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Abstract
Biomass combustion is an important pathway of energy generation from renewable resources. Even though biomass
combustion is an established conversion process, there is a high potential for further optimization of the used technologies.
In particular, the advantage of numerical methods for the improvement of biomass combustion systems is not used to its full
extent, because the simulation of these complex systems requires various sub-models for the thermo-chemical conversion of
the biomass and sufficient computational resources for the combustion simulation. However, simulations are a valuable tool
to enhance the design and operating conditions of biomass combustion systems with regard to high efficiency, low emissions
and high flexibility. In addition, comparison of experimental and numerical results leads to a better understanding of the
processes involved in biomass combustion. The present study gives a comprehensive overview of simulations of biomass
combustion systems based on computational fluid dynamics that are available in the literature. It focusses on systems with
fixed bed and covers various technologies (moving bed, pellet boilers, wood log stoves) as well as a wide range of sizes from
laboratory reactors to industry scale. Besides woody biomass, also alternative fuels such as straw or municipal solid waste
are considered. All relevant sub-models for the thermo-chemical conversion of the fuel on the one hand and for the gas-phase
combustion on the other hand are discussed in detail. The recent advances in the concerned research fields are described.
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1 Introduction

1.1 Background

Increasing use of renewable energy is considered to be
a key measure towards limiting global warming to 2 ◦C.
While wind and solar energy plants are providing power at
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relatively low operational costs but with limited reliability,
bioenergy can be used for flexible heat, system stabilizing
and power provision [1–3].

For dry solid biomass with water content below
50 wt%, conversion to power is usually conducted
via thermo-chemical conversion. The main conversion
processes include pyrolysis, gasification, combustion and
hydrothermal processes [4]. Combustion of solid biomass
is an established conversion process with high potential for
flexible power generation [5, 6].

Traditionally, the most commonly used solid biomass is
wood. It is expected that the use of other types of biomass
will increase. This will include a diversity of agricultural
residues as well as biogenic waste. Additionally, an increase
in residues from biomass material use (e.g. in biorefineries)
is to be expected. While currently fuel pretreatment is
usually limited to drying, chipping, grinding and pelletizing
or briquetting, advanced pretreatment technologies like
torrefaction or hydrothermal carbonization may play a more
important role in the future.
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Typical technologies for solid biomass combustion
include stoves (especially for wood logs), pellet boilers,
grate firings, fluidized bed firings and dust firings [7]. For
each of these technologies, there are several challenges to
be solved for future applications:

– increasing flexibility in terms of start-up, shut-down
and load change

– increasing flexibility for different types of biomass
– improving integration into the local and overall energy

system
– increasing efficiency
– reducing emissions

1.2 Structure of a CFD-basedmodel

Parallel to experimental investigation, numerical analysis
has gained significant importance to improve biomass com-
bustion systems to meet the aforementioned challenges.
Computational fluid dynamics (CFD) support a better
understanding and an accelerated development of com-
bustion systems. In the fields of mechanic and process
engineering, as well as combustion science, computational
methods are already widely used for design and develop-
ment. For instance, CFD is used for optimization of geome-
tries and operating conditions in power plant technology
[8], renewable energy [9], agriculture [10] and combustion
engines [11, 12]. However, CFD simulations of biomass
combustion systems remain a niche application in practice,
even though various studies concerning numerical investiga-
tions of the combustion of solid fuels (for example [13–16])
are available in the literature. Biomass is a complex fuel
with varying compositions and it is a challenge to describe
its thermo-chemical decomposition by numerical methods.
This is not covered in full extend by commercial CFD tools,
and in most cases, they have to be complemented by self-
written code for the fuel bed. However, the development
of biomass combustion systems can benefit from increas-
ing use of numerical methods, if suitable models are used
for the simulation. CFD-based modelling approaches for
biomass combustion systems are composed of the following
sub-models:

– The bed model describes biomass physical, chemical
and thermal properties; biomass drying and pyrolysis,
as well as char gasification and combustion; and
heat and mass transfer phenomena. Depending on
the investigated system, bed models can benefit from
the coupling of additional sub-models to account for
the presence of gas-phase reactions in the fuel bed,
particle/bed shrinkage and formation of pollutants.
In Section 2, the theoretical background of the
most frequently used sub-models in the simulation
of thermo-chemical conversion of biomass is given.

Special emphasis is placed on pyrolysis mechanisms.
Furthermore, a summary of the latest developments in
single particle models and a detailed review of bed
models are provided in Section 2.

– The gas-phase simulation includes gas-phase reaction
mechanisms, turbulence and radiation. Of special
relevance is the interaction between mixing and
combustion kinetics, described in the combustion
models. Widely used models and simulation approaches
are described in Section 3.

– Additional models are used to describe the formation
of NOx , particulate matter, soot and other pollutants.
Frequently used additional models are summarized in
Section 4.

Since already many modelling approaches for various
technologies and types of biomass are available in the
literature, this study gives an overview on ongoing research
in the field of biomass combustion and CFD with a focus
on fixed bed and moving grate combustion. A selection of
comprehensive simulations of biomass combustion systems
is given in Section 5.

2 Fuel bedmodelling

2.1 Modelling the processes involved
in thermo-chemical conversion of biomass

Bed models describe the thermo-chemical conversion of the
solid biomass in the fuel bed of the fired combustion system.
Modelling of the fuel bed is challenging, because biomass is
a natural product with heterogeneous properties. Therefore,
it is not probable to find an universally applicable approach
that can be used for a broad range of biomass types, as
well as firing systems. Most existing modelling approaches
are developed for particular cases and differ substantially
in level of detail. It is important to choose a suitable bed
model for the targeted application, since the products of
the solid fuel thermo-chemical conversion, which have to
be predicted by the bed model, will be part of the input
conditions for the gas-phase model. Besides, solid fuel
devolatilization and char conversion kinetics have a strong
influence on the overall behaviour of the system. A recent
review on fuel bed models was published by Kodaei et al. in
2015 [17].

2.1.1 Fuel properties

Fuel properties have a severe impact on combustion
behaviour of the biomass firing system. They vary with
biomass type, origin, storage and preparation. Addition-
ally, they continuously change during the thermo-chemical
conversion process. Fuel properties can be grouped into
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physical, chemical and thermal properties [18]. Physical
properties are mainly influenced by fuel type and prepara-
tion and include bulk density, true density, particle size and
porosity. Chemical properties are determined by the origin
of the biomass and include elemental composition, content
of moisture, cellulose, hemicellulose, lignin, extractives and
inorganic species, and heating value. Thermal properties
include thermal conductivity, specific heat and emissivity of
the biomass. Thermal properties are determined by physical
and chemical properties [4, 7, 18, 19].

2.1.2 Heat transfer

Heat transfer in biomass is influenced by the properties of all
present materials and phases (bound water, free water, gas
and solid). It depends strongly on the type of biomass, stage
of thermo-chemical conversion and temperature. Addition-
ally, biomass is anisotropic and the heat conductivity is
different along or perpendicular to the fibres [19–21].

In homogeneous heat transfer models (thermal equilib-
rium), it is assumed that heat transfer can be described based
on lumped properties for the biomass. The temperature of
all phases is considered uniform. The overall thermal con-
ductivity of biomass is calculated from conductivity through
cell walls and gas phase, convection and radiation in the
pores. Parameters for calculation (density of the solid ρs ,
true density ρ0, porosity ε, thermal conductivity λ and heat
capacity cp) can be found in the literature for frequently
used biomasses [19, 20, 22, 23]. The resulting thermal con-
ductivity is in the range of λ = 0.1 W/(km) to λ =
0.5 W/(km) [21].

In many bed modelling approaches, heterogeneous heat
transfer (thermal non-equilibrium) is assumed. In this case,
temperatures of gaseous and solid phases are not equal
and separate conservation equations for each phase and an
additional equation for heat transfer between phases are
necessary (examples: [24–26]).

For the simulation of thermo-chemical conversion of
single biomass particles or fuel beds, which are composed
of biomass particles, it has to be decided if the particles
should be modelled as thermally thin or thick. Small
particles are considered to be thermally thin. In this case,
the temperature gradient inside the particle is neglected and
evaporation, pyrolysis and char combustion are considered
to occur consecutively. This assumption is not valid for
large biomass particles, where temperature gradients due
to heat transport, heat of reaction and enthalpy of phase
changes have to be taken into account. To estimate whether
the isothermal approach is applicable or not, the Biot Bi

number is used [27, 28]:

Bi = hrad lp

λ
(1)

where lp is the characteristic length of the particle, λ is
the thermal conductivity of the biomass and hrad is the heat
transfer coefficient from radiation. A biomass particle with
Biot number Bi < 0.2 can be assumed to be thermally thin.
For larger particles, inner-particle heat transfer has to be
taken into account and the different conversion stages can
overlap [27, 28].

2.1.3 Drying

The first step of thermo-chemical conversion of biomass
is drying. In virgin biomass, water is present in the form
of liquid water and water vapour in the pores as well
as bound water in the solid structure [29]. The moisture
evaporates when biomass is introduced to a dry environment
and temperature increases. The process is determined by
transport of heat, momentum and mass through biomass
[30]. Additionally, recondensation of water vapour in cooler
regions can be observed.

To describe drying in simulation of biomass conversion,
the evaporation rate of moisture is modelled. Three
approaches are widely used in the literature: kinetic rate,
thermal and equilibrium models [31, 32].

Kinetic rate models describe drying as the reaction of
virgin biomass reacting to dry biomass and water vapour
(biomass → dry biomass + water). The evaporation rate
ω̇evp is then described by an Arrhenius approach (2) [33]:

ω̇evp = A · exp

(
− Ea

RT

)
ρsww (2)

where T is the temperature in Kelvin, Ea is the activation
energy, R is the universal gas constant, A is the pre-
exponential factor, ρS is the density of the solid and ww is
the current mass fraction of water. The function provides
the maximum evaporation rate approximately at the boiling
temperature of water. This model can be found in several
publications [33–37], since it is easy to implement and
has a high computational stability in comparison to the
thermal approach. In the kinetic approach, the evaporation
rate increases slowly with the temperature. In this way, it
avoids abrupt changes and the possibility of overshooting
in the modelled system. However, Ea and A have to be
determined experimentally and are not transferable to other
systems, which limits the applicability of this model.

For the calculation of the evaporation rate with the
thermal approach, the process is considered to be thermally
controlled. It is based on the assumption that drying
starts when the temperature in a moist zone reaches
evaporation temperature. All absorbed energy is then used
for evaporation and temperature stays constant until drying
in this region is completed. In thermally thick particles, this
leads to a drying front, which moves through the particle.
Pyrolysis starts when the moisture is evaporated. The
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thermal approach is widely used [38–40]. One possibility to
define the evaporation rate was presented by Peters et al. [40]:

ω̇evp(r) = 0 for Ts < Tevp (3)

ω̇evp(r) =
(
Tg − Tevp

)
ρscp

Hevpδt
for Ts ≥ Tevp (4)

in which cp is the heat capacity of dry biomass, Hevp is
the evaporation enthalpy, δt is the time step and Tg and Ts

are the temperatures of the gas phase and the solid phase,
respectively. Since ω̇evp rises abruptly when the boiling
temperature Tevp = 100◦C is reached, this approach may
lead to computational instabilities.

Another possibility to model evaporation is the equi-
librium approach, especially for temperatures below the
boiling point of water [31]. The driving concentration gradi-
ent of moisture on the biomass surface and moisture in the
surrounding air is taken into consideration (as in Eq. 5). For
this reason, the model is also called diffusion model. It is the
only approach, which includes evaporation and recondensa-
tion [32]. Examples for the application of the model can be
found at Zhou et al. [41] or Wurzenberger et al. [42].

A combination of both, diffusion model and thermal
approach, is used to cover a broad temperature range. The
diffusion model is used for temperatures below the boiling
point of water and the thermal approach for temperatures
equal or above [43]. Equations 5 to 7 give an example for
this approach (according to [44, 45]).

