value should not be confused with the 𝑀𝐶𝐹𝑆𝑃. Saturation is defined as: 716 

 𝑆 =
𝑙𝑖𝑞𝑢𝑖𝑑 𝑣𝑜𝑙𝑢𝑚𝑒

𝑝𝑜𝑟𝑒 𝑣𝑜𝑙𝑢𝑚𝑒 
  (15.47) 

Where pore volume is a particle’s empty (filled with gas) volume which theoretically can be 717 
occupied by the liquid water. When equal representative volumes are considered: 718 

 𝑆 =
𝑀𝐶𝐿

𝑀𝐶𝑠𝑎𝑡 − 𝑀𝐹𝑆𝑃
  (15.48) 

Where 𝑀𝐶𝑠𝑎𝑡 is the maximum moisture content which can be retained by a biomass structure: 719 

 𝑀𝐶𝑠𝑎𝑡 = 𝑀𝐶𝐹𝑆𝑃 + 𝑀𝐶𝑠𝑎𝑡,𝐿  (15.49) 

Where 𝑀𝐶𝑠𝑎𝑡,𝐿 is the maximum liquid water content which can be retained by a biomass structure. 720 
Assuming that during the maximum saturation state all pores of biomass are filled with water, 721 
and that liquid and bound water have the same density,  𝑀𝐶𝑠𝑎𝑡 can be obtained from the equation: 722 

 𝑀𝐶𝑠𝑎𝑡 =< 𝜌𝐿 >𝐿 (
1

< 𝜌𝑆 >
−

1

< 𝜌𝑆 >𝑆
)  (15.50) 

In the literate devoted to wood drying, a parameter “irreducible water content of structure” (Sirr) 723 
can be found. It refers to the water bound so strongly to a cell wall structure that it is not removed 724 
during a conventional drying processes (up to 120°C). In the model of a pyrolysis process of 725 
biomass, it is not advisable to implement such parameter for two reasons. First, the energy flux 726 
added to water is much higher than in conventional drying due to higher temperatures. 727 
Theoretically, it should allow for complete unbinding of water. Second, even if the energy flux 728 
would be insufficient during the pyrolysis, the structure of biomass changes and cell walls lose 729 
their binding ability (hydrophilicity). 730 

15.5.3. Capillary pressure 731 

For models in which the transportation term for the liquid water is included in the mass 732 
conservation equation, the capillary pressure needs to be defined. Capillary pressure in the 733 
lumens of wood is defined as: 734 

 < 𝑃𝐿 >𝐿=< 𝑃𝐺 >𝐺+ 𝑃𝐶   (15.51) 

Where 𝑃𝐶  is a capillary pressure and  < 𝑃𝐿 >𝐿   is pressure in of the liquid water. In literature 735 
different correlations for the capillary pressure can be found. An extensive comparison can be 736 
found in the work of Jalili et al. [54]. Here are shown only two, most commonly used empirical 737 
correlations, one by Spolek and Plumb [85]: 738 



 
 

 
𝑃𝐶 =

8.4 ⋅ 104

𝑆0.63
 

 (15.52) 

Where S is the saturation. The second, by Perre and Degiovanni [86]: 739 

 𝑃𝐶 =
1.364 ⋅ 105 𝜎(𝑇)

(𝑀𝐶𝐿 + 1.2 ⋅ 10−4)0.63
  (15.53) 

Where 𝜎(𝑇) is the temperature-related coefficient, defined as: 740 

 𝜎(𝑇) = (128 − 0.185 𝑇) ⋅ 10−3  (15.54) 

Both above mentioned empirical correlations were established for softwood. Therefore they 741 
should be applied only for modelling those biomasses due to significant differences in pore size, 742 
pore shape and surface wettability with other wood types. 743 

15.5.4. Permeability 744 

The permeability has a major influence on the fluid movement through a porous structure. The 745 
permeability determines the superficial velocity and pressure formation of gases and transport of 746 
liquid water in a porous biomass structure. 747 

15.5.4.1. Intrinsic permeability of biomass 748 

The proper assumption regarding biomass permeability is not an easy task. As it was pointed out 749 
by Grønli [52], the value of the intrinsic gas permeability of wood shows high variability and 750 
strongly depends on: 751 
• type of wood: hardwood or softwood 752 
• position in the plant from which the wood sample was taken: heartwood (older part) or sapwood 753 

(younger part) 754 
• cut plane direction (related to sample anisotropy): longitudinal, tangential or radial 755 
 756 
Table 15.5 contains experimental data of the intrinsic gas permeability of selected biomasses. As 757 
it can be noticed, sapwoods show higher intrinsic gas permeability than heartwoods. Regarding 758 
the cut plane direction, the permeability in the longitudinal direction is much higher than in the 759 
radial or tangential direction, for which values are comparable. Taking this into account, the 760 
assumption that radial and tangential permeability are equal does not lead to a significant loss in 761 
model accuracy. In publications related to modelling, the implemented values of the intrinsic gas 762 
permeability sometimes differ significantly from those experimentally obtained. For example, 763 
some authors adjust the permeability values according to the simulation’s result, or, as it was done 764 
by Di Blasi [71], the author adapted permeability to obtain the same pressure as in the 765 
experimental data from Lee et al. [87]. 766 
 767 
Table 15.5 Intrinsic gas permeability for selected biomass in different directions (P - place in the wood, s- sapwood, h – 768 
heartwood, L - longitudinal, T – tangential, R – radial, n.a. – not available) 769 
 770 

Species P 

Permeability Ratio 

Ref. [m2] [-] 

L R T L/R R/T L/T 

Pine h 2.98E-11 2.07E-15 3.65E-16 14381 5.68 81621 

[88] Pine h 1.86E-12 3.55E-16 7.80E-17 5222 4.56 23797 

Fir s 8.88E-13 7.90E-17 1.28E-17 11250 6.15 69230 



 
 

Fir h 4.44E-14 1.51E-17 1.68E-18 2941 9.00 26470 

Douglas-fir h 1.78E-14 5.43E-19 1.48E-18 32727 0.37 12000 

Redwood s 1.40E-11 3.95E-16 1.23E-14 35500 0.03 1136 

Redwood h 5.38E-12 3.95E-16 5.92E-16 13625 0.67 9083 

Red cedar s 1.63E-12 1.97E-16 1.97E-15 8250 0.10 825 

Red cedar h 1.04E-12 1.38E-15 1.97E-15 750 0.70 525 

Spruce s 1.90E-16 2.90E-18 n.a. 65.52 n.a. n.a. 

[89] 
Maritime 

pine 
s 1.47E-17 8.60E-16 n.a. 0.02 n.a. n.a. 

Scots pine s 7.10E-16 4.20E-17 n.a. 16.90 n.a. n.a. 

 771 
Analysis of the intrinsic gas permeability with differentiation on the cut plane direction, for c.a. 772 
100 different wood samples was made by Smith and Lee in 1958 [84]. Results of their study are 773 
presented in Fig. 15.6. Values of the longitudinal permeability used by modellers are in general 774 
within the range of experimental data, but for the radial permeability, values are usually 775 
overstated by at least one order of magnitude [50,71,90-93]. From experimental data, it can be 776 
stated that the valid range for the longitudinal intrinsic gas permeability is between 10-11 m2 and 777 
10-17 m2 and for the radial between 10-15 m2 and 10-19 m2. 778 
 779 

 780 
Figure 15.6 Intrinsic gas permeability range for woods, based on the data from Smith and Lee [84]. 781 

(s-sapwood, h-heartwood,*- sample from the coast, **- sample from mountains)  782 

15.5.4.2. Intrinsic permeability of char 783 

The thermal decomposition of biomass increases the internal volume of the structure. Therefore, 784 
chars formed in pyrolysis show higher permeability than the initial biomass due to an increase of 785 
the size of the channels (pore size) and development of new pores and cracks in the cell walls. 786 
Experimentally measured permeabilities of char are rarely found in the literature. Hence, most 787 
works related to the modelling of biomass pyrolysis estimate its value. Usually, the permeability 788 
of a char in the longitudinal direction is estimated to be about 1-2 orders of magnitude higher, and 789 
in the radial and tangential direction from 1 to 4-5 orders of magnitude higher than a value of the 790 
initial biomass. In Table 15.6 data of the intrinsic permeability of a pinewood char is presented. 791 
Unfortunately, the data source did not provide information regarding the direction other than the 792 
longitudinal. 793 
 794 
Table 15.6 Pinewood char’s longitudinal intrinsic gas permeability as a function of pyrolysis temperature [94] 795 
 796 

Temperature Permeability Raw/Char 



 
 

[°C] [m2] [-] 

20 5.42E-13 - 

200 9.27E-13 1.71 

250 1.20E-12 2.22 

300 2.68E-12 4.94 

350 5.74E-12 10.58 

 797 

15.5.4.3. Intrinsic permeability of liquid water 798 

Table 15.7 shows a summary of the relationship between the intrinsic permeability of a gas and 799 
liquid water in biomass. According to the literature, the liquid permeability should be in the range 800 
of +/- 1 order of magnitude different than that of the gas permeability. It is worth to mention that 801 
during pyrolysis at any given time, the liquid water does not co-exist with the char. 802 
 803 
Table 15.7 Relationship between gas and liquid intrinsic permeability in biomass 804 
 805 

Empirical correlation Ref. 

