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Abstract

Usually, biomass combustion in grate-fired boilers presents significant challenges due
to the heterogeneous nature of the fuel, chemical composition variability, and complex
thermal and chemical conversion processes along the grate. Accurate modeling of the fuel
bed conversion is critical for optimizing combustion performance and reducing emissions.
However, detailed bed models are often computationally intensive and time-consuming.
To address this issue, the present work details a simplified empirical bed model that is
integrated into a 3D computational fluid dynamics (CFD) simulation of a 35 MW industrial
grate-fired boiler. The model successfully reproduced the flue gas mass flow rate, tem-
perature, and chemical composition across different grate sections, predicting an average
furnace outlet temperature of 994 ◦C, CO mass fraction of 779 mg/m3, CO2 concentration
of 12 vol.%, and O2 concentration of 9.5 vol.%. These results fall within the range reported
in recent CFD studies of similar systems and are consistent with operational monitoring
data from the same plant. Sensitivity analyses showed that modifying the primary-to-
secondary-air split ratio from 79/21 to 40/60 reduced the average CO mass fraction at the
furnace outlet by more than 50%. Additionally, the average furnace temperature increased
up to 1050 ◦C, enhancing combustion efficiency. The CFD model also demonstrated that
relocating char combustion to later grate sections led to temperature imbalances near the
boiler walls, emphasizing the importance of grate-specific conversion profiles. These results
underscore the model’s ability to guide air distribution optimization, improve combustion
performance, and reduce pollutant emissions in biomass boilers.

Keywords: biomass; computational fluid dynamics; combustion; grate-fired boiler; modeling

1. Introduction
Currently, the energy sector is facing strong regulatory pressure, higher competition,

and a demand to provide greater flexibility and environmentally friendly solutions. Due to
this, currently, it is necessary to respond effectively and rapidly to the fast-changing context
of the electricity market. The energy transition is on top of the agenda, and computer-aided
methods from the field of computational fluid dynamics (CFD) have been, in part, one of
the cornerstones enabling such a paradigm shift. Regarding electricity production using
solid biomass, grate firing is currently the most common technology, as well as for the
incineration of household residual wastes and household-type commercial wastes [1].

Computer-aided methods, over the past few decades, have been the focus of extensive
research. In particular, CFD has progressed rapidly and has fundamentally improved the
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product design process, redesign, and troubleshooting. In the specific case of combustion
applications, CFD simulations allow for a deeper analysis of the sub-processes occurring by
computing the local velocity, temperature, gas species concentration, and pressure losses,
among other parameters [2,3]. This analysis enhances the knowledge of sub-processes and
allows for the design and optimization of boilers, avoiding the trial-and-error approach
usually applied by the power plant operators that offers no guarantee of success and is
time- and cost-consuming. The outcome of the improved combustion can be lower pollutant
emissions, improved efficiency, increased plant capacity, or/and reduced maintenance costs.

However, biomass combustion modeling in an industrial boiler is a very complex
process. Suitable models are required because most CFD commercial packages are limited
in handling biomass conversion as they are mainly designed to simulate the combustion
of gaseous fuels. Thus, in most cases, the commercial software must be complemented by
self-written code for fuel bed conversion. In this sense, CFD-based modeling approaches
for biomass combustion systems mainly comprise a bed model and a gas-phase simulation.

The fuel bed model should describe the fundamental phenomenon of biomass ther-
mochemical conversion, which will further provide the inlet information for the gas-phase
simulation in the freeboard. This model includes aspects such as fuel properties (physical,
chemical, and thermal), the biomass conversion process (drying, devolatilization, and char
combustion), gas-phase reactions inside the fuel bed, physical changes (shrinking, collaps-
ing, and channeling), and the movement of the particles in the bed model for increased
accuracy. Consequently, fuel bed modeling is challenging because solid biomass is a hetero-
geneous fuel concerning its properties (mainly their chemical composition, moisture, size,
and shape). Therefore, there is no general approach that can be used for a biomass type,
as well as the combustion system. However, the objective of the simulation has a crucial
role in the bed model selection since the products of solid fuel thermo-chemical conversion,
which must be predicted by the bed model, will be used as the inlet boundary condition
for the gas-phase simulation.