ω̇evp = Sahs(cw,s − cw,g) for Ts < Tevp (5)

ω̇evp = Qcr

Hevp

for Ts ≥ Tevp (6)

Qcr = Sa

(
ks(Tg − Ts) + εbσb(T

4
env − T 4

s )
)

(7)

In this set of equations, Sa is the surface area, hs is the
mass transfer coefficient between the solid surface and gas
phase, cw,s and cw,g are the concentration of water at the
solid surface and in the gaseous phase, Qcr is the heat
transferred by convection and radiation, ks is the convective
heat transfer coefficient, εb is the bed porosity, σb is the
Stefan-Boltzmann constant and Tenv is the temperature of
the environment.

2.1.4 Pyrolysis

Pyrolysis is the thermo-chemical decomposition of biomass,
usually in the absence of externally supplied oxygen,
with the objective of producing either liquid (bio-oil) or
solid (charcoal) biofuels [46, 47]. For the former, fast
pyrolysis is the most appropriate process, with liquid yields
maximization [48], while for the latter, slow pyrolysis is
best fitted [49]. Slow pyrolysis is also the process mainly
used for biochar production. Moreover, pyrolysis is a

key stage in other thermo-chemical conversion processes,
such as gasification and combustion [50, 51]. In these
processes, the pyrolysis conversion step influences the yields
and composition of the volatile fraction, as well as char
yields and reactivity, affecting therefore the global process
performance [50]. Hence, a deep understanding of the
pyrolysis mechanism and its appropriate kinetic description
is fundamental to evaluate feasibility, design, scale up,
control and optimization of industrial thermo-chemical
conversion processes [47, 51–53]. However, this is not an
easy task due to the complexity of the involved chemical
reactions, their interaction with transport phenomena and the
high heterogeneity of biomass feedstock [46, 47, 54–56].

The products of pyrolysis are lumped in:

– Solid fraction or char. Its yield is maximized with
low conversion temperatures, low heating rates, higher
pressure (e.g. atmospheric pressure vs. vacuum) and
bigger particle size (thermally thick particles), i.e.
those conditions leading to higher residence time of
the produced volatiles in the solid matrix [49]. This
enhances the presence of heterogeneous secondary
reactions and the formation of secondary char [49,
57, 58]. Higher lignin, inorganic species and moisture
content also increase the solid fraction yields [49].
However, as important as the yields are the chemical
composition and chemical and physical structure of the
char, influencing char reactivity [50, 58].

– Liquid fraction or condensable volatiles at ambient
temperature. Maximization of the liquid fraction yield
is achieved through high heating rates, low residence
time of volatiles in the reaction zone (e.g. < 2 s) and
medium temperatures around 500 ◦C [48, 59]. Volatile
products from pyrolysis consist of a very complex mix-
ture of organic and inorganic compounds. The organic
fraction can be classified, according to Evans and
Milne [60], in primary oxygenates, secondary hydrocar-
bons and tertiary compounds. Primary oxygenates are
formed by acids, sugars, alcohols, ketones, aldehydes,
phenols, guaiacols, syringols, furans and other mixed
oxygenates [61]. Tertiary volatiles include polyaro-
matic compounds (PAC) and BTXs (benzene, toluene,
xylene) [60]. Secondary volatiles are the compounds
in between, including also potentially BTXs, as well
as phenolics, furans and heterocyclic compounds [61].
Besides, water would be also included in this fraction.
Other classifications, such as the one offered by Anca-
Couce [46] in his detailed pyrolysis review, grouped the
liquid fraction components in water vapour, carbonyls
and alcohols, heterocyclics, sugars, phenolics, BTXs
and PAH (polycyclic aromatic hydrocarbons).

– Gas fraction, including permanent gases, light hydrocar-
bons and minor inorganic species, such as NH3 [46].
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In the last decades, plenty of research has been done
in the field to better understand and kinetically describe
the pyrolysis mechanism. For this purpose, lignocellulosic
biomass can be seen as only one component or as a
combination of several components, usually cellulose,
hemicellulose and lignin [30, 47, 62], but also extractives
and inorganic species.

For the sake of clarity in the present review, pyrolysis
mechanisms are classified in:

– One-component single reaction mechanism
– Multi-component parallel single reaction mechanism
– One-component competitive mechanism
– Detailed mechanism

One-component single reaction mechanisms of the form
Biomass → Char + Volatiles (Gas and Tar) are the simplest
way of understanding biomass decomposition, since it is
considered to take place only through one global reaction.
This barely qualifies as a mechanism, since it does not
provide any knowledge on how this devolatilization may
take place. However, due to the number of models based
on this approach, it is included in this classification. Antal
and Varhegyi [63] reported that the pyrolysis behaviour
of pure cellulose with no significant transport limitations
(both mass and heat transport) can be described by a single-
step, first order model with high activation energy (around
238kJ/mol), as shown in Eq. 8, where α represents the
fraction of released volatiles at each time step [63].

−dα

dt
= A · exp

−Ea
RT · (1 − α) (8)

It is important to take into account that such models
can only predict mass loss rate (conversion time) but
not product distribution (and composition) depending on
process conditions, since it is assumed a fixed ratio between
pyrolysis products yields, i.e. volatiles and chars [30, 51,
64]. This approach is often applied to model the solid bed
conversion in biomass combustion processes, as shown in
Table 1, as well as in Tables 2, 3, 4, 5, and 6, which
summarize the solid bed conversion models, although with
significant variability in the used kinetic parameters and
products yields. A second step for tar cracking in the gas
phase can be added, as done for example in [65] and
[66] (Table 1), using the kinetic parameters determined by
Liden et al. [67] and estimating the composition of the gas
produced in secondary cracking reactions based on data
from the literature [68]. In Tables 2, 3, 4, 5, and 6, the
one-component single reaction mechanism is referred to as
simple one-step pyrolysis model.

Multi-component parallel single reaction mechanisms, or
multi-component devolatilization mechanisms, as named by
Di Blasi [47], consist of single devolatilization reactions for

each biomass component. They can also predict mass loss
rates but not product distribution according to the process
conditions [30, 47, 64], as for the one-component global
reaction mechanisms. Based on this approach, biomass
pyrolysis can be described as the sum of contributions
from the devolatilization of each component, considering
no interactions between them [46, 47, 63, 64], as it is
shown in Eq. 9 [63]. Most often the number of components
is three, correspondent to cellulose, hemicellulose and
lignin, which are the main macromolecules in biomass.
In this case, the term pseudo-component is usually used,
instead of component, because the contribution of each
of these pseudo-components does not match one-to-one
the contribution of the actual macromolecules in the
lignocellulosic material [46, 47].

−dαi

dt
= Aiexp

−Eai
RT (1 − αi) (9)

The advantage of this approach, in comparison to one-
component single reaction mechanisms, is the more accu-
rate description of the biomass devolatilization curves [64].
Gronli et al. [64] could model the devolatilization behaviour
of nine different wood species (softwoods and hardwoods)
with a five-component parallel reaction mechanism, includ-
ing two different extractives, cellulose, hemicellulose and
lignin, with the same set of activation energies, but varying
final product yields and pre-exponential factors. The multi-
component parallel single reaction mechanism is referred
to in Tables 2, 3, 4, 5, and 6 by naming the compo-
nents, which are included in the mechanism (for example
cellulose, hemicellulose, lignin). A variation of the multi-
component parallel single reaction mechanisms is the one
proposed by Wurzenberger et al. [42]. In this case, the
formation of several pyrolysis products is described by inde-
pendent parallel reactions, while the biomass is treated as a
single component (see Table 1).

One-component competitive mechanisms include several
competitive reactions leading to the formation of pyrolysis
products. As reviewed by Di Blasi [47] and Anca-Couce
[46], Shafizadeh and Chin [69] introduced such mechanism,
where biomass decomposes through three competitive
reactions to combustible volatiles, char and tar (see Fig. 1,
mechanism (6)). The latter could further react and contribute
to secondary char and combustible volatile formation [69].
The use of such approach should allow in principle the
prediction of not only conversion rate but also product yields
when coupled with transport phenomena [30, 47]. However,
as highlighted by Anca-Couce [46], the use of the kinetic
schemes available in the literature leads to very different
predictions, suggesting that these kinetic parameters are
not widely applicable beyond those conditions under which
they were determined [46]. Scattering in the kinetic data
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has been also highlighted by Di Blasi [47], with activation
energy values (applying fast heating rates or isothermal
conditions) in the range of 56 to 174 kJ/mol, attributed
to the different heating conditions and biomass properties,
potentially including heat and mass transport limitations, as
well as to the mathematical data processing [46, 47]. This
variability is also shown in Table 1. This approach is also
widely used in fuel bed models, as it is shown in Tables 2,
3, 4, 5, and 6. The model is referred to as Shafizadeh and
Chin (one-step) or Shafizadeh and Chin (two-step), when tar
cracking is considered in the model.

Competitive mechanisms have been also widely used to
describe the pyrolysis behaviour of cellulose, which is the
most investigated component in biomass. In Fig. 1, two of
the most extended mechanisms to describe the pyrolysis
of cellulose are presented: the Broido-Shafizadeh scheme
(1) and the scheme proposed by Piskorz et al. [70] (3).
The Broido-Shafizadeh mechanism was developed based
on the work of Broido and colleagues (e.g. [71, 72]) and
Shafizadeh and colleagues (e.g. [73, 74]). According to this
scheme, first, a cellulose depolymerization step takes place
to form active cellulose, with no mass variation [74]. Then,
the active cellulose reacts further through two possible
competitive pathways, leading to the formation of char and
gases or tarry volatiles. As later highlighted by Varhegyi et
al. [75], this mechanism does not account for the presence of
transport limitations, enhancing vapour-solid interactions.
Mok and Antal [76] proposed later on a detailed mechanism
based on competitive reactions in several stages, to account
for the presence of transport limitations with varying
pressures and flow rates at experimental level.

An important contribution to the understanding of
cellulose pyrolysis was done by Piskorz et al. [70]. In his
scheme, active cellulose would decompose through two
competitive reactions to form sugars (e.g. levoglucosan) or
light volatiles and gas. The latter pathway implies the direct
formation of light compounds (e.g. hydroxyacetaldehyde)
from primary cellulose ring fragmentation [70, 77], possibly
catalyzed by alkaline ions [70]. At the same time,
depolymerization of cellulose competes with the formation
of char at low temperatures, being the latter also enhanced
by the presence of alkaline species. The work of Mamleev
et al. [78], partly summarized in the detailed mechanism
shown in Fig. 1 (mechanism 4), further confirms the
need of a catalyst for the ring fragmentation reactions to
take place. According to their understanding of cellulose
pyrolysis, transglycosylation reactions do not need a
catalyst; therefore, they can proceed producing voids in the
solid matrix and filling also these voids with tar. Among
the compounds in the tar, volatile acids can then catalyze
fragmentation reactions. Alkali species can also contribute.
Further reactions in the liquid phase occur leading to the

formation of light gases or char following dehydration
reactions after ring fragmentation [78].

Detailed mechanisms include, therefore, a more compre-
hensive description of the chemical reactions involved, con-
sidering competitive and parallel reactions and taking also
into account the presence of secondary reactions, product of
interactions between the vapour and the condensed phases.
One of the most promising detailed pyrolysis mechanisms
available in the literature, including kinetic parameters, is
the one proposed by Ranzi et al. [62] (see Fig. 1, mecha-
nism 5) and its further modifications and adaptations (e.g.
[79–81], see also Table 2). Even more interesting is the
fact that this detailed scheme, with initially 15 reactions
and more than 20 volatile compounds, could be applied
with no apparent problem to biomass combustion processes
(see Table 1). Anca-Couce et al. [82] developed also an
adaptation of Ranzi’s mechanism [79] to account for het-
erogeneous secondary reactions. Further advances require
a better characterization of product composition, as well
as a deeper understanding and description of the influence
of biomass composition and transport limitations on the
pyrolysis process.

2.1.5 Combustion and gasification of char

In the last step of thermo-chemical conversion of biomass,
char is consumed by the heterogeneous gasification and
combustion reactions. During gasification, char reacts with
CO2, H2O and H2, or with O2 in an under-stoichiometric
reaction. Char combustion is the reaction of char with O2

to form CO and CO2. A review paper on biomass char
gasification and combustion was published by Di Blasi in
2009 [50].

Depending on the Thiele modulus, reactions of solids
on particle scale are described by a shrinking core or by a
reacting core approach [107]. The Thiele modulus T h gives
a relation of kinetic to diffusion time scale. For reactions
with reaction order n = 1, it is defined as follows: [108].