𝐾𝐿 = 10𝐾𝐺  [72] 

𝐾𝐿 = 5𝐾𝐺  [95] 

𝐾𝐿 = 𝐾𝐺 [96] 

𝐾𝐿 = 0.1𝐾𝐺 [86] 

 806 

15.5.4.4. Intrinsic, relative and effective permeability 807 

The intrinsic permeability at any time of the reaction is defined as: 808 

 𝐾𝑝ℎ = 𝑋𝐵𝑀𝐾𝑝ℎ,𝐵𝑀 + 𝑋𝐵𝐶𝐾𝑝ℎ,𝐵𝐶   (15.55) 

Where 𝐾𝑝ℎ is the intrinsic permeability of a phase and 𝑋𝐵𝑀 and 𝑋𝐵𝐶  are the mass ratio of the 809 

unreacted biomass and biochar in the solid matrix, respectively. The subscript ph refers to a 810 
particular phase (gas or liquid). 811 
     The relative permeability reflects the difference between a material effective permeability in a 812 
wet state and the intrinsic permeability in a dry state. The correlation of moisture content and the 813 
permeability is expressed by the saturation. The most commonly used correlation is the one 814 
developed by Perre et al. [97] and is shown in Table 15.8. It is based on experimental data 815 
retrieved on softwood. In literature, other correlations between saturation and relative 816 
permeability are also available [54]. 817 
 818 
Table 15.8 Most commonly used correlations for relative gas and liquid permeabilities [96]. 819 
 820 

Direction 

Relative permeability 

Gas (𝐾𝐺,𝑟𝑒𝑙) Liquid (𝐾𝐿,𝑟𝑒𝑙) 



 
 

Longitudinal 1 + (4𝑆 − 5)𝑆5 𝑆8 

Tangential 1 + (2𝑆 − 3)𝑆2 𝑆3 

 821 
The effective permeability consists of two parts: a first related to the solid porous structure 822 
(intrinsic permeability) and a second related to the effect of saturation of pores on the fluid 823 
movement (relative permeability).  Effective permeability can be calculated as: 824 

 𝐾𝑝ℎ,𝑒𝑓𝑓 = 𝐾𝑝ℎ ⋅ 𝐾𝑝ℎ,𝑟𝑒𝑙  (15.56) 

Where 𝐾𝑝ℎ,𝑒𝑓𝑓 is the effective permeability of a phase, 𝐾𝑝ℎ is the intrinsic permeability of a phase, 825 

and 𝐾𝑝ℎ,𝑟𝑒𝑙 is the relative permeability of a phase. 826 

15.5.5. Diffusion 827 

15.5.5.1. Bound water diffusion  828 

The migration of bound water arises only from diffusion through cell walls of biomass. 829 
Mathematically, such transport can be described using Fick’s law [98]. During pyrolysis and at any 830 
given time, bound water does not co-exist with biochar. 831 
     By fitting the experimental data of bound water diffusivity in a transverse direction, the 832 
following correlations based on the Arrhenius expression were proposed: 833 
 834 
Perre and Degiovanni [86]: 835 

 𝐷𝐵,𝑇 = exp (−9.9 + 9.8 𝑀𝐶𝐵 −
4300

𝑇
)  (15.57) 

Perre and Turner [98]: 836 

 𝐷𝐵,𝑇 = exp (−12.818 + 10.895 𝑀𝐶𝐵 −
4300

𝑇
)  (15.58) 

Stamm [99] stated that the following dependency exists between diffusion of bound water in 837 
different directions: 838 

 𝐷𝐵,𝑇 ≅
1

3
𝐷𝐵,𝐿 ≅

2

3
𝐷𝐵,𝑅  (15.59) 

Where subscripts T, L, and R denote the transverse, longitudinal and radial direction respectively. 839 
More complex dependency between bound water diffusion and direction can be found in the 840 
works of Pierre and Turner [98,100]. 841 

15.5.5.2. Gas binary diffusion 842 

The gas-vapour mixture, which exists in the pores during pyrolysis consists of a variety of 843 
compounds in different concentrations and its composition changes as the process progresses. 844 
Mathematical description of such a process is not straightforward.  845 
    Application of binary diffusion description is valid only for systems where only two major 846 
components interact with each other, and there are no other components or their influence on a 847 
mixture is negligible. Also, binary diffusion is based on the assumption that one compound has to 848 
be indicated as an inert during the whole process. Such a situation is far different from the one 849 
that takes place in the pores during the pyrolysis process of biomass. Therefore, the application 850 



 
 

of the binary diffusion description can lead to significant inaccuracies in prediction. Hence, other 851 
more complex ways of describing diffusion have to be applied. A satisfactory procedure which is 852 
always valid for a multi-component system is the Maxwell-Stefan equations system, so in theory, 853 
its application would be the most valid option [101]. 854 
    Diffusion is the dominating transport phenomenon only in systems where large pressure 855 
gradients do not exist. An increase in the pressure gradient leads to a reduction of the diffusion’s 856 
share in the overall transport of gases, as convection becomes the dominating phenomenon of  857 
transport [52]. During pyrolysis of dry biomass, especially at high temperatures and with a high 858 
heating rate, the pressure gradients are significant, which indicates that the diffusion does not 859 
play a major role in gas transport. It leads to the conclusion that implementation of the binary 860 
diffusion model, which will be rather inaccurate, but fairly simple in implementation and easy in 861 
computation should not add a significant inaccuracy to the prediction of fast pyrolysis. In general, 862 
it is always advised to try to avoid the application of a robust, global description, which can be 863 
overcomplex and simultaneously not lead to visible improvement in modelling accuracy. 864 
     On the other hand, for a pyrolysis process of wet biomass, so combined with particle's drying, 865 
the diffusion of water vapour can be significant. Especially for pyrolysis of a large particle that is 866 
exposed to moderate thermal conditions, where evolved pressure gradients can be insufficient to 867 
shift the convection into the dominant transport process. For such situations, an assumption that 868 
diffusion is negligible will not be valid. During drying, an inert (most often nitrogen) – water 869 
vapour system will appear, which can be described satisfactorily by binary diffusion. Often in 870 
practice, the binary diffusion of an inert-water vapour system is treated as an air-water vapour 871 
system instead of nitrogen-water vapour system due to the marginal difference in gas properties 872 
and higher availability of data for the air-water vapour system. 873 
     The air-water vapour binary diffusion coefficient (DA/V), in function of the temperature and the 874 
pressure inside a particle, can be calculated with the equation proposed by Siau [84]: 875 

 𝐷𝐴/𝑉 = 2.23 ⋅ 10−5
 𝑇1.81

< 𝑃𝐺 >𝐺
  (15.60) 

Alternatively, it can be calculated with a more often used equation, proposed by Grønli [52]:  876 

 𝐷𝐴/𝑉 = 1.192 ⋅ 10−4
 𝑇1.75

< 𝑃𝐺 >𝐺
  (15.61) 

Correlations above can be used not only for the water vapour but also for other compounds in the 877 
pyrolysis gas mixture without introduction of a significant error. If higher accuracy is needed, a 878 
discrete description of the binary diffusion coefficient for each component of a system can be 879 
calculated with the Chapman-Enskog equation, based on the kinetic gas theory, or with the 880 
equation proposed by Poling et al. [102]: 881 

 𝐷𝑖𝑛𝑒𝑟𝑡/𝑖 = 1.43 ⋅ 10−7
𝑇1.75

𝑃 𝑀𝑖𝑛𝑒𝑟𝑡/𝑖
1/2 [(Σ𝑣

𝑖𝑛𝑒𝑟𝑡)1/3 + (Σ𝑣
𝑖 )1/3]

2  (15.62) 

Where Dinert/i is the binary diffusion coefficient between an inert and an ith component, Σ𝑣
  is the 882 

sum of the atomic diffusion volumes (from Poling et al. [102]) and Minert/i  is the mean molecular 883 
mass ratio between an inert and an ith compound. 884 
The diffusion phenomena are omitted in certain publications related to modelling of pyrolysis of 885 
dry biomass [28,42,56,103]. Authors who modelled the pyrolysis of wet biomass have treated the 886 
diffusion coefficients as constant values (range from 10-6 m2/s to 10-5 m2/s) for all gas species in 887 
order not to overcomplicate the model [59,91,92,104]. Such approaches are not fully invalid with 888 
respect to the minor role of diffusion in the overall transport of gases in specific cases. 889 



 
 

15.5.5.3. Effective gas diffusion coefficient 890 

Besides the gas mixture composition, the structure of the porous material in which the diffusion 891 
process takes place has an influence on the diffusion coefficient. The effective gas diffusion 892 
coefficient can be defined as: 893 

 𝐷𝑒𝑓𝑓,   𝑖𝑛𝑒𝑟𝑡/𝑖 = θ 𝐷𝑖𝑛𝑒𝑟𝑡/𝑖  (15.63) 

Where 𝐷𝑒𝑓𝑓,   𝑖𝑛𝑒𝑟𝑡/𝑖  is the effective inert - ith component diffusion coefficient, 𝐷𝑖𝑛𝑒𝑟𝑡/𝑖 is the inert - 894 

ith component diffusion coefficient and θ is the structure resistance factor (tortuosity factor). The 895 
structure resistance factor is an artificial parameter describing the restriction of diffusion in 896 
narrow pores, which can be linked to the porosity. The correlation of the structure resistance 897 
factor to porosity is obtained by fitting a function to the experimental data. A summary of the 898 
correlations available in literature is shown in Table 15.9. 899 
 900 
Table 15.9 Proposed correlations for the structure resistance factor 901 
 902 

Theta  (θ) Ref. 