T h = lp

√
k

Dpr
(10)

in which k is the reaction rate constant, lp is the
characteristic length of particle, Dp is the diffusion
coefficient of the particle and r is the hydraulic radius of
the pores. If T h < 1, a shrinking core regime is found.
Heterogeneous reactions happen on the surface and the
gaseous reactants do not diffuse into the solid particle.
For T h > 1 the reacting core regime is defined. In
this regime, gaseous reactants diffuse into the particle and
volumetric reactions are observed in the solid [107]. In
biomass combustion modelling, a reacting core model is
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often applied for drying and pyrolysis, while a shrinking
core approach is used for gasification and combustion of
char [65].

In the case of shrinking core regime, the diffusion of
the gaseous reactants (O2, CO2, H2O and H2) to the
particle surface has to be taken into account, since either
diffusion or reaction kinetics can be the rate-limiting step.
A common approach to consider diffusion of gaseous
reactands is to introduce an effective rate constant keff ,
which considers the kinetic rate constant kkin and the mass
transfer coefficient for the transport of gaseous components
to the particle surface km. The gasification rate is then
calculated based on keff , the particle surface area Ap and
the particle density number νp. εp and Vp are the porosity
and the volume of the particle respectively [66, 109].

keff = 1
1
km

+ 1
kkin

(11)

ω̇gasf = keff Apνp (12)

νp = (1 − εp)

Vp

(13)

Alternatively, diffusion can be accounted for by inclusion
of the specific surface of the particle [110] or the amount
of unreacted carbon [42] in the intrinsic reaction rate of the
heterogeneous reaction. Some models neglect the influence
of the kinetic rate and consider the reaction rate of the
combustion reaction to be limited by diffusion only [92,
111, 112].

For most of the bed models, char is considered to be
100% carbon. The oxidation is described by the following
equations [34, 43]:

C + 1

φ
O2 → 2

(
1 − 1

φ

)
CO +

(
2

φ
− 1

)
CO2 (14)

φ =
1
rc

1
2 + 1

rc

(15)

rc = CO

CO2
= αexp

(
− β

Ts

)
(16)

Factor φ expresses the dependency of the CO/CO2 ratio
on the temperature of the solid Ts . There are two sets of
values for α and β, which are mainly used in the literature
[43]. Yang et al. [45] for example used α = 2500 and β =
6420 based on experiments with graphite and char from coal
[113]. For their bed models in straw combustion, Zhou et al.
[41] and Miltner et al. [109] used the correlation of Pedersen
[114]: α = 12 and β = 3300, determined specifically
for biomass combustion. A study with commonly used
models to predict the CO/CO2 ratio during combustion of
biomass char was performed by Anca-Couce et al. in 2017
[115]. They came to the conclusion that among the tested
models, the approach of Pedersen [114] is best suited for the
modelling of combustion of biomass char. However, it was
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Fig. 1 Several relevant mechanisms for cellulose and wood decom-
position. The Broido-Shafizadeh mechanism (1) is adapted from [74],
mechanism (2) is adapted from [76], mechanism (3) is adapted from

[70], mechanism (4) is adapted from [78], mechanism (5) is adapted
from [62] and mechanism (6) is adapted from [69]
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determined for a certain feedstock and the applicability to
other kinds of biomass char or a different temperature range
is limited. Therefore, further investigation of the CO/CO2

ratio will be necessary, to improve accuracy. The reaction of
O2 with H2 might compete with heterogeneous reactions of
char combustion [34, 38]

Char gasification occurs in addition to char combustion.
The following reactions are widely used to model char
gasification [34]:

C + CO2 → 2CO (17)

C + H2O → CO + H2 (18)

C + 2H 2 → CH 4 (19)

As char gasification is slower than char combustion, it is often
partially or completely neglected in biomass combustion
simulations. This can be seen in Tables 2, 3, 4, 5 and 6,
where simulation approaches are summarized. Especially,
the reaction of carbon with hydrogen (Eq. 19) is slow and thus
considered not important for most practical applications [50].

2.1.6 Gas-phase reactions inside the fuel bed

Additionally to drying, pyrolysis and char oxidation
reactions, also homogeneous gas-phase reactions can be
observed in the fuel bed. Depending on the simulated
system and the assumptions made for the bed model,
homogeneous gas-phase reactions are described in the
modelling approach.

The homogeneous gas-phase reactions include the oxi-
dation of gaseous products from pyrolysis and gasification
with oxygen from an external source (e.g. primary air, which
flows through the fuel bed) as well as reactions between
volatiles from pyrolysis and gasification. The gas-phase
reactions are described by single reactions, global reaction
mechanisms and detailed reaction mechanisms.

Single reactions describe the complete or partial oxida-
tion of one or more components of the volatile gases. In several
bed models, only the oxidation of hydrogen [116], carbon
monoxide [25, 117] or both [40] is described. Fatehi et al. [24]
used formaldehyde as a representative species for volatile
gases and included its oxidation (Eq. 20) in their bed model.

CH 2O + O2 → H2O + CO2 (20)

A reaction to describe the formation of intermediate com-
bustible products was presented by Saastamoinen et al.
[26]:

CH2.26O0.99 + AO2 → B1CO + B2CO2 + B3H2O + B4CH4 (21)

Coefficient A depends on available mass flux of primary
air, coefficients B1 to B4 are calculated accordingly [26].

Global and detailed reaction mechanisms used for the
homogeneous reactions in the fuel bed are the same as

for the free board combustion simulation. Details about the
mechanisms can be found in Section 3.3. Global reaction
mechanisms describe gas-phase combustion with very few
overall reactions. In contrast to global reaction mechanisms,
detailed mechanisms are composed of elementary reactions,
which describe the smallest reaction step in the way they
take place on a molecular level [8]. The advantage of global
reaction mechanisms is the reduced number of species.
Since a separate conservation equation has to be solved
for each species in the numerical model, the number of
species has direct impact on the computational effort.
Therefore, predominantly single reactions or global reaction
mechanisms are used in bed models. Only in the bed
model presented by Mehrabian et al. in 2014 [105] detailed
reaction mechanisms were used.

To predict the reaction rate correctly, not only the
reaction kinetics but also mixing of volatiles and oxidizer in
the fuel bed have to be considered. The combustion models
for homogeneous gas-phase reactions (Section 3.2) are not
applicable in the fuel bed, because they are designed for
flow in the free board, whereas the fuel bed is considered
to be a porous zone. A simplified model (Eq. 22), which
is based on the Ergun equation for the pressure drop inside
the fuel bed, was used by the groups of Yang [118] and
Thunman [119] to describe mixing of volatiles and primary
air inside the fuel bed.

Rmix = 0.83

(
150Dg(1 − εb)

2/3

(d2εb)
+

1.75Ug(1 − εb)
1/3

dεb

)
min

(
Ci

i

,
CO2

O2

)
(22)

An adapted version of Eq. 22 was used by Johansson
et al. in 2007 [101]:

Rmix = 0.63

(
1.75Ug(1 − εb)

dεb

)
min(Ci, i) (23)

in which 0.83 (respectively 0.63) is an empirical mixing-
rate constant and the factors 150 and 1.75 are based on the
Ergun equation of bed pressure drop. Ug is the superficial
velocity of gas, Dg is the molecular diffusion of gas and εb

is the bed porosity.  is the stoichiometric coefficient and
C is the molar fraction of the combustible species (index i)
or oxygen (index O2) and d is a length scale of turbulence
(assumed equal to the equivalent particle diameter) [119].

Zhou et al. [41] used a different approach to describe
mixing of primary air and volatiles, which is based on the
Zwietering model. The entrainment of the volatile gases by
primary air is described as follows:

Rmix = ln(mO2,0/mO2,τm)

τm

(24)

τm = d2
p

2DO2

(25)
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where τm is the diffusion time, mO2,0 and mO2,τm are the
mass of oxygen at the beginning and end of the diffusion
time, DO2 is the oxygen diffusion coefficient and dp is the
particle diameter.

2.1.7 Shrinking

Many bed models include shrinking of the fuel bed,
which results from mass loss during drying, pyrolysis and
heterogeneous reactions. Depending on the type of bed
model and simulated application, shrinking is described on
particle or bed scale or a combination of both. The mass
loss of biomass can be reflected as decrease of the density
of the solid phase, as increase of porosity or decrease of
size. If size and porosity of the particle/bed are constant,
the decrease of the density of the solid phase corresponds
to the reduction of the mass of the solid phase, while the
structure of the biomass is not changed. The increase of
porosity, while the density of the solid phase and size of the
bed/particle are constant, corresponds to the reduction of the
volume of the solid phase and a change in the structure. If
the size of the bed or particle is reduced without a change of
the other properties (solid density, porosity), the conversion
of the biomass is limited to its surface. According to Peters
[40], shrinking can be described by reduced density (and
porosity) in a reacting core regime and by decreasing size
in a shrinking core modelling approach (see Section 2.1.5)
[107].

A widely used modelling approach is based on the
assumption that pyrolysis should be modelled by the
reacting core model and char consumption by a shrinking
core approach. Consequently, the diameter of fuel particles
dp and height of fuel bed hb are not reduced during drying
and pyrolysis, but density ρs decreases and porosity ε

increases [120, 121]. Since the porosity ε of a biomass
particle or a fuel bed is related to the structure of the
biomass, Di Blasi et al. [65, 66] assumed that porosity
stays constant during drying and pyrolysis, while the density
decreases. Experimental observations, according to which
the biomass keeps its structure during drying and pyrolysis,
support this approach [65]. Char consumption leads to
shrinkage at a particle scale (reduction of dp) and possibly at
a bed scale (reduction of hb), while density ρs and porosity
εb of the bed are kept constant [25, 65, 111, 122].

For most separate bed models, Eq. 26 [25] or similar
formulations are used as continuity equation for the solid
phase.

∂

∂t
[(1 − εb)ρs] + ∂

∂x
(ρsvs) = −Ssg (26)

Here, εb is the porosity of the fuel bed, ρs is the density
of the solid phase, vs is the velocity of the solid phase and
Ssg is the conversion rate of solid to gas. In this continuity

equation, the decrease of dp during char combustion is
expressed as increasing velocity of the solid phase vs ,
based on the assumption that smaller particles lead to a
faster downwards movement of the fuel particles to fill
the void spaces. By increasing the number of particles per
bed volume, the porosity of the fuel bed is kept constant
[25, 65, 66, 117, 121]. Other modelling approaches for
separate bed models follow the assumption that the size of
particles and bed is only reduced during char consumption,
but implement it with different equations [42, 111].

Yang et al. [45, 123–125] described solid mass continuity
similar to Eq. 26, but allowed shrinking and change of
density ρs (and porosity ε) during all phases of thermo-
chemical conversion. Bryden et al. [126] accounted for
shrinking in each phase as well. Advanced models enable
individual shrinking factors for each step of thermo-
chemical conversion [96, 101, 119, 127–130].

The modelling approach of Peters [40] covered kinetic
and transport control for the reactions of the solid phase.
Depending on the rate-limiting process, decreasing density
(reacting core) or particle size (shrinking particle) was
simulated. Their results showed that particle shrinking
occurs mainly during combustion. In the bed models of
Simsek et al. [131] and Mahmoudi et al. [122], which are
based on the discrete particle model (DPM), the assumption
of reacting core with decreasing density during pyrolysis
and shrinking core with particle shrinkage was followed.
The fuel bed shrank according to the particles, due to the
discrete particle model.

In the porous medium bed models of Gomez et al. [132–
134], which did not account for individual particles in the
fuel bed, the reduction of particle size dp was represented
by reduction of porosity of the bed εb. The porous medium
bed model of Miljkovic et al. [135] modelled shrinking of
the bed by a moving grid, which followed the bed shrinkage
during pyrolysis and char consumption.

Shrinking in real applications is often accompanied
by spontaneous collapsing of the fuel bed. In models of
Hermansson et al. [129] and Gomez et al. [132–134], the
bed model collapsed when a critical porosity was reached
in a computational cell. The content (solid fraction) of
the cells above the collapsed area was then distributed to
neighbouring cells. The structure and behaviour of the fuel
bed was described more realistically by including collapsing
in the bed model.