𝜀𝐺
3/2 Bruggeman [105] 

𝜀𝐺
4/3 Millington and Quirk [106] 

0.05𝜀𝐺
2 Stannish [107] 

𝜀𝐺
6 Bonneau and  Puiggali [108] 

𝜀𝐺
6

1.37
 Fernandez [109] 

 903 

15.5.6. Heat capacities 904 

15.5.6.1. Heat capacity of biomass 905 

In the literature devoted to drying of biomass, empirical correlations can be found which combine 906 
the influence of temperature and moisture content (liquid and bound water) on the specific heat 907 
of biomass. Since there are no theoretical reasons to combine the effects of both parameters into 908 
one correlation, the specific heat of biomass and water will be treated separately. 909 
     Biomass starts its degradation in the temperature range from 200 °C  to 250 °C. Therefore the 910 
range of temperature for which specific heat of biomass has to be described is more narrow than 911 
for gas and vapour compounds. One of the most commonly used correlations is the one obtained 912 
experimentally by Grønli [52] for spruce wood and is valid in the range from 80 °C to 230 °C: 913 

 𝐶𝑃,𝐵𝑀 = 1500 + 𝑇  (15.64) 

Where 𝐶𝑃,𝐵𝑀 is the specific heat of biomass. Dupont et al. [110] conducted an analysis of the 914 

specific heat of 19 different biomasses in the temperature range from 40 °C to 80 °C. The result 915 
for every biomass shows a linear change of the specific heat with temperature in the investigated 916 
range. Taking into account Grønli’s correlation, it can be assumed that this trend will be kept until 917 
the temperature at which biomass starts to thermally decompose. Averaged for all biomasses used 918 



 
 

in the study of Dupont et al., the correlation between the specific heat and the temperature has 919 
the form: 920 

 𝐶𝑃,𝐵𝑀 = 1032.8 + 3.783 𝑇  (15.65) 

It is proven that the specific heat of biomass is a function of temperature, but in some older 921 
publications, it can be found that the parameter as a constant value [87,91,92]. Recent work of 922 
Gorensek et al. [111] deserves attention in where the authors, starting from fundamentals of 923 
thermodynamics, calculated missing heat capacities of artificial, initial components and their 924 
transitional forms from the Ranzi scheme. Thereby, they allowed for the implementation of 925 
biomass into the model as a mixture of individual bio-components.  926 

15.5.6.2. Heat capacity of char 927 

The most well-known correlation between the specific heat of char and the temperature is the one 928 
provided by Raznjevic [67], valid in the range from 0 °C  to 1000 °C: 929 

 𝐶𝑃,𝐵𝐶 = 1430 + 0.355 𝑇 + 6.85 ⋅ 10−4 𝑇2  (15.66) 

Where 𝐶𝑃,𝐵𝐶  is the specific heat of biochar. In literature, also other correlations for specific heat 930 

capacity can be found, e.g. one proposed by Larfeldt et al. [93], valid in the range from 0 °C  to 800 931 
°C: 932 

 
𝐶𝑃,𝐵𝐶 = 420 + 2.09 𝑇 −

7.32 ⋅ 107

𝑇2
 

 (15.67) 

The specific heat for solids at any given time of the reaction is defined as: 933 

 𝐶𝑃,𝑆 = 𝑋𝐵𝑀𝐶𝑃,𝐵𝐶 + 𝑋𝐵𝐶𝐶𝑃,𝐵𝑀  (15.68) 

Where 𝐶𝑃,𝑆 is the specific heat of the solid. 934 

15.5.6.3. Heat capacity of bound and liquid water 935 

Liquid water heat capacity (𝐶𝑃,𝐿) at the atmospheric pressure does not change significantly within 936 

the range from 20 °C to 100 °C. Therefore the value of its heat capacity can be assumed as a 937 
constant value of 4.20 kJ/(kg K), which is an averaged value within the mentioned temperature 938 
range. The specific heat of the bound water (𝐶𝑃,𝐵) is assumed to be slightly higher than the liquid 939 

water. Hunt et al. [112] proposed a value of 4.66 kJ/(kg K), but this is a rough estimated value, not 940 
measured analytically. For the sake of simplicity, the value of 𝐶𝑃,𝐵 can be treated as equal to 𝐶𝑃,𝐿 941 

without introducing significant error. 942 

15.5.6.4. Heat capacity of gases and vapours 943 

The specific heat correlation of compounds in the gas mixture applied in a model depends on the 944 
complexity of the kinetic scheme. For all low-molecular compounds and most of the high-945 
molecular compounds data can be obtained from the NIST Chemistry WebBook [113] and 946 
Gorensek et al. [111]. In case of missing heat capacity data for a specific compound, the authors 947 
suggest to find the data record of a compound with similar mass, chemical structure, and chemical 948 
properties and treat it as a representative. If more accuracy is needed, the use of 949 
thermodynamically based approaches provided by Gordon and McBride [114] is advised. 950 



 
 

    For the single component reaction scheme, only four representative compounds have to be 951 
described: air, water vapour, gas (1:1 mixture of CO and CO2) and tar (benzene). For the 952 
mentioned compounds, Grønli’s correlations [52] can be used: 953 

 𝐶𝑃,𝐴𝑖𝑟 = 950 + 0.188 𝑇  (15.69) 

 𝐶𝑃,𝑣 = 1670 + 0.64 𝑇  (15.70) 

 𝐶𝑃,𝑇𝑎𝑟 = −100 + 4.4 𝑇 − 1.57 ⋅ 10−3 𝑇2  (15.71) 

 𝐶𝑃,𝐺𝑎𝑠 = 770 + 0.629 𝑇 − 1.91 ⋅ 10−4 𝑇2  (15.72) 

Where 𝐶𝑃, is the specific heat and subscript Air, v, Tar and Gas denotes air, water vapour, tars and 954 
gases, respectively. The specific heat for the gas-vapour mix at any time in the process can be 955 
obtained from an equation: 956 

 𝐶𝑃,𝐺 =
∑ 𝐶𝑃,𝑖 < 𝜌𝑖 >𝐺𝑁

𝑖

< 𝜌𝐺 >𝐺
  (15.73) 

Where 𝐶𝑃,𝐺  is the specific heat of the gas-vapour mix and 𝐶𝑃,𝑖 is the specific heat for the ith 957 
component of the gas mixture. 958 

15.5.7. Dynamic viscosities of fluids 959 

15.5.7.1. Dynamic viscosity of gases-vapour mixture 960 

According to the definition, viscosity is a property of a fluid which indicates its resistance to flow 961 
(i.e. continual deformation). The viscosity of fluids depends strongly on temperature and pressure. 962 
In the atmospheric pyrolysis, a pressure change during the process is not significant in relation to 963 
viscosity, so the pressure influence on fluid viscosity can be omitted. The temperature between 964 
the start and the end of the pyrolysis usually exceeds a few hundred degrees, so its influence on 965 
the viscosity is significant. Therefore, the temperature dependence of the viscosity should be to 966 
implemented into a model.  967 
    Similar to heat capacity, the correlations of the viscosity of compounds in the gas mixture 968 
applied in a model depend on the complexity of the kinetic scheme. Data for permanent gases and 969 
light organic compounds can be found in the NIST database [113]. Heavy organic compounds, for 970 
which data is lacking, can be replaced by other, similar compounds and treat them as 971 
representatives. The missing data can also be calculated, according to the procedure provided by 972 
Poling et al. [80]. For the single component kinetic scheme, the correlations valid in the range from 973 
0 °C  to 1000 °C, for air, water vapour, tars and gases, provided by Grønli [52] can be applied: 974 

 𝜇𝐺,𝐴𝑖𝑟 = 9.12 ⋅ 10−6 + 3.27 ⋅ 10−8 𝑇  (15.74) 

 𝜇𝐺,𝑣 = −1.47 ⋅ 10−6 + 3.78 ⋅ 10−8 𝑇  (15.75) 

 𝜇𝐺,𝑇𝑎𝑟 = −3.73 ⋅ 10−7 + 2.62 ⋅ 10−8 𝑇  (15.76) 

 𝜇𝐺,𝐺𝑎𝑠 = 7.85 ⋅ 10−6 + 3.18 ⋅ 10−8 𝑇  (15.77) 

Where 𝜇𝐺 
 is the dynamic viscosity of gaseous matter and subscript Air, v, Tar and Gas denote air, 975 

water vapour, tars and non-condensable gases, respectively. To calculate the viscosity of a gas mix 976 
at any given time, the Graham model can be used: 977 

 𝜇𝐺 =
∑ 𝜇𝐺,𝑖 < 𝜌𝑖 >𝐺𝑁

𝑖

< 𝜌𝐺 >𝐺
  (15.78) 



 
 

Where 𝜇𝐺  is the viscosity of the gas mix and 𝜇𝐺,𝑖 is the viscosity of the ith component of the mixture. 978 

Above mentioned equation (15.78) is appropriate for rough calculations, and it is fully valid only 979 
when the molar masses of the mixture components are relatively similar [115]. For a more 980 
accurate calculation it is advised to use the Wilkie model with the Herning and Zipperer 981 
approximation: 982 

 𝜇𝐺 =
∑ 𝜇𝐺,𝑖 < 𝜌𝑖 >𝐺 √𝑀𝑖

𝑁
𝑖

∑ < 𝜌𝑖 >𝐺 √𝑀𝑖
𝑁
𝑖

  (15.79) 

Where 𝑀𝑖 is the molar mass of the ith component in the mixture. In most of the publications related 983 
to modelling, the subject of viscosity is treated with neglect. Most of the authors apply the 984 
assumption that the viscosity of gases and vapours is invariant to either the gas mix composition 985 
and the temperature and its value is constant, equal to 3·10-5 Pa s. 986 