2.1.8 Additional models for the fuel bed

Depending on the simulated case, issues beyond the
modelling of heat transfer, drying, pyrolysis, gasification
and combustion in the fuel bed may arise. For these issues,
additional models have to be defined for the fuel bed.
In this section, common approaches are summarized. The
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additional fuel bed models can be divided into physical
models, considering physical changes in the fuel bed
during thermo-chemical conversion, and chemical models,
which deal with additional chemical alteration of the fuel
besides pyrolysis, gasification and combustion. Especially,
the formation of precursors for pollutants formation is
described by these models.

Physical models include shrinking, collapsing and
channeling. Details about shrinking and collapsing can be
found in Section 2.1.7. Channeling can lead to the formation
of hot spots and to enhanced emissions. The formation of
channels in the fuel bed is described by various authors
[129, 136, 137]. Both channeling and collapsing in the
fuel bed lead to streak formation in the free board. Since
the formation of channels cannot be modelled directly
in empirical bed models, Shiehnejadhesar et al. [138]
developed a model for streak formation in the free board to
extend an empirical bed model.

In combustion systems with moving bed, fuel particles
are mixed by the movement of the grate. Yang et al.
[139] and Peters et al. [140] included the movement of the
particles in the bed model to increase the accuracy. The
fuel bed of pellet boilers is quasi stationary, when fuel
is consumed by combustion and added by the automatic
feeding system. Additionally to fuel consumption and bed
shrinking, also, the feeding with new fuel can be described
by appropriate models [134, 141, 142]. The formation of
large ash particles (fly ash) during the combustion process
can have impact on the properties of the fuel bed and should
be considered for fuels with high ash content [117]. Porteiro
et al. developed a model for small partially or fully burned
particles, which are entrained by the flow of primary air
through the fuel bed [99].

Chemical models include the formation of precursors for
emissions in the biomass bed. Particularly, the precursors of
aerosols, soot and NOx are formed in the biomass bed. For
the formation of aerosols, the devolatilization of inorganic
salts from the biomass bed is taken into account [143–
146]. As the devolatilization of inorganic salts is determined
by very fast reactions, this step is often simulated with an
equilibrium model in AspenPLUS [147] or FactSage [148].
Additionally the formation of precursors for soot [149]
and NOx [150–152] can be considered in the bed model.
For NOx formation, the release of NH3 and HCN and the
relation of the two precursors have to be modelled.

2.2 Single particle models for pyrolysis

The development of combustion (or gasification) models
requires always the implementation of a kinetic model
to describe drying, biomass devolatilization and char
formation, heterogeneous reactions of char gasification and
combustion and gas-phase reactions, including cracking,

oxidation and polymerization, of the volatiles released
during pyrolysis and char conversion [46, 81]. Of course,
such kinetic model needs to be coupled with the relevant
transport models within and between the multiple phases
considered, as well as with the description of physical
properties evolution, such as porosity change, shrinkage
and particle breakage. The interaction of the kinetic
and transport models in a computational model is often
tested and validated for single, thermally thick biomass
particles (see Section 2.1.2). Single particle models form
an important step in the bed model development, since
they offer the opportunity to validate the implemented sub-
models with small computational effort and a manageable
amount of variables. After validation, single particle models
can be used as a starting point for the up-scaling to a full
bed model. Various single particle models were developed
and validated for the further usage in the simulation of the
fuel bed for example as a separate bed model [42, 153],
as discrete particle model (DPM) [40, 110] or as porous
medium bed model [38]. At the same time, the appropriate
description of thermo-chemical conversion processes in
fixed bed reactors, where usually thermally thick wood
particles are used, should account for the presence of
intra-particle phenomena and varying local conditions. This
requires the development and implementation of single
particle models at the reactor level [81, 154].

For simplification and with regard to the possible
implementation of the model in CFD calculations, a one-
dimensional approach is chosen for most single particle
models. This leads to particles in shapes of spheres, infinite
cylinders or infinite plates. More detailed models offer finite
cylinders, finite plates or spheres with an additional shape
factor (for example [155]).

Detailed reviews on single particle pyrolysis [47] and
single particle combustion [154] are available in the
literature. It is therefore the objective of the authors in the
present work not to repeat such reviews, but to highlight
and discuss studies considered of special relevance for the
development of comprehensive and detailed CFD models,
due to the advanced treatment of the pyrolysis step.

As reviewed by Haberle et al. [154], most single particle
models available in the literature include one-component
competitive kinetic schemes, multi-component parallel
reactions scheme, multi-component competitive schemes or
their combinations. These schemes are able to describe the
evolution of pyrolysis products lumped mainly in tar, gas
and char. Only few include the formation of relevant tar
species, necessary for a more accurate modelling of the gas-
phase reactions, or good thermochemistry prediction. Most
of these particle models are also 1D. Ström and Thunman
[130, 156] showed that such approach can reproduce with
acceptable accuracy the behaviour of 2D or 3D fixed
beds of particles [79]. However, as it will be reviewed in
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the following, improvement in such models requires the
inclusion of biomass anisotropic properties, leading to 2D or
3D models, although nowadays their implementation in CFD
models at reactor level supposes a remarkable challenge.

Park et al. [157] developed a particle model and evaluated
three different pyrolysis kinetic mechanisms available in
literature. The distinctive thermal regions (endothermic
and exothermic behaviour) observed during the pyrolysis
of thermally thick spherical wood particles (25.4mm
diameter) were investigated. The considered kinetic scheme
was the one proposed by Di Blasi in [158], based on
the mechanism of Shafizadeh and Chin [69], where the
three competitive reactions scheme for biomass pyrolysis
was coupled with homogeneous secondary reactions of
the primary volatiles. The heats of reaction and kinetic
parameters for these secondary reactions were obtained
from the literature [35, 67, 94, 120, 159]. The second kinetic
scheme considered the separate conversion of the three
major macromolecules in wood (cellulose, hemicellulose
and lignin). The kinetic parameters were taken from [160]
for cellulose decomposition into volatiles and char in
two parallel reactions (two components for cellulose); for
hemicellulose, the kinetic parameters were taken from
[161], considering its decomposition as the competitive
formation of tar and an intermediate solid, reacting further
to char and gas; the lignin parameters were taken from
[162], describing its devolatilization with a single global
reaction to produce volatiles and char. In all cases, the
amount of char produced was a given parameter. The
third kinetic scheme used is the one proposed by Kilzer
and Broido in 1965 [163] for cellulose, although extended
to wood. The kinetic parameters for the tar production
reaction were the same as the ones for tar production in
model 1, while the other parameters were obtained by
fitting with the experimental data [157]. Upon comparison
of the experiments with the numerical results, it was
shown that the exothermic behaviour observed in the
centre of the particle was not due to the exothermic
homogeneous tar cracking reactions or to the exothermic
decomposition of lignin, but rather associated to secondary
transformation of an intermediate solid to produce char,
i.e. to secondary char-forming reactions [157]. Based
on the results, a new mechanism was proposed where
wood decomposes through three competing reactions to
an intermediate solid, tar and gas. The path leading to
the formation of the intermediate solid (non-exothermic) is
favoured at lower temperatures over the volatile (tar and gas)
formation pathways. This intermediate solid reacts further
to secondary char in an exothermic reaction. Secondary
tar cracking reactions to produce char and gas were also
implemented [157]. With this mechanism, a good agreement
between experiments and numerical results was achieved,
although only temperature evolution and product yields,

lumped in tar, gas and char were predicted, not sufficient
for detailed combustion modelling. A novelty in this particle
model was the inclusion of pressure evolution inside
the particle, relevant due to volatile formation and low
permeability, leading potentially to particle breakage [157].

Using the detailed pyrolysis mechanism proposed by Ran-
zi et al. [62] (see Fig. 1), Corbetta et al. [79] developed
a single particle model (1D, spherical) with two differ-
ent approaches: a particle model, including the transport
model developed by Park et al. [157], and a multi-phase
and multi-scale approach (GASDS code [81]), where kinet-
ics and transport phenomena were combined at particle and
reactor level, including secondary reactions of volatiles in
the gas phase (reactor level). The kinetic scheme was opti-
mized through comparison with experimental data obtained
in kinetically controlled regime (thermogravimetric experi-
ments, TGA) [79], while the particle model was validated
with three sets of experimental data [157, 164, 165], varying
wood type, particle geometry, heating rate, final tempera-
ture and characterized volatile species. The gas-phase model
was compared with experimental data from Norinaga et al.
[166]. As claimed by the authors [79], the model is partially
predictive for thermal aspects and for the characterization of
the released species for a wide range of temperatures. How-
ever, further improvement of the model would requires the
inclusion of heterogeneous secondary reactions, as well as
the improvement in physico-chemical aspects such as the
anisotropy in the particle properties, a better characteriza-
tion of the thermochemistry and the inclusion of particle
break-up in the model, as highlighted by the authors [79].

Bennadji et al. [164] used also the adaptation made by
Corbetta et al. [79] of Ranzi’s pyrolysis mechanism [62]
to model pyrolysis of hardwood and softwood particles
with two different sizes (2.45 and 3.81 cm), comparing
temperature in different positions of the particle, mass loss
evolution and the online formation of CO, CO2, CH4, H2,
CH3OH, HCOOH, CH3COOH and CH2O, all of them
species relevant for gas-phase combustion modelling [164].
The authors reported that the main influence of particle
size was on the timing of the heating and devolatilization
processes, being less important with respect to char and
individual gaseous species yields [164]. They suggested that
the reduction of some yields with increasing particle size
could be related to the presence of intra-particle reactions
of pyrolysis products (such as formaldehyde and acetic
acid) to form secondary char. Further improvement of the
model would require the inclusion of extractives as another
biomass component and of intra-particle reactions of tar, as
highlighted by the authors [164].

Anca-Couce et al. [167] implemented their adaptation
of the Ranzi’s scheme (called RAC [82, 167], considering
the production of 20 volatile species) in a particle model
and compared the simulations with experimental results
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for pyrolysis of a spruce cylindrical particles, measuring
the release of 14 different species (CO, CO2, CH4,
ethylene, acetylene, propane, propene, formaldehyde, acetic
acid, acetaldehyde, methanol, ethanol, lactic acid). Despite
the achieved advances, including a relative good fitting
with experimental results, the authors [167] reported that
improvements in the pyrolysis mechanism and experimental
data were necessary, including the kinetic description of
secondary charring reactions, as well as the influence of
inorganic species on these reactions; the use of detailed
gas-phase mechanisms, able to predict, for example, the
formation of polycyclic aromatic hydrocarbons and soot;
a better understanding of char devolatization; and a better
experimental characterization of the pyrolysis products
[167].

There are, therefore, particle models available in
literature that implemented detailed pyrolysis kinetic
schemes, able to predict, among other relevant properties,
a fair amount of volatile products, of significant relevance
for the gas-phase reactions. However, such particle models,
or even detailed kinetic schemes, are barely used in the
modelling and simulation of biomass combustion. To the
author’s knowledge, only Ranzi et al. [80, 81] (see also
Table 1) used a detailed pyrolysis kinetic scheme [62] for
modelling of biomass combustion at reactor level, coupling
the particle model to the reactor level, and showing that it is
possible to use such schemes for complex CFD simulations.

2.3 Modelling approaches for the biomass bed

Bed models are necessary to provide inlet information for
the gas-phase simulation in the free board. Besides the
usage in comprehensive simulations of combustion systems,
advanced bed models are used to enhance the understanding
of the processes of thermo-chemical conversion of the
fuel bed, aided by mathematical models. The modelling
approach depends strongly on the modelled combustion
system and of the objective of the simulation. They can be
assigned to the groups

– Empirical bed model
– Separate bed model (zero- to three-dimensional)
– Discrete particle method (DPM) based bed model
– Porous medium bed model

For comprehensive simulations of combustion appliances,
the computational effort of the bed model is a challenging
issue, as gas-phase simulations already demand a lot of
resources. Consequently, the level of detail of the bed
model tends to be lower in comparison, for example, to
single particle models, if the complete combustion process
is modelled. In many studies, empirical or separate one-
or two-dimensional bed models are used. In modelling
approaches which describe the bed model only, a higher

complexity is possible. Those models are in many studies
tested and improved by comparison with experimental
results of laboratory-scale fixed bed reactors. Due to
improvement and broader availability of processors, level of
detail of bed models increased in the recent years and the
inclusion of the bed model into the computational domain
of the gas-phase simulation as porous medium bed model
has becomes more common.

Several dimensionless numbers can be used to classify
the bed model and to simplify the choice of the appropriate
model. The Biot number (Eq. 1 in Section 2.1.2) is used to
see if fuel particles should be modelled as thermally thin or
thick. The Thiele modulus (Eq. 10 in Section 2.1.5) is used
to find out about shrinking core or reacting core regime.
According to Peters [107], the Damköhler number (Eqs. 27
and 28) of the biomass bed is important to decide, whether
the combustion and gasification of char in the fuel bed can
be modelled as a well stirred reactor (Da < 1), in which
reactions occur in any place of the bed at the same time,
because reacting agents are available everywhere. Or if a
combustion front moves along the bed (Da > 1), as the
reacting agents flow through the solid and are consumed
during the reactions.

Da1 = SYi,g
lB

�v (27)

Da2 = SYi,g
l2
B

D
(28)

SYi,g
is the source term of mass fraction of gaseous species,

lB is the characteristic length of packed bed, �v is the flow
velocity and D is the diffusion coefficient. Da1 is used
when diffusion is negligible and the relation of reaction rate
to flow velocity is important to describe the combustion
regime (Pe � 1). Da2 is suitable for applications in
which convection is negligible (Pe 	 1). The Péclet Pe

number for mass transfer (29) is used as indication, whether
convection or diffusion has more influence on the mass
transfer [107].

Pe = lB �v
D

(29)

2.3.1 Empirical models

Empirical models represent the most basic form of a
bed model. In this approach, the gas-phase simulation
is provided with a boundary condition for the inlet, in
which the composition of the fuel gas is defined. The
fuel gas is formed inside the fuel bed during drying,
pyrolysis, gasification and combustion. The composition of
the fuel gas can be based on measurements or it can be
calculated based on the biomass elemental composition.
For the former, pyrolysis experiments are conducted and
the composition of the volatiles leaving the fuel at a
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certain constant temperature is measured and used for
the simulations [18, 168, 169]. The conditions in these
experiments deviate from the conditions during combustion,
since they are conducted at lower temperature and the
presence of oxygen is neglected [170].

Semi-empirical models use calculations based on exper-
imental data to provide information about combustible
gases. Different approaches to calculate the composition of
volatiles are introduced in several publications [68, 170,
171]. For the widely used approach of Thunman et al. [170],
the elemental composition and thermodynamic data of the
fuel are required. In addition, it is necessary to measure
the ratio of CO to CO2 and the ratio of light hydrocarbons
(CiHj ) to CO2 in the pyrolysis gas. By solving the mass and
heat balance for any species, the mass fractions of CO2, CO,
H2O, H2, light hydrocarbons and heavy hydrocarbons in the
pyrolysis gas can be determined. This method is often used,
because the calculation can easily be made with only a few
measured values and the computational effort is low.

For many combustion systems, the composition of vola-
tiles entering the combustion chamber is not constant
during the thermo-chemical conversion of the biomass.
Therefore, it might be of interest to apply a concentration
profile rather than a constant value. The profile can depend
on time, for example for wood log stoves, or on the
place on the grate, for example for systems with moving
grates. The profiles can be obtained by measurements
or as result of a semi-empirical calculation. An example
for input profiles is presented by Scharler [172, 173]
for a furnace with moving grate. The concentrations,
temperature, mass flow and velocity of the devolatilization
gas were determined in dependency of the position on the
grate. As carbon, which is initially contained in the biomass,
decreases, gaseous components are released. Conversion
parameters for the formation of CH4, CO, CO2, H2,
H2O and O2 were calculated based on mass and energy
balances. The reduction profile of carbon was determined
by experiments and polynomial fitting. The remaining
curves were calculated by correlation factors. This approach
was further developed by Buchmayr et al. [174, 175].
With spatially resolved measurements above the fuel bed,
accuracy of the empirical bed model was improved.

Empirical bed models can be implemented without great
effort. They provide reasonable results and do not require
additional computational resources for the fuel bed. On
the other hand, they need experimental data, which might
be difficult to obtain. Also, the measured data are only
valid for the investigated combustion system, biomass and
operation conditions. Since the empirical bed model is used
as an inlet condition, it does not reflect the change of the
geometry of the fuel bed and there is no coupling with
the gas-phase reactions. Therefore, it is more suitable for
stationary simulations. If the empirical model is used to

simulate the system it was measured in, it may be more
accurate than other bed modelling approaches, but it is not
flexible to changes. An empirical bed model can be used
for simulations with focus on the gas-phase reactions in the
combustion chamber or on additional models. One field of
application is the improvement of the design of combustion
chambers for certain operation conditions for an existing
combustion system.

Semi-empirical models provide more flexibility, but they
also need specific data and if the required information is
not available, assumptions have to be made. The accuracy
of the semi-empirical models depends on the quality of the
provided data and of the assumptions.

2.3.2 Separate bedmodels

The most common modelling approach for biomass
combustion systems is the separation of fuel bed and
free board. Drying, pyrolysis and consumption of char
are simulated in the bed model. Gas-phase combustion is
calculated by CFD in the free board. The reactions in the bed
model are calculated separately and the resulting gas-phase
composition is used as inlet condition for the gas-phase
model. One-way or two-way coupling between bed model
and gas-phase simulation can be implemented and is based
on heat and mass transfer between both regions. Separate
bed models can be zero- to three-dimensional.

Separate bed models are summarized in Tables 2, 3
and 4. In these tables, information about the considered
biomass and model application is given and the sub-models
for drying and pyrolysis are mentioned. The considered
heterogeneous and homogeneous reactions in the bed
models are specified, as well as the approach to model
shrinking of the fuel bed at particle and bed scale.

Zero-dimensional In zero-dimensional models, the calcu-
lations based on thermodynamic equilibrium or chemical
reaction kinetics are conducted to determine the composi-
tion of the combustible gas leaving the biomass bed during
decomposition. For calculations based on chemical reaction
kinetics, the biomass bed is considered to be a perfectly
stirred reactor (PSR) [176] with uniform distribution of con-
centrations and temperature. The conversion is determined
by chemical reactions only, while influences of mixing as
well as heat and mass transfer are neglected.

Calculations based on thermodynamic equilibrium can
be conducted with the software Aspen PLUS [147], for
example. It is mainly used for fluidized bed technology in
biomass gasification or combustion. Modelling of a down-
draft gasifier with Aspen PLUS was also described in lit-
erature [177–179], in which the whole combustion process
(bed and free board) was calculated as thermodynamic equi-
librium. In the model of Galletti et al. [180], the release of
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volatiles was calculated by a zero-dimensional bed model.
Three variations for the implementation of the bed model
in the combustion simulation of a biomass furnace for a
externally fired gas turbine were tested.

One-dimensional One-dimensional models are widely used
to simulate the biomass bed, since they provide sound
results with low computational effort. Table 2 gives an
overview on one-dimensional separate bed models. In these
models, gradients along one dimension are described. They
are used to model fixed bed laboratory reactors [24–
26, 41, 42, 45, 66, 81, 96, 101, 117, 119, 121, 123,
127, 181, 182], single wood logs [92, 112, 183], fixed
beds in furnaces with moving beds [111, 184] or packed
beds [99].

As preparation for comprehensive coupled models, one-
dimensional stand-alone models were developed and vali-
dated by experiments in accordingly designed experimental
equipment. The focus of these models was on the accurate
simulation of the thermo-chemical processes inside the fuel
bed [24, 26, 41, 96, 181].

First attempts to model biomass combustion in fixed beds
were made to investigate the propagation of the flame front
inside the biomass bulk. An early model of this type was
developed by Fatehi and Kaviany in 1994 [181] to describe
the downward propagation of the flame front in opposite
direction to the gas flow. This approach was enhanced
towards a model in which gaseous and solid phase are not
in equilibrium [24].

A similar model was developed by Saastamoinen et al.
in 2000 [26]. The objective of their study was also to
investigate the propagation of the flame front. The model
was a preparation to examine biomass combustion on a
moving grate. Thermally thin and thick particles were
described by the model. The influence of parameters on the
propagation speed was studied by means of simulations and
experiments.

Shin and Choi presented a one-dimensional model for
the combustion of waste particles in 2000 [96]. Similar to
the previously mentioned models, the propagation of the
flame front is investigated by this approach. This model was
developed for the simulation of a furnace with moving grate
as well.

A comprehensive one-dimensional model for straw
combustion was developed by Zhou et al. in 2005 [41].
It includes moisture evaporation, pyrolysis, gasification
and combustion. Additionally, gas-phase reactions such
as tar cracking are taken into account. Good agreement
was observed when compared to experimental results. The
model was used to investigate the detailed processes of fixed
bed combustion of straw.

The thermo-chemical conversion of a wood log during
combustion was modelled by Galgano et al. [112, 183].

They developed a separate bed model, which was coupled
to the two-dimensional CFD simulation. The wood log
was assumed to have the form of a cylinder and the one-
dimensional model represented the thermal gradient in
radial direction. The gas-phase combustion was simulated in
a two-dimensional domain based on the inlet in7formation
of the bed model.

Huttunen et al. [111] introduced the CFD simulation of a
furnace with moving grate. The simulation was performed
with Ansys Fluent [185] containing a user-defined function
(UDF) for the one-dimensional bed model. The spatial
variable was orientated in the direction of the grate, which
was divided into different zones for drying, pyrolysis
and gasification/combustion. The one-dimensional model
represented a cross section in the middle of the bed.

The one-dimensional model of Shin and Choi [96] for
incineration of solid waste, was further developed and
coupled with CFD to simulate waste incineration inside a
furnace with moving grate [186]. Simulations based on this
one-dimensional model were also performed by Yang et al.
[124] and Yin et al. [187]. Yang et al. developed a two-
dimensional model for simulation of municipal solid waste
on a moving grate in 2002 [118], which was implemented
in the in-house code FLIC. Simulations of one-dimensional
cases with FLIC were done in [45, 182], to investigate
the influence of important parameters as devolatilization
rate, moisture content and flow rate of primary air on the
processes in the biomass bed numerically.

Two-dimensional Two-dimensional bed models are mainly
used to simulate furnaces with a moving grate, where the
composition of volatiles varies along the grate [129, 135,
188–191]. In this approach, the first spatial coordinate
represents the height of the biomass bed, and the second
spatial coordinate correlates with the length of the grate.
Among the first to use a two-dimensional bed model were
van der Lans et al. in 2000 [188] for the simulation of
straw combustion. They proposed to use a one-dimensional
transient bed model to calculate the devolatilisation
properties and to relate the position on the grate x to the time
t based on the transport velocity us : x = ust . This approach
is valid when heat transport by conduction in horizontal
direction is much smaller than heat transfer by convection
in the vertical direction. This assumption can be made, if
the Péclet number for heat transfer (30) is larger than 1
(Pe � 1) [188].

Pe = uslbed

kth/(ρscp,s)
(30)

where lbed is the length of the bed, kth the effective thermal
conductivity, ρs the density, and cp,s the heat capacity of
the solid material. Kær et al proposed the moving column
approach for the modelling of moving grates [189, 190],
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based on the same assumption as van der Lans et al. In
this approach the biomass bed was discretized into columns,
which moved along the grate.

Miljković et al. developed a two-dimensional model for
the biomass bed of a moving grate [135], in which the
whole biomass bed was represented by a continuous porous
medium. The in-house C++ code showed good results
compared to experiments.

In [128, 129, 136] a two-dimensional simulation of a slice of
a packed bed model is presented. The models are exceptional
among the other approaches, which all relate to moving grates.

Comprehensive simulations with two-dimensional mod-
els are presented in publications [187, 190, 192–195].
These comprehensive simulations use bed models, which
were described previously in separate publications. Two-di-
mensional bed models are described in Table 3. The com-
prehensive simulations are summarized in Tables 7, 8 and 9
in Section 5 and references to the used bed models are given.

Three-dimensional Separate three-dimensional bed models
are rare among publications of biomass combustion
simulations. Most three-dimensional models are included
in the comprehensive simulation as sub-model based on
porous medium calculations (see Section 2.3.4). A three-
dimensional separate bed model for the simulation of coal
and biomass combustion in a domestic small-scale boiler
was published by Buczyński et al. [196]. Mehrabian et
al. [105] present a coupled model of CFD simulation and
porous medium with thermally thick particles, conversion
processes in particles are calculated separately in UDF,
coupled by source terms and boundary conditions for the
fixed bed model.