15.5.7.2. Dynamic viscosity of liquid water 987 

As it was mentioned in section 15.4.3.3., only the liquid water has the ability to move actively 988 
through convection. The viscosity of liquid water as a function of temperature can be calculated 989 
with the equation proposed by Grønli [52]: 990 

 𝜇𝐿 = 1.40 ⋅ 10−2 − 7.30 ⋅ 10−5 𝑇 + 9.73 ⋅ 10−8 𝑇2  (15.80) 

 991 
Where 𝜇𝐿 is the liquid water viscosity. Alternatively the correlation proposed by  de Paiva Souza 992 
et al. [116] can be used: 993 

 log(𝜇𝐿) = −13.73 +
1828

𝑇
 + 1.97 ⋅ 10−2 𝑇 − 1.97 ⋅ 10−5 𝑇2  (15.81) 

15.5.8. Thermal conductivity 994 

15.5.8.1. Thermal conductivity of biomass  995 

For particles in the thermally thick regime, thermal conductivity and radiative thermal 996 
conductivity have a major influence on the thermal behaviour of the biomass sample. Therefore 997 
their appropriate implementation into the model is crucial in terms of the model accuracy. 998 
     In Table 15.10 is shown a summary of thermal conductivity data of different biomasses. The 999 
thermal conductivity of biomass depends on the bio-composition and structure of the cell wall as 1000 
well as on the direction of the cut plane (direction of fibres).  A rough analysis of the data indicates 1001 
that the thermal conductivity of hardwoods in the longitudinal direction is c.a. 1.6 times higher 1002 
than the thermal conductivity in the radial direction. The difference for softwoods is much higher 1003 
and the ratio of longitudinal to radial thermal conductivity has a value of 2.7. On average, the 1004 
difference in thermal conductivity in the longitudinal direction between both wood types is 1005 
relatively low. The difference between both wood types is more visible for the radial thermal 1006 
conductivity, where hardwoods show c.a. 1.5 times higher thermal conductivity than for 1007 
softwoods. 1008 
 1009 
Table 15.10 Data of thermal conductivity of different biomasses. (S- softwood, H - hardwood, in case two values are mentioned 1010 
for thermal conductivity, they represent longitudinal and radial thermal conductivity respectively) 1011 
 1012 

Biomass 
species 

Type Temp. 
Density 

(d.b.) 
𝜆𝐵𝑀,𝐿 𝜆𝐵𝑀,𝑅 Ref 

[-] [-] [°C] [kg/m3] [W/(m K)] [W/(m K)] [-] 



 
 

Fir S 20 370 0.305 0.112 

[117] 

Fir S 20 430 0.387 0.118 

Spruce S 20 385 0.422 0.087 

Pine S 20 414 0.450 0.105 

Pine S 20 438 0.246 0.111 

Pine S 20 440 0.358 0.313 

Fir S 20 540 0.350 0.140 
[118] 

Pine S 60 450 0.260 0.110 

Pine S 20 450 0.259 0.098 

[119] Fir S 20 540 0.340 0.138 

Oak H 15 710 0.361 0.209 

Spruce S 20 414 0.279 0.128 

[67] Maple H 30 710 0.419 0.158 

Beech H 20 700 0.349 0.209 

Birch H 

21 

680 / 680 0.323 0.214 

[120] 

567 / 473 0.293 0.196 

543 / 443 0.291 0.177 

100 

680 / 680 0.370 0.250 

567 / 473 0.309 0.244 

543 / 443 0.318 0.207 

 1013 

15.5.8.2. Thermal conductivity of char 1014 

The thermal conductivity of char depends strongly on the initial thermal conductivity of the 1015 
parent biomass, as well as on the pyrolysis process conditions. In Table 15.11 summarised data of 1016 
char thermal conductivity originating from different biomasses are shown, at different pyrolysis 1017 
temperatures. In general, an increase in the pyrolysis temperature results in a decrease in the char 1018 
thermal conductivity. Data indicate that the thermal conductivity in the longitudinal direction is 1019 
much less sensitive to the pyrolysis temperature than the one in the radial direction (relative 1020 
change of 1.3  for the longitudinal direction and 2.4 for the radial direction). For chars originating 1021 
from softwood and pyrolysed at 470 °C, the longitudinal thermal conductivity is on average five 1022 
times higher than the radial thermal conductivity. It is suspected that such a large change in the 1023 
radial direction is related by breaking the continuity of the cell wall’s structure caused by the bio-1024 
polymers degradation. 1025 
 1026 
Table 15.11 Data of thermal conductivity of char originated from different biomasses (S - softwood, H – hardwood, GR –grass) 1027 
 1028 

Biomass 
species 

Type Temp.  
Temp. of 

pyro. 
Density 

(d.b.) 
𝜆𝐵𝐶,𝐿 𝜆𝐵𝐶,𝑅  Ref 

[-] [-] [°C] [°C] [kg/m3] [W/(m K)] [W/(m K)] [-] 

Fir 

S 50 

270 340 0.338 0.112 

[117] 

450 264 0.255 0.034 

Fir 
270 331 0.325 0.087 

450 255 0.223 0.032 

Spruce 
270 337 0.344 0.105 

450 249 0.186 0.052 

Pine 270 330 0.265 0.118 



 
 

450 248 0.247 0.049 

Pine 
270 360 0.198 0.111 

450 251 0.188 0.046 

Pine 
270 364 0.180 0.131 

450 269 0.216 0.072 

Maple H - 450 200 0.105 0.071 [87] 

Miscanthus GR - 500 - 0.152 
[121] 

Switchgrass GR - 500 - 0.153 

 1029 
The thermal conductivity of solids in a given direction (D = L,  R, T) at any given time of the reaction 1030 
is defined as: 1031 

 𝜆𝑆,𝐷 = 𝑋𝐵𝑀𝜆𝐵𝑀,𝐷 + 𝑋𝐵𝐶𝜆𝐵𝐶,𝐷  (15.82) 

Where  𝜆𝐵𝑀,𝐷 and 𝜆𝐵𝑀,𝐷 denote the thermal conductivity in a given direction for biomass and 1032 
biochar, respectively. 1033 

15.5.8.3. Thermal conductivity of liquid and bound water 1034 

The thermal conductivity of liquid water as a function of temperature can be obtained through the 1035 
correlation of data from the NIST database [113]: 1036 

 𝜆𝐿 = 0.7695 + 7.5 ⋅ 10−3 𝑇 − 1 ⋅ 10−5 𝑇2  (15.83) 

In literature, constant values of thermal conductivity of liquid water, i.e. 0.658 W/(m K) [52] can 1037 
be found. Due to a lack of experimental data regarding the thermal conductivity of bound water, 1038 
it has to be assumed that its thermal conductivity value is similar to that of liquid water.   1039 

15.5.8.4. Thermal conductivity: Gas mixture 1040 

The thermal conductivity of most of the permanent gases, light and heavy organic compounds can 1041 
be found in tables [67,122,123] or in the NIST database [113]. Heavy organic compounds, for 1042 
which data is lacking, can be replaced by other, similar compounds and treat them as 1043 
representatives. The missing data can also be calculated, according to the procedure provided by 1044 
Poling et al. [80]. For the single component kinetic scheme, correlations between the thermal 1045 
conductivity and the temperature for air, water vapour and permanent gases are based on data 1046 
from NIST [113], and they are valid in range from 0 °C to 1000 °C. The correlation for tar (benzene) 1047 
can be obtained from the work of Zaitseva et al. [124], and it is valid in the range from 320 °C to 1048 
660 °C. 1049 

 𝜆𝐺,𝐴𝑖𝑟 = 9.3 ⋅ 10−3 + 6 ⋅ 10−5 𝑇  (15.84) 

 𝜆𝐺,𝑣 = −8.1 ⋅ 10−3 + 1 ⋅ 10−3 𝑇  (15.85) 

 𝜆𝐺,𝑇𝑎𝑟 = −5.07 ⋅ 10−1 + 1.1 ⋅ 10−3 𝑇  (15.86) 

 𝜆𝐺,𝐺𝑎𝑠 = 1.01 ⋅ 10−2 + 4 ⋅ 10−5 𝑇  (15.87) 

Analogous to the viscosity, the thermal conductivity of a gas mixture at any time in the pyrolysis 1050 
process can be calculated with the equation: 1051 



 
 

 𝜆𝐺 =
∑ 𝜆𝐺,𝑖 < 𝜌𝑖 >𝐺𝑁

𝑖

< 𝜌𝐺 >𝐺
  (15.88) 

Where 𝜆𝐺,𝑖 is the thermal conductivity of the ith component in the gas mix. For more accurate 1052 
calculations, the Wassilijewa’s equation with the Herning and Zipperer approximation can be 1053 
used: 1054 

 𝜆𝐺 =
∑ 𝑘𝐺,𝑖 < 𝜌𝑖 >𝐺 √𝑀𝑖

𝑁
𝑖

∑ < 𝜌𝑖 >𝐺 √𝑀𝑖
𝑁
𝑖

  (15.89) 

Where 𝑀𝑖 is the molar mass of the ith component in the mixture. Many authors use simplifications 1055 
and implement the thermal conductivity of the gas mix as a constant value in the range from 0.025 1056 
W/(m K) to 0.026 W/(m K) [52,56,91,103]. 1057 

15.5.8.5. Radiative heat transfer 1058 

When the pyrolysis temperature exceeds 600 °C, the share of the heat transferred through 1059 
radiation within the particle starts to become significant. In such cases, implementation of the 1060 
radiative heat transfer into the model is necessary. Radiative thermal conductivity within a 1061 
particle can be defined as: 1062 

 𝜆𝑟𝑎𝑑 = 𝐴 ℓ𝑛 𝜎 𝑇3  (15.90) 

Where 𝜆𝑟𝑎𝑑 is the radiative thermal conductivity,  ℓ𝑛 is the photon’s mean free path, 𝜎 is the 1063 
Stefan-Boltzman constant and 𝐴 is the coefficient of the radiative model. In Table 15.12 are 1064 
presented the most commonly used correlations for radiative thermal conductivity, others can be 1065 
found in work of Grønli [52]. 1066 
 1067 
Table 15.12 Models of radiative thermal conductivity 1068 
 1069 

𝐴  ℓ𝑛  Ref. 