Separate bed models are more flexible with regard to
the used biomass and the simulated system than empirical
bed models. The versatile usage of the FLIC model shows
that one existing model can be used to simulate several
similar combustion systems with only minor changes. The
computational effort of separate bed models is low and
fuel bed model and gas-phase combustion can be developed
independently from each other. Interaction of the fuel bed
and the free board can be applied by two-way coupling.
However, the change of the geometry of the fuel bed and
its influence on the flow in the combustion chamber can
only be described by a moving grid in the simulation of the
free board. Separate bed models are predominantly used for
combustion systems with a fuel bed of bulk material and
a continuous operation mode like pellet boilers or systems
with moving grate.

2.3.3 Discrete particle method

The discrete particle method (DPM) can be used for the
simulation of fuel beds consisting of bulk material like wood
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chips or pellets. The biomass particles are represented by
Lagrangian particles in these simulations. Their trajectory
is calculated based on the forces that apply on the particle,
which are the drag by the fluid flow of the gas phase,
gravity and interaction with other particles or walls. Mass,
size distribution and particle-particle interactions can be
assigned to the particles. The thermo-chemical conversion
of each fuel particle is calculated individually. Depending
on the Biot number (1), particles are treated as thermally
thin or thick [40, 110, 131].

Hettel et al. [201] created a program to simulate the
pyrolysis of wood pellets. The program PACO calculated
the products of pyrolysis for a one-dimensional model.
The processes of evaporation, pyrolysis and combustion
were considered in the model. Since PACO calculated
the thermo-chemical conversion of the particles very fast,
it was possible to couple the one-dimensional model
with a CFD simulation. A discrete particle model can
be coupled with discrete element method (DEM) to
enhance the simulation of particle-particle interaction
(stickiness, collision, etc.) and particle movement (rotation)
[131].

The DPM approach allows a very detailed description
of the fuel particles in a bed model. Especially for models
of a moving grate, the accurate simulation of the particle
movement is interesting. However, it is computationally
expensive, as each particle is considered individually.

2.3.4 Porous medium

Increasing computational resources enable the simultaneous
simulation of fuel bed and gas-phase reactions. Therefore,
the porous medium approach advanced recently in biomass
combustion modelling. The biomass bed is modelled
as porous medium, which allows the (primary) air to
flow through the biomass bed. Heat and mass exchange
between solid and gaseous phase are considered. Since
the porous zone is modelled as a multi-phase region with
two continuous phases, it is also referred to as Euler-Euler
approach [202, 203]. A computational cell contains gaseous
and solid phase, the relation is defined by the porosity.
The necessary parameters for the properties of the porous
medium are taken from measurements.

For most simulations with the porous medium approach,
particles are assumed to be thermally thin [43, 109, 116,
132, 202]. But there are also models, which account for
thermally thick particles by an additional sub-model for
intra-particle gradients [133, 142, 156].

In porous medium approaches, no difference is made
between gas-phase reactions in the fuel bed and in the free
board, as bed and free board are simulated in one domain.
Consequently, in Table 6, the mechanisms of the gas-phase
reactions are presented.

3 Gas-phasemodelling

The simulation of gas-phase combustion includes models
for turbulence, interaction of chemical reactions and
mixing (combustion model), reaction mechanisms and
radiation. Research in combustion simulation is already
advanced in various topics and the mainly used models are
described in detail elsewhere [8, 213]. This chapter focuses
on the modelling approaches used in the examples of
comprehensive simulations of biomass combustion systems
summarized in Tables 7, 8, 9 and 10.

Gas-phase combustion is grouped into the categories
premixed and non-premixed combustion, based on the
state of mixture of oxidizer and fuel at the time of
ignition. When gaseous fuel and oxidizer are mixed before
they enter the combustion chamber, a premixed flame
can be observed. In non-premixed flames, mixing and
combustion occur simultaneously. Non-premixed flames
are also called diffusion flames, since diffusion is in
many cases the limiting factor for the combustion reaction.
Biomass combustion falls into the category of non-premixed
combustion, since the combustible gases from biomass
decomposition are mixed with air in the combustion
chamber. Premixed as well as non-premixed combustion can
occur in laminar or turbulent regime [8, 213].

3.1 Turbulencemodels

The flow in the free board of biomass combustion systems
is predominantly turbulent, although in some applications
(for example wood log stoves) laminar regions can be
found. Mixing of combustible volatiles and oxidizing air
is significantly influenced and improved by turbulence;
thus, suitable modelling of turbulence is necessary in the
simulation of gas-phase reactions [8].

In computational fluid dynamics, turbulent flow of fluids
can be simulated by direct numerical simulation (DNS),
by large eddy simulation (LES) and by Reynolds-averaged
Navier-Stokes equations (RANS). In DNS, turbulence is
not approximated by a model, but simulated directly.
Respectively, DNS is very time and CPU demanding. Large
data sets are generated by this method and need to be
handled. DNS is used in combustion simulation for research
and academic purposes. For example, DNS can be used
to simulate flames, since they do not require complex
geometries. Results of the simulations can be used like
experimental data to validate simulation approaches with
LES and RANS [214]. The data sets generated with DNS
are more comprehensive than experimental data and results
are not influenced by the measurement method.

LES provides more accurate results than RANS, since
large eddies are considered in the simulation, only small
eddies are approximated by models. As well as for RANS,
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turbulence models are required for the simulation. LES are
used for the combustion simulation of simplified application
cases (for example 2D geometries or simulation of flames).
With increasing CPU availability, the usage of LES becomes
more common [215, 216].

Turbulence causes fluctuations in variables, which
describe the fluid flow. Those fluctuations are averaged
in RANS simulations and are not simulated directly. For
engineering applications RANS offers sufficient accuracy in
comparatively short calculation times. RANS is widely used
to simulate combustion devices like furnaces or internal
combustion engines [8]. The system of equations has to be
closed by additional equations, which are called turbulence
models. In biomass combustion, mainly turbulence models
of the k-ε-family are used. These include two transport
equations for the closure of the system of equations, one for
the turbulent kinetic energy k and one for the dissipation
rate ε.

The following turbulence models were used in the
various examples in Tables 7, 8, 9 and 10:

– The standard k-ε model was introduced in 1972 by
Jones and Launder [217]. Due to its simplicity and
numerical stability, it is widely used in the simulation
of non-reacting and reacting flows for example in
furnaces, engines and chemical reactors [8]. Tables 7, 8,
9 and 10 show that the standard k-ε model was used to
simulate various biomass combustion systems. Kurz et
al. [202] used a modification of the standard k-ε-model
to account for the influence of particles on turbulence
in a multi-phase flow.

– The realizable k-ε model [218] is an improvement
of the standard k-ε model, in which a new model
equation for the dissipation rate ε and a different non-
linear formulation for the eddy viscosity are introduced.
It compensates some well-known drawbacks of the
standard k-ε-model. It improves the simulation of flows
with high strain rates, predicts the spreading rate of
jets correctly and leads to better results for rotational
flows [218]. It is also widely used among the examples
presented in Tables 7, 8, 9 and 10. Yin et al. [187]
performed a direct comparison of standard k-ε- and
realizable k-ε-model. For their simulated system, the
results with realizable k-ε-model were closer to the
results measured in experiments.

– The re-normalization group (RNG) k-ε model was
derived from the Navier-Stokes equations using the re-
normalization group theory [219, 220]. Due to this
approach, the model constants can be determined
by theoretical calculations instead of being based
on empirical findings. It provides a more accurate
prediction of straining and swirling flows and flows
with large anisotropic eddies than the standard k-ε
model [221].
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– To account for flow with low Reynolds number,
numerous low Reynolds number k-ε models were
developed. A review on popular models was given
by Patel et al. in 1985 [222]. Low Reynolds number
turbulence models require a finer discretization of the
near-wall region, since the logarithmic wall function,
which is used to describe the behaviour of the flow near
to the wall in the standard k-ε model, is only applicable
for highly turbulent flows. Additionally, modifications
of the equation for the turbulent kinetic energy k are
necessary [223]. Especially for the simulation of wood
log stoves, the usage of a low Reynolds number k-ε
model should be considered.

– The k-ω model with ω = k/ε is known to have a better
performance in the near-wall region than the k-ε model,
whereas the k-ε model is preferred for the simulation
of the core flow. The shear stress transport (SST) k-
ω model uses the k-ε model for the core flow and
the k-ω model for the near-wall region to combine the
advantages of both models [223]. The k-ω model was
used by Galletti et al. [180] for the simulation of a wood
chip combustion with moving grate. In comparison with
other turbulence models, the k-ω model had a slightly
weaker performance. The SST k-ω model was only
used by Miltner et al. [210] for the simulation of the
combustion of a full bale of straw.

– The above-mentioned two-equation models are based
on the assumption that the turbulence of the flow is
isotropic. For many practical applications, this assump-
tion is not applicable. The differential Reynolds stress
model (RSM) can be used for flows with anisotropic tur-
bulence. However, it leads to six additional differential
equations and an increasing computational effort [223,
224]. Therefore, the RSM model is not widely used in
combustion simulation, even though it may lead to more
accurate results than a two-equation model.

A comparison of simulations with k-ε-, low Reynolds
number k-ε and Reynolds stress turbulence model and
experimental results was published by Knaus et al. in
2000 [224]. They conducted simulations of a wood log
stove with the in-house code AIOLOS. The best agreement
between simulation and experimental results were produced
with the low Reynolds number k-ε-turbulence model. Since
they expected regions with low Reynolds number in the
investigated stove, this turbulence model was the most
suitable for their simulation case. Galletti et al. [180]
performed simulations with the standard k-ε model, the
realizable k-ε model and the k-ω model for a biomass
combustion system for wood chips with a moving grate.
They found that the results with the standard k-ε model
showed a slightly better agreement with measured values
with regard to temperature profiles and CO2 concentrations
than the other models.

Farokhi et al. [225] simulated the free board of a
pellet boiler. They compared various possibilities for
the turbulence model, combustion model and reaction
mechanism. They performed simulations with the standard
k-ε model, the RNG k-ε model and the realizable k-ε model.
The RNG k-ε model achieved the best results with both
tested combustion models (steady flamelet model and eddy
dissipation concept), even though the simulation results
differed not significantly from each other.

From the mentioned direct comparisons [180, 187, 224,
225], it can be concluded that there is no ideal turbulence
model, which is applicable for all biomass combustion
systems. In fact, the choice of the turbulence model depends
on the given geometry, the flow regime and the other
models used in the simulation. The flow in wood log
stoves is possibly not fully turbulent. The results of the
other models used in the gas-phase simulation are highly
influenced by turbulence. Therefore, the turbulence model
should be chosen with care and results need to be compared
to experimental results.

3.2 Combustionmodels

The velocity of turbulent combustion is determined by
mixing of fuel and oxidizer on the one hand and by
the kinetics of the chemical reactions on the other hand.
To describe the interaction of turbulence and kinetics,
combustion models are used. Based on the given boundary
conditions, a suitable combustion model has to be chosen.
Combustion models can be divided into eddy break-up
models and models based on mixture fraction [213, 226].

The eddy break-up (EBU) model assumes infinitely
fast reactions and calculates combustion velocity based on
turbulent mixing. The EBU model can be used, when the
expression “mixed is burned” is valid. It was developed
to describe the combustion of turbulent premixed flames.
[8, 213]. To account for turbulent non-premixed flames,
the EBU was modified by Magnussen and Hjertager [226]
to a model, which is known as eddy dissipation model
(EDM). The EDM assumes that the combustion is limited
by the mixing of fuel and oxidizer in non-premixed flames.
It calculates a combustion rate based on the variables ε

and k, which are determined by the turbulence model (see
Section 3.1) and on the smaller (and therefore limiting)
local concentrations of fuel or oxidizer. This model should
only be used with global reaction mechanisms with one or
maximum two steps, since the influence of partial reactions
or radicals can not be considered in the EDM [185]. The
finite rate/eddy dissipation model (FR-ED) is widely used
in the simulation of biomass combustion system, as Tables 7
to 10 show. In this model, the Arrhenius rates and the eddy
dissipation rates are calculated and the lower of both is used
[116].
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The eddy dissipation concept (EDC) developed by
Magnussen [227] is a further improvement of the EDM.
It assumes that the reaction of oxidizer and fuel takes
place, when both are mixed on a molecular level. The fine
structures, in which the reaction of fuel and oxidizer take
place, have a very small volume compared to the rest of
the fluid. The combustion reaction is limited by the mass
transport from the surrounding fluid to the fine structures.
The EDC can be used with complex reaction mechanisms
[227], but it can lead to long calculation times, when large
mechanisms are used [185].