4 
𝜀𝐺𝜔𝑑𝑝𝑜𝑟𝑒

(1 − 𝜀𝐺)
 Pantoon and Ritman [125] 

13.5 
𝑑𝑝𝑜𝑟𝑒

𝜀𝐺𝜔
 Chan [59] 

1 
𝑑𝑝𝑜𝑟𝑒

𝜔
 Di Blasi [92] 

 1070 
Where 𝜔  is the surface emissivity and 𝑑𝑝𝑜𝑟𝑒  is the average diameter of the pores, calculated as: 1071 

 𝑑𝑝𝑜𝑟𝑒 = 𝑋𝐵𝑀 𝑑𝑝𝑜𝑟𝑒,𝐵𝑀 + 𝑋𝐵𝐶  𝑑𝑝𝑜𝑟𝑒,𝐵𝐶   (15.91) 

Where 𝑑𝑝𝑜𝑟𝑒  is the average pore’s size and subscripts BM and BC denote the biomass and the 1072 

biochar, respectively. The average pore size of biomass or biochar in the equation above is 1073 
obtained from the whole range of pores existing in the structure (micro-, meso- and macropores). 1074 
Therefore its value should be obtained by helium pycnometry.  1075 
    Regarding the influence of the pore size on the radiative thermal conductivity, the work of the 1076 
Janse et al. [104] is worth to mention. They proposed a division of the radiative thermal 1077 
conductivity in the macropore radiative conductivity and the micropore radiative conductivity. 1078 
Such an approach seems intuitively reasonable and in theory, it should be more accurate. 1079 
Nonetheless, the lack of reliable data regarding the pore size distribution of the biochar and its 1080 



 
 

evolution throughout pyrolysis does not allow to obtain solid proof. In the literate applications of 1081 
Janse et al.’s radiative heat transfer model with an averaged pore size [57,65] can be found. 1082 

15.5.8.6. Effective thermal conductivity 1083 

The effective thermal conductivity depends on the following factors: anisotropy of the structure, 1084 
porosity and pore size distribution, bio-composition of the cell wall and water content. In 1085 
literature examples of correlations for the thermal conductivity of wet biomass particles obtained 1086 
empirically can be found. In most cases, they were applied for the description of a drying process, 1087 
not pyrolysis combined with drying [50,72,84,86,126]. In order to describe the thermal 1088 
conductivity of biomass, the following general equation is often used: 1089 

 𝜆𝑒𝑓𝑓,𝐷 = 𝜆𝑐𝑜𝑛𝑑,𝐷 + 𝜆𝑟𝑎𝑑  (15.92) 

Where 𝜆𝑒𝑓𝑓,𝐷 is the effective thermal conductivity, 𝜆𝑐𝑜𝑛𝑑,𝐷 is the thermal conductivity, 𝜆𝑟𝑎𝑑 is the 1090 

internal radiative thermal conductivity and the subscript D denotes the direction of the 1091 
conduction. The thermal conductivity can also be treated as a function based on conduction 1092 
through the solid matter with respect to the heat transfer direction (𝜆𝑆,𝐷), the conduction through 1093 
the liquid and bound water (𝜆𝐿, 𝜆𝐵) and the conduction through gas filling the pores (𝜆𝐺). The last 1094 
three terms are not directionally dependent. 1095 

 𝜆𝑐𝑜𝑛𝑑,𝐷 = 𝑓(𝜆𝑆,𝐷 + 𝜆𝐿 + 𝜆𝐵 + 𝜆𝐺)  (15.93) 

The share of each thermal conductivity component is proportional to its volume fraction, so the 1096 
effective thermal conductivity within a particle can be defined as: 1097 

 𝜆𝑒𝑓𝑓,𝐷 = (𝜀𝑆 𝜆𝑆,𝐷 + 𝜀𝐿  𝜆𝐿 + 𝜀𝐵 𝜆𝐵 + 𝜀𝐺  𝜆𝐺) + 𝜆𝑟𝑎𝑑  (15.94) 

More detailed approaches on the modelling of the thermal conductivity can be found in work of 1098 
Suleiman et al. [120], Thunman and Leckner [127], Blondeau and Jeanmart [40] and Gentile et al. 1099 
[53]. All mentioned approaches are based on the comprehensive thermal conduction model 1100 
developed by Kollmann and Côte [128]. 1101 

15.5.9. Surface emissivity 1102 

Radiative heat emissivity from natural surfaces is usually modelled as a “grey body”. According to 1103 
the definition and the Stefan-Boltzmann law, a “grey body” is an intermediate material between a 1104 
perfect absorber of light (ideal “black body”) and a perfect reflector of light (ideal “white body”). 1105 
The value of the emissivity of the “grey body” depends on the surface’s temperature, colour and 1106 
roughness. For biomass, emissivity (𝜔𝐵𝑀) is usually assumed to be in the range between 0.7 and 1107 
0.85 [64,65] and for biochar (𝜔𝐵𝐶) in the range between 0.9 and 0.95 [52,59]. The surface 1108 
emissivity (𝜔) at any time of the process can be defined as: 1109 

 𝜔 = 𝑋𝐵𝑀𝜔𝐵𝑀 + 𝑋𝐵𝐶𝜔𝐵𝐶   (15.95) 

15.5.10. Particle shrinking 1110 

Drying and thermal degradation of a biomass particle have an influence not only on its porosity 1111 
and thermo-physical properties but also on its overall geometry and shape. To model a particle’s 1112 



 
 

change in geometry and shape, usually, one out of three methods of shrinking process description 1113 
is applied: uniform shrinkage, shrinking shell, or shrinking cylinder.  1114 
    An analysis of shrinkage during pyrolysis shows that final shrinkage in the longitudinal 1115 
direction is lower than in the radial direction. Additionally, for small particles, the shrinking takes 1116 
place mostly at the end of the conversion. During the conversion under a high heating rate, strong 1117 
mechanical tensions occur within a particle, which leads to particle cracking and in some cases, 1118 
even to the fragmentation of a particle. Besides the reduction in particle shape by shrinking, the 1119 
expansion via the swelling can take place. The expansion can be observed usually at the beginning 1120 
of the conversion, especially for large particles [129]. The details regarding cracking and swelling 1121 
are not incorporated in mentioned models of shrinking.  1122 
     A detailed description of mentioned shrinking models can be found in the work of Bryden et al. 1123 
[61] and Bellais [130]. The most commonly used shrinking model is the uniform shrinking model, 1124 
so its basis will be briefly described here. Shrinking in a selected direction can be defined as [61]: 1125 

 𝑓𝐷 =
𝑐𝑢𝑟𝑟𝑒𝑛𝑡 𝑑𝑖𝑚𝑒𝑛𝑠𝑖𝑜𝑛

𝑜𝑟𝑖𝑔𝑖𝑛𝑎𝑙 𝑑𝑖𝑚𝑒𝑛𝑠𝑖𝑜𝑛
=

𝐿𝐷

𝐿𝐷0
  (15.96) 

Where 𝑓𝐷 is the shrinkage factor in the D direction, 𝐿𝐷 is the dimension after shrinkage in the D 1126 
direction and 𝐿𝐷0 is the original dimension in the D direction. The uniform shrinking model 1127 
assumes, that particle size change is directly proportional to the mass loss, so it can be stated that: 1128 

 𝑓𝐷 = [(𝜂̅ − 1)𝑝𝐷 + (Μ̅ − 1)𝑚𝐷]  (15.97) 

Where 𝜂̅ is the conversion extent of pyrolysis, averaged over the particle’s geometry, 𝑝𝐷 is the 1129 
parameter of final shrinkage due to pyrolysis in direction D, 𝑀̅ is the progress of the particle’s 1130 
drying, averaged over the particle’s geometry, 𝑚𝐷 is the parameter of final shrinkage due to drying 1131 
in the D direction. The drying influence on the shrinkage in any direction is not large (6-7%) [61], 1132 
so its omission does not introduce significant accuracy loss in modelling [131]. Applying the 1133 
aforementioned simplification, the following equation is obtained: 1134 

 𝑓𝐷 = [(𝜂̅ − 1)𝑝𝐷]  (15.98) 

The averaged conversion extent of the pyrolysis reaction is defined as: 1135 

 𝜂̅ =
𝑐𝑢𝑟𝑟𝑒𝑛𝑡 𝑚𝑎𝑠𝑠 𝑜𝑓 𝑏𝑖𝑜𝑚𝑎𝑠𝑠

𝑖𝑛𝑖𝑡𝑎𝑙 𝑚𝑎𝑠𝑠 𝑜𝑓 𝑏𝑖𝑜𝑚𝑎𝑠𝑠
=

< 𝜌𝐵𝑀 >

< 𝜌𝐵𝑀0 >
  (15.99) 

Where < 𝜌𝐵𝑀0 > is the initial apparent density of biomass. A more in-depth description of 1136 
changes to the conservation equations due to implementation of the uniform shrinking model can 1137 
be found in the work of Bryden et al. [61] and Anca-Couce et al. [56]. 1138 
    Exemplary final shrinkage parameters that can be found in the literature are summarised in 1139 
Table 15.3. The symbols 𝛼, 𝛽 and 𝛾 denote the final shrinkage in the longitudinal (𝑝𝐿), radial (𝑝𝑅) 1140 
and transversal (𝑝𝑇) direction, respectively. The data in the table indicates that the final particle 1141 
shrinkage depends not only on the pyrolysis temperature but also on the heating rate.  1142 
 1143 
Table 15.13 Exemplary values of final shrinkage parameter in pyrolysis, and obtained experimentally (HR - heating rate). 1144 
 1145 

𝑝𝐿 = 𝛼 𝑝𝑅 = 𝛽 𝑝𝑇 = 𝛾 Ref. 