Usage of in situ adaptive tabulation (ISAT) [228] can
reduce calculation time for large reaction mechanisms
significantly. ISAT is a method to tabulate the possible
results of the chemical reactions in situ during the
simulation based on the given conditions. Due to the in situ
tabulation, it can be avoided to pre-tabulate states, which are
not realizable in the current simulation.

The above-mentioned combustion models were devel-
oped based on the assumption of a fully turbulent flow. They
are all linked to the turbulence model by the variables ε and
k, which are used to determine the mixing in the combus-
tion model. As already mentioned in Section 3.1, in some
biomass combustion systems, the assumption of full tur-
bulence is not applicable. In these cases, the combustion
model has to account for regions with low Reynolds num-
ber as well as the turbulence model. Shiehnejadhesar et al.
[229] proposed a combustion model, which is suitable for
low and high turbulence regions. It is based on EDC and the
finite rate kinetic model. They achieved good results for the
simulation of flames with the combustion model, various
reaction mechanisms and a modified k-ε turbulence model
[229]. In the next step, they applied the new combustion
model to the simulation of a pellet burner and compared it
with EDM and EDC + ISAT [138].

The above-mentioned combustion models are eddy
break-up models. They are widely used for the simulation
of biomass combustion, as it is shown in Tables 7, 8, 9
and 10. In the field of non-premixed turbulent combustion,
models based on mixture fraction are common [8, 213,
230]. However, they are rarely used for biomass combustion
[174]. The mixture fraction ξ is defined as [8]:

ξ = Zi − Zi2

Zi1 − Zi2
(31)

in which Zi1 and Zi2 are the element mass fractions of the
two streams oxidizer and fuel. The definition of ξ is based
on the assumption that the diffusivities of all scalars are
equal and that all species mix alike [8]. For pure oxidizer, ξ

is zero, and for pure fuel, ξ is unity. For the mixture of both,
ξ takes values between zero and unity. Since the calculation
of the mixture fraction is based on the mass fractions of

elements, it is not influenced by chemical reactions and is
therefore a conserved scalar [230].

For infinitely fast chemical reactions and adiabatic
combustion, all relevant scalars (mass fractions of species,
temperature etc.) can be expressed as function of the
mixture fraction. The distribution of the mixture fraction
can be described by a probability density function (PDF)
[213]. There are various possibilities to obtain a suitable
PDF. In a widely used approach, the PDF is created from
the Favre-averaged mixture fraction ξ̃ and its variance ξ̃ ′′2.
The other scalars can be calculated based on their relation
to the mixture fraction, which is determined by equilibrium
chemistry, for instance. Therefore, only two additional
conservation equations for ξ̃ and ξ̃ ′′2 have to be solved,
instead of one for each chemical species. This reduces
computation time significantly in comparison to combustion
models based on eddy break-up models. However, this
approach is only suitable for infinitely fast chemistry and
adiabatic combustion. This constrains the usage, especially
in terms of modelling CO, NOx or soot emissions, which
are the products of slow reactions [8].

To account for finite rate chemistry in turbulent non-
premixed combustion an often used approach is flamelet
modelling. Flamelet models are based on the assumption
that a turbulent flame can be approximated by small laminar
flames, which are called flamelets. This assumption allows
the separate calculation of turbulent mixing and chemistry
[213, 231]. In a pre-processing step, chemical reactions
are tabulated and the tables are looked up during the CFD
simulation. As look-up variables, the mixture fraction ξ and
the scalar dissipation rate χ are used. Advanced versions
of the flamelet approach allow the consideration of ignition
and extinction.

Combustion models based on mixture fraction are not
common among the examples of biomass combustion
system presented in Tables 7, 8, 9 and 10, even though the
application of the flamelet approach could lead to reduced
calculation time when using large reaction mechanisms. The
PDF approach was used by Kim et al. [232] to quantify
mixing, but they did not simulate combustion in their
model. Tabet et al. [233] used a PDF for the comprehensive
simulation of a wood log stove. The flamelet approach was
used in several approaches to account for finite chemistry.
Venturini et al. [193] and Borello et al. [195] used a
flamelet approach and detailed chemistry to simulate the
combustion of wood chips. Buchmayr et al. [174] simulated
the combustion in a pellet boiler with a flamelet approach
to create a computationally inexpensive tool for the reactor
development. Farokhi et al. [225] compared steady flamelet
model (SFM), unsteady flamelet model (UFM), EDC
and a modified EDC for the simulation of a laboratory
pellet reactor. They used various turbulence models and
reaction mechanisms to investigate the influence of different
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models on the computational results. They showed that the
combustion model has a considerable impact on the results.
The flamelet-based combustion models offered a good
prediction of temperature and most species distributions in
moderate calculation time. However, they did not predict the
formation of species from slow (non-equilibrium) reactions
like CO correctly. The best results for the distribution
of CO was achieved with the modified EDC. It has to
be emphasized that calculation times with EDC were
considerably longer than with SFM or UFM especially for
large reaction mechanisms, even though ISAT tabulation
was used.

3.3 Reactionmechanisms for homogeneous
gas-phase reactions

The main reactions in the gas-phase simulation of biomass
combustion are the oxidation of hydrocarbons, which were
produced during thermo-chemical conversion of biomass in
the fuel bed. As well as homogeneous gas-phase reactions
in the fuel bed (Section 2.1.6), they can be described by a
simple one-step reaction by a global reaction mechanism or
by a detailed reaction mechanism. In this section, widely
used approaches to describe the chemical reactions in the
freeboard are addressed.

As discussed in the previous Section 3.2, calculation
of chemical reactions can be time consuming in CFD
simulations, if many species are involved. Therefore, global
reaction schemes with only few reactions are mainly
used for simulations of comprehensive firing systems (see
Tables 7, 8, 9 and 10). The reactants of the homogeneous
gas-phase reactions have to match with the species released
by the bed model. The composition of the combustible
gas is therefore often simplified to one or more gaseous
hydrocarbons, carbon monoxide, carbon dioxide, hydrogen
and water. Light hydrocarbon gas is in most cases
represented by methane. The simple one-step reaction for
combustion of methane is described by Eq. 32.

CH4 + 2O2 → CO2 + 2H2O (32)

Benzene C6H6 is used to represent heavier gases and tar
[99]. Another approach is the usage of a pseudo-gas with the
molecular formula CxHyOz to describe the hydrocarbon gas
produced in the biomass bed. The parameters x, y and z are
calculated from balances of the elements contained in the
biomass [43]. Buczynski et al.[196, 212] and Yin et al. [234]
added also nitrogen and Galletti et al. [180] added nitrogen
and sulphur to the molecular formula of the hydrocarbon gas
to account for the formation of nitrogen and sulphur dioxide.

The most popular global reaction schemes for the
combustion of hydrocarbons are the ones presented by
Westbrook and Dryer in 1981 [235] (WD) and Jones and
Lindstedt in 1988 [236] (JL). The WD reaction mechanism

describes the two-step oxidation of a hydrocarbon with
carbon monoxide as intermediate product [235]:

CxHy +
(x

2
+ y

4

)
O2 → xCO + y

2
H2O (33)

CO + 1

2
O2 → CO2 (34)

The JL mechanism is a four-step reaction mechanism with
carbon monoxide and hydrogen as intermediate products
[236]:

CxH2x+2 + x/2O2 → xCO + (x + 1)H2 (35)

CxH2x+2 + xH2O → xCO + (2x + 1)H2 (36)

H2 + 1

2
O2 � H2O (37)

CO + H2O � CO2 + H2 (38)

Various variations and combinations of both reaction
mechanisms have been used in the examples in Tables 7,
8, 9 and 10. To account for pseudo-gas with the molecular
formula CmHnOl , Eqs. 39 and 40 are used in various
publications, for instance [41, 43, 101, 126, 237].

CxHyOz +
(x

2
− z

2

)
O2 → xCO + y

2
H2 (39)

CxHyOz +
(x

2
+ y

4
− z

2

)
O2 → xCO + y

2
H2O (40)

A comparison of WD and JL reaction mechanisms was
presented by Yin et al. in 2010 [238] for the co-combustion
of straw. Only small difference between the results of both
reaction mechanisms were found.

Besides global reaction mechanisms, detailed mecha-
nisms can be used to describe the combustion reactions
in the gas phase. Complex reaction mechanisms enhance
the accuracy of the prediction of temperatures and exhaust
gas compositions. The simulation of pollutants is also
improved with complex reaction mechanisms, as intermedi-
ate products and products of non-complete combustion are
considered. However, the large number of species and reac-
tions tend to slow down simulations significantly. To avoid
long CPU times, large reaction mechanisms are used in
combination with fast combustion models like the flamelet
approach, when they are used in comprehensive simulations
of biomass combustion systems.

The most popular mechanism for the combustion of
hydrocarbons is GRI-mech 3.0 [239]. It was developed for
the combustion of natural gas and is widely used for the
oxidation of methane. Besides oxidation of methane, GRI-
mech includes reactions to account for oxidation of C2
and C3 hydrocarbons, since ethane and propane can be
present in natural gas. However, only small concentrations
are expected and the reactions for C2 and C3 chemistry are
reduced to a minimum. GRI-mech 2.11 includes 49 species
and 277 reactions, GRI-mech 3.0 has 53 species and 325
reactions [239]. DRM22 is a reduced mechanism, which
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was derived from GRI-mech. It includes 22 species and 104
reactions.

Development and validation of detailed reaction mecha-
nisms are conducted with simplified test cases and match-
ing experimental data. The investigation of flames, shock
tubes or flow reactors allows the analysis of the kinetic
model independently from the influence of other models
(for example from turbulent mixing or radiation) [240].
Based on existing reaction mechanisms for the combus-
tion of gaseous hydrocarbons or solid fuels, mechanisms
for biomass combustion were derived. They were tested and
adapted for conditions, which are typical for biomass grate
firings [241]. Additional branches for the detailed descrip-
tion of NOx chemistry [240, 242] or PAH combustion [62,
243] were added. Some mechanisms include chemistry for
higher hydrocarbons than methane to account for the vari-
ety of gaseous products from pyrolysis and gasification of
biomass.

Mehrabian et al. [105] and Shiehnejadhesar [138] used
the C-H-O subset of the Kilpinen97 reaction mechanism
for their comprehensive simulations. It is based on methane
oxidation and includes 12 species and 25 reactions, of
which two reactions are Eqs. 35 and 36 of JL global
mechanism. The other reactions are a skeletal reaction
mechanism derived from Kilpinen97 for the oxidation of
the intermediate products H2 and CO [242]. The NOx

chemistry, which played a major role in the Kilpinen97
mechanism, was omitted for the reduced mechanism.

Farokhi et al. [225] compared 5 reaction mechanisms
including the global mechanisms WD and JL. The other
three were focussed on the reactions of PAHs and tars
(Marinov et al.[244], Ranzi et al. [62] and Richter et al.
[245]). Simulations were conducted with EDC combustion
model for the global reaction mechanisms and with SFM
for the detailed reaction mechanisms. The results show
large differences between the global mechanisms (with
EDC) and the detailed mechanisms (with SFM) regarding
consumption of CH4 and C6H6 and production of CO and
CO2. Due to the simulation cases selected for comparison,
it is not possible to say, if the differences can be attributed
to the combustion model or the reaction mechanism. The
influence of the combustion model is considered to be larger
than the influence of the reaction mechanism. Results of
both approaches deviate from measured values, but show
the same trend as the experiments. The simulations with
SFM and detailed chemistry showed significantly lower CO
concentrations, which was explained by the authors with the
limitation of SFM to predict slow chemistry correctly [225].

As discussed in Section 3.2, the combustion model
and the reaction mechanism have to harmonize for the
simulations. EDM can only handle global one- or two-step
reaction mechanisms, EDC can handle larger mechanisms,
but needs long calculation times for detailed chemistry.