0.34 0.50 1 [93] 

0.30 0.40 1 low HR [132] 

0.30 0.05-0.20 1 high HR [132] 

 1146 



 
 

An extensive analysis of particle shrinkage was performed by Davidson et al. [133]. It resulted in 1147 
a correlation between the highest temperature in pyrolysis and the final shrinkage parameter in 1148 
direction D. The correlation is valid for temperatures from 350 °C to 700 °C. 1149 

 𝑝𝐷 = 𝑎𝐷
2[𝑎𝐷 + 𝑏𝐷𝑇 + 𝑐𝐷𝑇2]  (15.100) 

Where 𝑎𝐷, 𝑏𝐷 and 𝑐𝐷 are correlation parameters obtained by fitting to experimental data. Their 1150 
values are shown in Table 15.14.  1151 
 1152 
Table 15.14 Parameters of Davidson et al. correlation [133] (D - direction, L - longitudinal, R- radial, T - tangential). 1153 
 1154 

D 𝑎𝐷 𝑏𝐷 𝑐𝐷 

L −4.7 1.08 ⋅ 10−2 −5.86 ⋅ 10−6 

R 4.4 −8.56 ⋅ 10−3 4.55 ⋅ 10−6 

T −1 3.95 ⋅ 10−3 −2.62 ⋅ 10−6 

 1155 

15.6. Boundary conditions 1156 

15.6.1. Boundary conditions equations 1157 

Boundary conditions are the drivers of the modelled process through the description of 1158 
phenomena occurring on the geometrical surface of a particle. In other words, boundary 1159 
conditions define the behaviour of the nodes located on the geometry edge. In the most general 1160 
case, they are defined as [134]: 1161 
 1162 
• For pressure: 1163 

 < 𝑃𝐺 >𝐺  |𝑥=𝑥𝑝
=  𝑃∞  (15.101) 

• For heat transfer: 1164 

 ∇(𝜆𝑒𝑓𝑓∇𝑇) |𝑥=𝑥𝑝
=  ℎ𝑇 (𝑇𝑓𝑙𝑜𝑤,∞ − 𝑇 |𝑥=𝑥𝑝

) + 𝜎𝜔 (𝑇𝑤𝑎𝑙𝑙
4 − 𝑇4|𝑥=𝑥𝑝

)  (15.102) 

• For mass transfer: 1165 

 𝐷𝑒𝑓𝑓∇(< 𝜌𝑖 >𝐺) |𝑥=𝑥𝑝
= ℎ𝑚 [ 𝜌𝑖,∞ −< 𝜌𝑖 >𝐺 |𝑥=𝑥𝑝

]  (15.103) 

Where |𝑥=𝑥𝑝
 denotes the position (xp point of the surface, “x” can be adapted according to the 1166 

appropriate coordinate system), 𝑃∞ is the pressure of the environment (ambient), ℎ is the 1167 
convective transfer coefficient, subscript 𝑇 and 𝑚 denote heat and mass respectively, 𝑇𝑓𝑙𝑜𝑤,∞ is 1168 

the temperature of the flowing fluid at a considerable distance from the particle’s surface, 𝑇𝑤𝑎𝑙𝑙
   is 1169 

the temperature of the reactor wall, 𝜎 is Stefan-Boltzmann coefficient, 𝜔 is surface emissivity and 1170 
𝜌𝑖,∞ is the density of the ith compound at a considerable distance from the particle’s surface. Even 1171 

though the radiative heat transfer at a temperature below 600 °C does not have a large share in 1172 
the total heat exchange [135], its implementation is not complex and can result in improvements 1173 
in model accuracy. 1174 



 
 

15.6.2. Dimensionless numbers and transfer coefficients 1175 

Convective heat and mass transfer coefficients can be obtained from correlations of the 1176 
dimensionless numbers. 1177 
 1178 
• The convective heat transfer coefficient from the Nusselt number: 1179 

 𝑁𝑢 =
ℎ𝑇 𝐿

𝜆𝑒𝑓𝑓
  (15.104) 

• The convective mass transfer from the Sherwood number: 1180 

 𝑆ℎ =
ℎ𝑚 𝐿

𝐷𝑒𝑓𝑓
  (15.105) 

Where 𝐿 is the characteristic dimension of a particle, ℎ𝑇  is the convective heat transfer coefficient, 1181 
ℎ𝑚 is the convective mass transfer coefficient, 𝜆𝑒𝑓𝑓 is the effective thermal conductivity and 𝐷𝑒𝑓𝑓 1182 

is the effective diffusion coefficient. For laminar flow, the dimensionless numbers can be obtained 1183 
from flow-shape correlations presented in Table 15.15. 1184 
 1185 
Table 15.15  Dimensionless number correlations as a function of shape [134,136]. 1186 
 1187 

Particle shape Convective heat transfer Convective mass transfer 

Flat plate,  
(Kerith and Black eq.) 

𝑁𝑢 = 0.644𝑅𝑒0.5𝑃𝑟0.33 𝑆ℎ = 0.644𝑅𝑒0.5𝑆𝑐0.33 

Cylindrical 
(Churchill and 
Bernstein eq.) 

𝑁𝑢 = 0.3 +
0.62𝑅𝑒0.5𝑃𝑟0.33

[1 + (
0.4
𝑃𝑟

)
0.66

]

0.25 [1 + (
𝑅𝑒

2.82 ⋅ 105
)

0.625

]

0.8

 𝑆ℎ = 0.3 +
0.62𝑅𝑒0.5𝑆𝑐0.33

[1 + (
0.4
𝑆𝑐

)
0.66

]

0.25 [1 + (
𝑅𝑒

2.82 ⋅ 105
)

0.625

]

0.8

 

Spherical 
(Ranz-Marshall eq.) 

and 
 (Whitaker eq.) 

𝑁𝑢 = 2 + [0.6𝑅𝑒0.5𝑃𝑟0.33] 
 

𝑁𝑢 = 2 + [0.4𝑅𝑒0.5 + 0.06𝑅𝑒0.66]𝑃𝑟0.4 (
𝜇∞

𝜇𝑠
)

0.25

 

𝑆ℎ = 2 + [0.6𝑅𝑒0.5𝑆𝑐0.33] 
 

𝑆ℎ = 2 + [0.4𝑅𝑒0.5 + 0.06𝑅𝑒0.66]𝑆𝑐0.4 (
𝜇∞

𝜇𝑠
)

0.25

 

 1188 
Where Pr is Prandtl’s number, Sc is Schmidt’s number, 𝜇  is the dynamic viscosity of the gas mix, 1189 
and subscript ∞  and S denote the free stream and the surface (on the fluid’s side) respectively. 1190 
Above mentioned correlations are valid only for particles immersed in a single-phase flow. It is 1191 
advised to use other correlations to calculate the convective heat and mass transfer coefficient of 1192 
particles immersed in two-phase flows (e.g. gas-solid systems in a fluidised bed), [92,137-140]. 1193 
   Rapid evaporation or ignition of evolved pyrolysis gases can cause a temporary disturbance in 1194 
the convective transfer. In order to account for it in a model, Stefan’s correlation can be used to 1195 
calculate the mass and heat convective transfer coefficients with an extensive outflow from 1196 
surfaces [57,65,92,101]. Correlations are defined as: 1197 
 1198 
• Heat transfer: 1199 

 ℎ𝑇𝑠 =
𝐴𝑆𝑢𝐺𝜀𝐺 < 𝜌𝐺 >𝐺 𝐶𝑃,𝐺

exp (
𝐴𝑆𝑢𝐺𝜀𝐺 < 𝜌𝐺 >𝐺 𝐶𝑃,𝐺

ℎ𝑇
) − 1

  (15.106) 

• Mass transfer: 1200 

 ℎ𝑚𝑠 =
𝐴𝑆𝑢𝐺

exp (
𝐴𝑆𝑢𝐺

ℎ𝑚
) − 1

  (15.107) 



 
 

Where ℎ𝑇𝑠  is the convective heat transfer coefficient with surface outflow,  ℎ𝑚𝑠 is the convective 1201 
mass transfer coefficient with surface outflow and 𝐴𝑆 is the external surface area of a particle. 1202 
    In literature, exemplary values of the convective heat transfer coefficient can be found: flat plate 1203 
- 5 W/(m2 K) [52], sphere - 20 W/(m2 K) [28], shapes with different size from 8.4 W/(m2 K) to 20 1204 
W/(m2 K) [141], particles in a fixed bed - 50 W/(m2 K) [142] or particles in a fluidised bed - 400 1205 
W/(m2 K) [143]. Not as many examples for the convective mass transfer coefficient can be found: 1206 
flat plate - 0.03 m/s [52]. It is possible that many authors consider that the mass transfer from a 1207 
particle is not hindered nor enhanced. Therefore the convective mass transfer coefficient is equal 1208 
to the superficial gas velocity on the surface. 1209 