Flamelet models are fast, but have difficulties to predict
slow chemistry correctly.

3.4 Radiation

Heat transfer by radiation has an important impact on the
combustion simulation, since the radiative heat flux due to
the flame is large compared to heat transfer by convection
or conduction. If radiation of the flame to the walls of the
reactor is not considered in the calculations, temperatures
in the combustion chamber will not be calculated correctly.
Furthermore, radiation accounts for the largest share in
heat transfer from free board to the biomass bed. The
accurate description of radiation is therefore important for
the coupling of bed model and gas-phase combustion.

Radiative heat transfer is described by the radiative
transfer equation (RTE). It contains terms for adsorption,
emission and scattering of the medium, through which the
radiation passes [185, 246].

Widespread radiation models for combustion simulation
are the discrete ordinate radiation model (DOM) and the P1
model. DOM is based on the solution of the RTE for a finite
number of discrete angles. Therefore, it is computationally
expensive, when a fine discretization is chosen. The PN

model is based on the assumption that the radiation intensity
can be expressed by spherical harmonics. The simplest case
of the PN model is the P1 model, in which the RTE is
simplified to a elliptical partial differential equation. The
computational costs of P1 model are lower in comparison
with DOM, but DOM is known to obtain more accurate
results [247, 248].

The emissivity of the gases, through which the heat
is transferred, is needed to calculate their absorption
coefficient. In many engineering applications, the total
emissivity of the gases is calculated by the weighted-sum-
of-gray-gases model (WSSGM) [185, 247].

In the examples listed in Tables 7, 8, 9 and 10,
predominantly DOM and DOM in combination with
WSGGM are used. The P1 model is only used in several
examples.

An extensive study on radiative heat transfer in biomass
furnaces with fixed bed was conducted by Klason et al.
in 2008 [247]. They explained the commonly used models
in detail and analyzed the influence of the radiation model
on the gas-phase temperature and on the heat transfer from
free board to the biomass bed for two examples. They
used a 10-kW laboratory furnace and a 50-MW industrial
furnace for their investigation. They came to the conclusion
that the P1 model achieves fairly good results with low
computational effort for the simulation of radiation in the
combustion chamber. However, it is not suitable to calculate
the radiation from the flame to the bed and should therefore
not be used in simulations with a coupled bed model [247].
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4 Additional models

In many cases, the objective of CFD simulations is the reduc-
tion of emissions from biomass combustion. Therefore, a
detailed description of the formation processes of emissions
is necessary and additional models are added to the CFD
simulation. The models are based on established theories
for the formation processes and often derived from experi-
mental investigations. An recent overview about the mecha-
nisms of pollutant formation from biomass combustion was
presented by William et al. [249].

4.1 NOx

Three different pathways for NOx formation are known
in combustion science and can be considered in CFD
simulations. In high temperature ranges, NOx is formed
from atmospheric nitrogen (thermal NOx). The presence of
hydrocarbon-radicals can promote other reactions to form
NOx from atmospheric nitrogen (prompt NOx). Finally,
NOx can be formed from nitrogen-containing species pro-
duced during thermo-chemical conversion of fuel (fuel
NOx). In biomass combustion, NOx is predominantly formed
by nitrogen from the fuel, as the conditions which are neces-
sary for the other formation routes are not given in biomass
combustion. In biogenic fuels, nitrogen is contained in
amines and proteins and released during thermo-chemical
conversion [7]. The formation route for fuel NOx can be
described by additional reactions in the reaction scheme for
the gas-phase combustion [250]. Extensive reviews about
nitrogen chemistry in solid fuels and in the gas phase were
published by Glarborg et al. in 2003 and in 2018 [151, 251].

It has to be taken into account that NOx chemistry is
slow in comparison with combustion reactions. Therefore, a
combustion model, which can handle finite rate chemistry,
has to be used. An alternative is the calculation of NOx in a
post-processing step. Zahirovic et al [252] investigated the
prediction of NOx formation of six reaction mechanisms
in three different flames. They came to the conclusion that
the results for the combustion (temperature distribution and
CO concentration) depended strongly on the turbulence and
combustion models, due to the mixing-limited behaviour of
the combustion. Contrary to that, they found the results of
the NOx formation were influenced by the used reaction
mechanism, since the formation of thermal and fuel NOx

was kinetically dominated. The use of a reaction mechanism
with a more detailed N subset led to more accurate results,
but also to higher computational costs.

4.2 Particulate emissions

Particulate emissions from biomass combustion systems are
produced following various routes, which lead to different

properties of the particles. Coarse particles are formed from
ash and wood particles, which are entrained by the flow
of flue gases during combustion. They can be described
by Lagrangian particles in the CFD simulation, which are
released from the biomass bed with a certain size dis-
tribution and carried by the fluid flow [99]. The forma-
tion of inorganic particles and soot particles should be
distinguished, when modelling particulate emissions. For-
mation of inorganic aerosols is linked to the release of
inorganic components (K, S, Cl, Na, Zn, Pb) during thermo-
chemical decomposition of biomass. The formation process
was described in detail for example by Niu et al. [253].
Aerosols develop, when gaseous precursors react and particles
are formed in the cooling gas stream above the flame. The
processes nucleation, coagulation, agglomeration and con-
densation are involved in aerosol formation. Additionally,
mechanisms for precipitation of particles on surfaces have
to be considered. The mentioned processes are described by
equations and can be implemented into a CFD simulation in
this way [254]. Another model for the formation and growth
of aerosols was presented by Niu et al. [255]. Even though it
was developed for coal combustion, the underlying models
for particle formation are alike for both fields.

Similar mechanisms are present during the formation of
soot particles. Formation and consumption of soot can be
described by various models. Widely used and installed in
most commercial software is the model of Brookes and
Moss [256]. In this model two new species (soot and radical
nuclei) are defined and an additional continuity equation
is solved for each of them. The soot formation rate in
this model depends on temperature and concentration of
precursors like acetylene.

4.3 Emission of pollutants

Kim et al. [232] modelled the decomposition of pollutants
(dioxin, furan, chlorobenzene, chloroform etc.) based on
mixing (PDF) and residence time. A new factor β described
the thermal decomposition of a pollutant along its trajectory.
An Arrhenius-type reaction with empirical parameters was
integrated along the trajectory to describe the state of
conversion of the pollutant, since it was assumed that the
decomposition of the pollutants depends on temperature and
residence time. The trajectories of the pollutants from the
place of their release at the grate to the outlet of the furnace
were defined by the particle tracking method.

5 Comprehensive simulations of biomass
combustion systems

In this section, comprehensive simulations of biomass
combustion systems are summarized. They are grouped
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according to the technology of the investigated firing
system: combustion systems with moving grate, pellet
boilers, wood log stoves and whole bales of straw.

5.1 Moving grate

The largest group of publications is related to firing
systems with moving grate (see Table 7). This technology
is used over a wide range of power outputs from large
scale to industry scale (240 kW to 108 MW). Fuel is
fed continuously and transported along the grate until the
thermo-chemical conversion of the fuel is completed. The
mainly used biomass types are wood chips, straw and
municipal solid waste (MSW). Empirical, two-dimensional
separate and DPM-based bed models are used to describe
the fuel bed. CFD simulations are used to predict
temperatures inside the combustion chamber and emission
of CO, NOx , ash and pollutants. They are compared with
measurements, wherever experimental results are available.

5.2 Pellet boilers

An overview over comprehensive simulations of pellet
boilers is given in Table 8. Publications about numerically
investigated pellet boilers include laboratory to medium
scale boilers for domestic firing systems (8 kW to 250 kW).
They are operated continuously with various feeding
systems. Either underfeed systems, where the fuel is fed
from below the pellet burner or pellet-drop systems, where
pellets are transported above the bed and fall down onto
the pellet burner are used in the presented publications.
For CFD simulations, predominantly empirical or porous
medium bed models are used.

5.3Wood log stoves

Wood log stoves (Table 9) are used for domestic heating. In
many cases, they are used as additional heat source and are
designed to heat only one room. The power output of the
examples in Table 9 is in the region of 32 kW. A particular
challenge in CFD simulations of wood log stoves are the
various time scales during combustion of the wood. On the
one hand, the transient process of wood combustion in the
batch fed combustion chamber has to be taken into account.
The combustion of the wood logs takes approximately
30 min to 1 h and undergoes various stages of combustion.
On the other hand, chemical reactions of combustion are
very fast and need to be simulated with small time steps
to prevent numerical problems. To avoid this conflict, some
authors limit their simulation to the almost stationary phase
of combustion and use a stationary simulation approach.
For example, Athanasios et al. [237] used a simplified bed
model and simulated only the phase of combustion, which

can be assumed to be stationary. In the examples in Table 9,
the transient process of wood combustion is modelled in
one-dimensional separate, empirical or porous medium bed
models. Since regions with low turbulence may occur in
wood log stoves, a low Reynolds number k-ε model was
used by Knaus et al. [224], by Galgano et al. [92] and
by Menghini et al. [183]. The combustion reactions were
represented by global reaction mechanisms in all examples.
Predominantly, the eddy dissipation concept was used as
combustion model. The DOM was used in all examples
to account for radiation. Schütz [257] and Sènèchal [258]
included soot formation in their models.

5.4Whole bales of straw

The combustion of whole bales of straw is grouped
separately in Table 10, since the technology and therefore
also the used sub-models are different from the other
comprehensive simulations. Miltner et al. [109, 210]
considered the straw inside the combustion domain and used
a porous medium bed model for this. Djurović [259] focused
on the gas-phase combustion in their two-dimensional CFD
study and used an empirical bed model to simulate release
of volatiles.

6 Conclusions

A comprehensive review on CFD-based models for the
simulation of biomass combustion systems and the required
sub-models was conducted in the present study. The most
important features of the models were compared in tables.
Modelling approaches for various combustion systems with
fixed bed and moving grate were selected and grouped
according to the simulated technology.

Various approaches for the simulation of biomass
combustion are already available in the literature. In most
of the discussed examples, the models are tailor made to
describe specific biomass combustion systems and types of
biomass. The modelling approaches constantly evolve and
include important sub-models to describe most aspects of
biomass combustion.

The choice of the models for the CFD simulation of
biomass combustion depends mainly on the simulated
application and the research question. However, it might
be limited by the available information about the boundary
conditions and the available computational resources.
Therefore, it is difficult to draw a general conclusion, which
models are most suitable for the simulation of biomass
combustion. The listings of examples sorted by simulated
technology in combination with the detailed description of
the models can be a good starting point for the set-up of new
simulations. Since many different models are available and
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simplifications as well as assumptions have to be made to
simulate a complete combustion system, simulation results
should be always validated with experimental data.

Further development of simulation tools for biomass
combustion is on the one hand needed to increase the accu-
racy of sub-models. In particular, the sub-models for pyroly-
sis, release of precursors for pollutants and specific reaction
mechanisms for biomass combustion are in the focus of the
current research in this field. Not all of theses processes are
yet exactly understood and can be completely described by
models. Additionally, the improvements, which are made
in the sub-models, have to be transferred to comprehensive
CFD simulations. On the other hand, developments, which
lead to higher computational efficiency, are also needed.
This would create the possibility to reduce the number
of experiments significantly and to conduct optimizations.
Another important issue is the description of operation con-
ditions, which deviate from the normal state (stationary and
full load). Emissions are especially high during ignition
and burnout of combustion systems and future CFD simula-
tions should be able to describe these phases. The flexibility
of fuel bed models has to be increased, to broaden their
applicability to combustion systems with different types of
biomass and flexible operation conditions.
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134. Gómez MA, Porteiro J, de La Cuesta D, Patiño D, Mı́guez JL
(2016) Fuel 184:987. https://doi.org/10.1016/j.fuel.2015.11.082
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146. Brunner T, Jöller M, Obernberger I, Frandsen FJ (2002) In: 12th
European conference and technology exhibition on biomass for
energy industry and climate projection

147. Aspen Technology Inc Chemical process optimization software
- chemical process design – aspen plus. http://www.aspentech.
com/products/engineering/aspen-plus/

148. Bale CW, Bélisle E, Chartrand P, Decterov SA, Eriksson G,
Gheribi AE, Hack K, Jung IH, Kang YB, Melançon J, Pelton
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