15.7. Reactor model and multiscale 1210 

The gases and the solid phase (processed biomass) in a given reactor have significant differences 1211 
in physical, chemical and thermal behaviour. Therefore, in this section, the description of each 1212 
phase separately needs to be considered as well as interactions between the phases. 1213 

15.7.1. Lagrangian method – particle movement description  1214 

In reactor systems, the movement of every single particle is independent. The method which 1215 
allows for describing the behaviour of each individual particle is the Lagrangian approach, which 1216 
is based on Newton’s second law of motion  [56,144]. In the Lagrangian framework, each particle 1217 
is modelled with its own body (subdomain), which moves independently in an applied geometry 1218 
according to the forces affecting the particle. This framework allows for investigating the time-1219 
position relation of each particle (e.g. trajectory).  1220 
The framework of the Lagrangian method also allows for the implementation of mechanical 1221 
interactions between particles and between phases. Consecutively, it opens the possibility for 1222 
implementation and investigation of particle-particle and particle-wall interactions. The 1223 
visualisation of the basic difference between the Eulerian and the Lagrangian approach is shown 1224 
in Fig 15.7.  1225 

 1226 
Fig. 15.7 Simplified visualisation of the difference between Eulerian and Lagrangian approach. 1227 

15.7.2. Methods of two-phase flow description 1228 

The Eulerian approach is sufficient to describe a single-phase flow and all significant unit 1229 
processes occurring in it. Unfortunately, such an approach may not be sufficient to describe two-1230 
phase flows (e.g. gas-solid systems) appropriately. 1231 
    A comprehensive and complete description of the behaviour of two-phase flow is provided by a 1232 
combination of Computational Fluid Dynamics (CFD) with the Discrete Element Method (DEM) 1233 



 
 

resulting in the so-called Eulerian-Lagrangian approach (CFD-DEM method). The first part of the 1234 
name indicates that the gas phase description (fluid with continuum properties) is done according 1235 
to the Eulerian method. In the Eulerian approach, fluid properties are stored in grid nodes of the 1236 
applied geometry. The fluid movement does not interfere with the grid arrangement. The second 1237 
part of the name indicates that the description of the solid phase (particles) is done with the 1238 
Lagrangian approach. In this approach, solid particles are not linked to the grid used for modelling 1239 
fluid dynamics, and the subdomains of particles can move freely through the applied geometry. 1240 
Nevertheless, both phases are interconnected, so, e.g. the movement of the particles causes 1241 
changes in the fluid phase, and the flow of the fluid can alter the movement of particles. 1242 
     With an increase in the number of investigated particles as well as with an increase of the 1243 
complexity of the single-particle behaviour, the quantity of data that needs to be handled by the 1244 
solver grows exorbitantly. Therefore, a proper description of the investigated system with the full 1245 
Eulerian-Lagrangian method, besides an in-depth knowledge about its fundamentals, needs 1246 
robust numerical software tools and powerful computing hardware. 1247 
     The Discrete Phase Model (DPM) is a hybrid method, and it is based on a partial simplification 1248 
of the DEM method. The DPM method still has its base in the Lagrangian description and takes 1249 
into accountsthe particle’s movement resulting from forces like: gravity, drag force, pressure force 1250 
and Magnus force, but the particle-particle collisions are neglected. Additionally, the Discrete 1251 
Phase Model method omits the fluid volume’s displacement by particles, so the volume of a fluid 1252 
phase remains constant. Recommendations with respect to choosing the simplification from DEM 1253 
to DPM, are not clear in the literature. The cause of this can be linked to the difference in types of 1254 
reactors that were modelled with the use of the simplification. The most general recommendation 1255 
is to apply the simplification in cases when the solid phase is strongly dispersed, and its volume 1256 
fraction is less than 5 vol. % [145]. 1257 
     The Dense Discrete Phase Model method (DDPM), an improved version of the DPM is an 1258 
another, more recently developed hybrid method. The DDPM method is capable of handling 1259 
higher volume fractions of the solid phase, and it has an in-built particle-particle collision sub-1260 
model through a collision component taken from the DEM method. One of the drawbacks of the 1261 
DDPM method is that the flow around particles is not taken into account during the simulation, so 1262 
the dynamic behaviour of particles still can differ from reality. Both hybrid approaches 1263 
(simplifications) lead to a significant reduction in the computational burden in comparison to the 1264 
full DEM description method. Also, the influence of applying these simplifications on the accuracy 1265 
loss strongly depends on the modelled scenario (reactor type, number of particles and their size). 1266 
     In peculiar cases, when the size of the particles is sufficiently small and the particles are 1267 
strongly dispersed among the fluid phase (suspension), there is the possibility of a strong 1268 
simplification with the assumption that the particles suspended in a fluid are “dissolved” in it. 1269 
Therefore they can be treated as part of the fluid, and they can behave as such (quasi-continuous 1270 
solid phase). The method of describing a two-phase system where both phases are treated as a 1271 
continuum is called the Eulerian-Eulerian approach. It indicates that both phases, fluid and solid, 1272 
are described by the Eulerian approach, so the model does not distinguish each particle in the 1273 
solid phase. Therefore in this approach, it is impossible to investigate the single particle 1274 
movement. The Eulerian-Eulerian approach is the least computationally burdening method of 1275 
simulating two-phase flow. Moreover, the simplification is very convenient in terms of 1276 
mathematical description. Expressions used for describing the movement, thermal and chemical 1277 
behaviour of the solid phase have the same construction as those used for the fluid phase 1278 
description. There is a strong restriction regarding the application of this simplification. The 1279 
Eulerian-Eulerian approach for particles with relatively large size introduces a significant 1280 
deviation from reality in the model. In such cases, the result of the simulation is burdened with a 1281 
considerable inadequacy, so its accuracy is low.  1282 



 
 

15.7.3. Particle conversion regimes and two-phase flow models 1283 

The fluid phase in a reactor is always described with the Eulerian approach. In comparison to the 1284 
description of the solid phase, it makes the fluid phase a less challenging part of the reactor model. 1285 
The description of the fluid phase has to contain, among others: fluid motion within the reactor 1286 
geometry, changes of fluid phase volume due to particle movement and rotary elements (if any), 1287 
the heat exchange between the fluid and reactor’s walls and particles. The description of the fluid 1288 
phase in the reactor has to cope also with the chemical behaviour of the compounds (e.g., 1289 
secondary tar cracking) that are contained in it. 1290 
    As it has been mentioned, the possibility of simplifying the description of the two-phase flow 1291 
into the a quasi-one phase fluid flow (Eulerian-Eulerian) is only valid when particles immersed in 1292 
the fluid are sufficiently small. To assess if this simplification is valid, values of two non-1293 
dimensional numbers have to be checked: the thermal Biot number (Bi) and the Pyrolysis number 1294 
(Py), the latter is also called reversed thermal Thiele modulus [56]. Those numbers indicate to 1295 
which thermal regime the investigated particles belong. Each of the regimes indicate which 1296 
thermal phenomena (chemical reactions, intra-particle or extra-particle heat exchange) have the 1297 
strongest influence on the rate of the particle’s conversion [24,91,146-148]. Particles can be 1298 
assigned to one of the four following thermal regimes: pure kinetic, thermally thin, thermal wave 1299 
and thermally thick.  1300 
     The simplification through the Euler-Euler approach is the most valid for particles in the pure 1301 
kinetic regime, whose size usually is smaller than 1 mm in any direction [5]. Conversion of 1302 
particles in the thermal thin regime is also driven mostly by the reaction kinetics, but also external 1303 
heat transfer starts to play a significant role. Due to a relatively small size, those particles do not 1304 
show high thermal or internal pressure gradients during conversion. The application of this 1305 
simplification for particles in the thin thermal regime is not advised, but it would not introduce a 1306 
critical error to the model.  For this regime, the dilution of the solid phase also has to be taken into 1307 
account. In case of a highly concentrated solid phase, the Eulerian-Eulerian approach is not valid, 1308 
so more sophisticated description methods (DPM or DDPM) have to be applied to obtain more 1309 
accurate and reliable description. 1310 
     The conversion of particles assigned to the thermal wave regime is mostly driven by the 1311 
internal and external heat transfer. Additionally, a significant temperature and pressure gradient 1312 
is formed during the conversion. For particles in the thermal wave regime, the particle’s location 1313 
during the process starts to play a major role in its conversion. Therefore, applying the Euler-Euler 1314 
simplification is not valid for particles in this regime, and thus they have to be described with a 1315 
Lagrangian approach. It is expected that, in the thermal wave regime the conversion of the particle 1316 
takes place in a thin surface front, so the assumption that the conversion front thickness strives 1317 
to 0, is not a large departure from reality. Such an approach opens a possibility of a partial 1318 
simplification of describing the conversion process. The simplification can be made by 1319 
implementation of the unreacted shrinking core model or the layer model [5,24,149]. 1320 
     The internal heat transfer has the largest share in the control of the conversion of particles in 1321 
the thermally thick regime. To this regime are assigned the largest particles, which show the 1322 
highest temperature and pressure gradients during conversion. There is no stiff border, from 1323 
which point the particles have to be assigned to the thermally thick regime. In literature, it can be 1324 
found that the particle is considered to be in the mentioned regime if the Bi number is higher than 1325 
40 or 100 and the thermal Thiele modulus (1/Py) number is higher than 100 or 1400 [148,150]. 1326 
The conversion of the particle in the thermally thick regime is the most complex and cannot be 1327 
simplified, so only a detailed description via the Eulerian-Lagrangian approach is valid (DDPM or 1328 
DEM). 1329 



 
 

15.7.4. Appropriate model for different kinds of beds 1330 

For fixed bed reactors, the only limitation for the particle size are the reactor dimensions. 1331 
Therefore relatively large biomass particles (e.g. logs or large chunks) can be processed in a fixed 1332 
bed. For this reactor type, the movement of particles is negligible, and the mixing of solids is 1333 
insignificant. Taking this into account, Wurzenberger et al. [151] proposed the Representative 1334 
Particle Model (RPM), suitable for the description of the conversion of single particles in fixed bed 1335 
reactors. The method assumes that parameters of biomass conversion can be treated as 1336 
homogenous for the whole reactor, so all processed particles show the same behaviour. In 1337 
consequence, it leads to the conclusion that for the RPM, the single-particle model needs to be 1338 
solved for one representative particle only once for the applied boundary and initial conditions. 1339 
Application of the RPM method for modelling fixed beds reduces the computational time 1340 
significantly and shows moderately good agreement with experimental results [5,152,153]. 1341 
    An additional challenge is brought into the reactor model description for systems in which 1342 
particles are in motion. Movement of particles can be driven by changes in pressure of a fluid 1343 
(pneumatically driven) or by the physical forces transmitted to the particles via the reactor’s 1344 
rotary elements (mechanically driven). In the second scenario, the moving element also has an 1345 
influence on the gas motion in the reactor, and this needs to be taken into account in the 1346 
description of a model. The selection of the driver of the particle’s movement imposes practical 1347 
boundaries on the size of particles that can be processed in the reactor.  1348 
     For fluidised beds, the particle size has to be significantly small to be able to be suspended 1349 
and/or dragged by the fluidising gas. In general, the size of particles that can be applied in  1350 
fluidised bed reactors does not exceed  2-3 mm. Application of such small particles in fluidised 1351 
bed reactors opens possibilities for model simplification (Eulerian-Eulerian, DPM or DDPM). An 1352 
implementation of the simplification leads to a significant reduction in complexity of the 1353 
description and simultaneously, it lowers the computational burden. 1354 
     In processing in rotary reactors (auger/screw or rotary kiln reactors), the size of particles is 1355 
usually larger than in fluidised bed reactors. The maximum size of particles for rotary reactors is 1356 
limited by the dimensions of the reactor and its moving parts (e.g. size of a screw and its pitch), 1357 
the reactor’s mechanical durability and the homogeneous distribution of solid material in the 1358 
reactor. The particles processed in rotary reactors cannot be assigned to the kinetic thermal 1359 
regime due to their large size. Therefore there is no possibility of applying the Euler-Euler 1360 
approach for those systems. For rotary reactors, the Eulerian-Lagrangian approach of the two-1361 
phase flow has to be implemented (DPM, DDPM, or DEM). It has to be kept in mind that for rotary 1362 
reactors, the influence of the movement of the reactor’s elements as well as of the particles on the 1363 
fluid phase has to be included in the model description. Models for rotary reactors are the most 1364 
demanding, both for the modeller (interdependences between phases, number of correlations and 1365 
parameters), as well as for the software and hardware used to conduct computation on such 1366 
complex systems. 1367 
     An extensive and comprehensive overview of the application of different approaches for  1368 
describing specific reactor modelling cases can be found in the recent work of Xiong et al. [154]. 1369 
The work contains numerous references to examples from literature, so the authors strongly 1370 
recommend this review for readers interested in the subject. Among many others, the works of 1371 
Subramaniam [155], Ku et al. [156,157] and Xie et al. [158] are worth to mention, as they contain 1372 
the mathematical description of the Eulerian-Lagrangian method, as well as the work of Funke et 1373 
al. [159] in which, for the first time the heat transfer between particles in an auger type reactor 1374 
was calculated using a combined fundamental heat transfer model with DEM simulation. 1375 
 1376 



 
 

15.7.5. Reactor model and limitations 1377 

Increase in complexity of a comprehensive model for biomass conversion, in principle, is done to 1378 
bring a model closer to reality and improve its prediction accuracy. Simultaneous application of 1379 
detailed models causes the issue requiring a vast amount of data and correlations that need to be 1380 
handled and computed by a solver. A vast increase in computational load requires simultaneously 1381 
a higher need for hardware power to obtain adequate solving efficiency. A very complex model 1382 
and limited computational resources result in elongated computational time, which does not 1383 
allow for a rapid refinement of the model to the investigated scenario. Therefore, model 1384 
complexity is a bottleneck for the investigation and the development of the reactor technology 1385 
under study. For a modeller, it is crucial to select the level of complexity that simultaneously will 1386 
fulfil a required, satisfactory accuracy of a prediction, will be technically possible in 1387 
implementation and will be feasible in terms of time and cost. 1388 
     The reactor submodel of a comprehensive biomass conversion model is the most difficult and 1389 
the most complex part among all model parts, so a short elaboration on its problems is provided 1390 
here. An increase of the computational demand needed to solve a reactor model, besides the 1391 
increased complexity of solid phase movement description (e.g. via application of DEM), is caused 1392 
by expanding the meshed geometry of a reactor domain as well as by an increase in number of 1393 
particles that have to be considered. Besides high requirement of the hardware computational 1394 
resources, an additional issue is connected to the application of the DEM method in the solid phase 1395 
description. A detailed description of solid-phase interactions and mechanical changes of particles 1396 
is not fully developed yet, so there is no certainty that already established solid-phase descriptions 1397 
are accurate in their predictions. Another issue that hinders the effective use of the complex 1398 
reactor models is the in-depth knowledge on how to use the computational resources in an 1399 
economical and an effective manner (e.g. parallelisation of computation, adjustment of the 1400 
procedure of a solver)  [5]. From the side of practice, there also exists a problem with the 1401 
insufficiently developed software, which can have problems with mesh adaptation in more 1402 
complex scenarios which form a barrier in modelling, like in e.g. modelling a double-screw rotary 1403 
reactor [160]. 1404 

15.8. Conclusions 1405 

Numerical modelling is a very robust tool, which allows for cost-effective research and 1406 
development of technologies within the field of biomass thermal processing. As it is indicated in 1407 
this chapter, proper construction and use of a comprehensive model needs knowledge from 1408 
different areas of science. Only through their combination in an efficient manner, the model will 1409 
lead to reasonable and useful results. 1410 
     In theory, there is no limitation to model every processing technology or to base the model on 1411 
parameters for any range (feedstock or process-related). Nonetheless,  from a practical point of 1412 
view, the selected environment of conversion, as well as the applied processed material, imposes 1413 
strong boundaries on the modelled system. Those boundaries impose limits on possibilities of the 1414 
model’s validation against experimental data, which is the only reliable method to assess model 1415 
performance.  1416 
     The level of complexity and the proper selection of components of the model has a significant 1417 
influence on the model’s accuracy and reliability. A general, descriptive summary of the 1418 
submodels of a comprehensive biomass conversion model is presented in table 15.16.  In general, 1419 
the balance between accuracy and computational efficiency as well as the technical feasibly have 1420 
to be obtained. It is advised to apply the most detailed description when it is feasible, and always 1421 
a check if the model cannot be simplified without loss in model accuracy. This balance has to be 1422 
taken as one of the priorities in modelling practice. 1423 
 1424 



 
 

Table 15.16  Descriptive summary of components of a  comprehensive biomass conversion model  1425 
 1426 

Submodel Molecular Single Particle Reactor 

Used for 

Investigation of 
biomass degradation 
chemistry depending 

on the initial feedstock 
composition 

Investigation of particles’ 
thermo-physical and 

structural changes and their 
influence on the pyrolysis 

product yields and 
composition 

Investigation of the influence of 
large-scale production parameters 
on the product quality and process 

efficiency  

Possible to predict 
Pyrolysis product yields 

and composition 

Yields and composition of 
pyrolysis products, mass loss, 

temperature distribution, 
pressure distribution, shape 

and porosity in single 
particles 

Product streams and their 
composition, size distribution of 

solids, mass and heat transfer 
distribution in a reactor, production 

quality and efficiency 

Particles size / 
Thermal regime 

Only fine powders, 
which belong to the 
kinetic regime, for 

other thermal regimes 
the influence of 

structural and material 
thermo-physical factors 

will introduce bias 

Theoretically applicable to 
every size of a given particle 

(and associated thermal 
regime), in practice it is not 

efficient to model kinetic 
regime 

Applied simplification depends on 
the particle size (thermal regime): 

small particles, kinetic regime - 
Eulerian-Eulerian, medium size 

particles, thermally thin regime - 
Eulerian-Lagrangian (DPM, DDPM), 

large particles, thermally thick 
regime - Eulerian-Lagrangian 

(DEM) 

Complexity 

Simple, only needs 
thermodynamic data 
for the compounds in 

the kinetic scheme 

Complex, besides the data for 
reaction kinetics, the model 

also requires material's 
thermo-physical and 

structural information and 
their changes with conversion 

The most complex, requires data of 
molecular and single particle model 

as well as data of particle-wall, 
particle-particle and particle-

reactor gas interactions 

Computational 
burden 

Low, numerical solver 
depends on the 

complexity of the 
applied kinetic scheme 

Medium, numerical solver is 
needed, depends on the 

complexity of the molecular 
model, the structure-

chemistry interconnections 
and thermo-physical changes 

description 

High, robust numerical solver 
essential, depends on the single 

particle model complexity, number 
of modelled particles and applied 

simplifications 

Knowledge-gap to 
fill urgently 

Quantitative influence 
of the mineral matter 

and heating rate on the 
degradation 
mechanism 

The link between pore size 
distribution, gas permeability 

and extent of conversion; a 
reliable model of solid 
thermal conductivity 

A detailed description of the 
mechanical behaviour of particles 

and their interactions 
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