In a recent overview of comprehensive simulations of industrial biomass grate-fired
boilers using moving grates [4], it was found that the current modeling strategies employed
in the literature can be assigned to the following groups: (1) results from experimental
measurements defining the boundary conditions to the CFD model [5–7], (2) external bed
models computing the boundary conditions to the CFD model, and (3) the incorporation
of bed models in the CFD model. The external bed model can be classified as empirical
(e.g., [6,8–17]), which means that it is often based on experienced conversion rates along
the grate, or separate (e.g., [12,18–32]) when there is a mathematical model describing
the biomass conversion dependent or not dependent on the freeboard conditions. These
models can be classified based on the level of assumptions, starting from zero-dimensional
models, which are based on empirical equations [13], to two-dimensional models [33] and
three-dimensional models [34,35], considering the spatial and temporal dependence of the
most important variables. Another method for treating the fuel bed zone is using reactor
models to describe the conversion process in different grate zones. Galletti et al. [36] and
Patronelli et al. [37] applied a perfectly stirred reactor model to simulate the bed combustion
in small-scale grate-fired boilers, while Matzing et al. [38] and Netzer et al. [39] used a
one-dimensional and a zero-dimensional reactor model to predict the combustion inside
industrial-scale grate-fired boilers.

In turn, the inclusion of the bed model can follow two different categories: discrete
particle method-based bed models (e.g., [40–43]) or Eulerian/porous medium bed models
(e.g., [34,35,37,44–49]). In general, this is the most complex approach. Thus, the computa-
tional effort of the bed model is a challenging issue when a comprehensive simulation of
biomass combustion in grate-fired boilers is required, as a gas-phase simulation already
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demands significant resources. As a result, the level of detail of the bed model tends to
be lower, and empirical or separate bed models are preferred. However, with the rapid
development of computer hardware and numerical methods, the level of detail of bed
models has increased significantly over the last few years.

Consequently, the inclusion of the bed model into the computational domain of the
gas-phase simulation has become more common, allowing for a significant improvement
in the description of chemical and physical processes involved in the grate. Nevertheless,
even with the progress of hardware resources, a high percentage, around three-quarters, of
the literature reviewed used an external bed model to compute the boundary conditions
necessary to perform the CFD simulation (e.g., [8,9,18]), and the remaining works used a
CFD model with an internal bed model. The reason that leads to the choice of external
models is naturally the simplicity and the lower computational cost necessary to carry out
the simulations. Furthermore, for instance, Zadravec et al. [50] investigated the impact of
different results of different bed models. The authors concluded that simplified bed models,
like 0D, are still helpful and can be used in CFD for furnace design and optimization since
they appropriately account for biomass conversion along the grate. From an engineering
point of view, Costa et al. [51] also analyzed the suitability of different bed models and
stated the same conclusion: that simplified 0D models may be implemented into CFD
combustion models as grate inlet boundary conditions.

However, it remains unclear how devolatilization, the main step of biomass combus-
tion and decisive in gas-phase reactions, is addressed by the definition of volatile compound
quantities for CFD simulations. Most numerical simulations rely on biomass elemental
composition and enthalpy conservation equations, or models such as those proposed by
Thunman et al. [52] and Neves et al. [53], to determine the composition of volatile com-
pounds (e.g., [54]). Hence, this work presents an effective CFD model for evaluating the
nominal operating conditions and the dynamic behavior of combustion on the grate, using
a simplified bed model that incorporates volatile compositions experimentally determined
through a purpose-built small-scale reactor. The application of the numerical model for
further combustion optimization is also the subject of this work.

2. The Grate-Fired Boiler: Case Study
The simulation concerns an existing grate-fired boiler, with approximately 35 MWth

and an efficiency of 80%, from a dedicated biomass power plant in Portugal. In this power
plant, the received solid biomass is shredded and transported to a reciprocating grate
that feeds a vibrating grate. The fuel is highly heterogeneous in terms of composition
and dimension and is mainly composed of forest residues from the eucalyptus pruning
and harvesting. As moisture and inert content are seasonal parameters, their value is
monitored continuously. The reciprocating grate is equipped with a double moving system,
and grate girders move up/forward every second while the neighboring grate girders
move down/backward and vice-versa. In the vibrating grate, the temporal spacing of
vibration cycles and their duration are manually fixed, with typical values of 10 min and
2.5 s, respectively. The grate is inclined at 6◦ to increase the movement capability and
provide a natural cooling water circulation. The construction of these tubes along the
grate favors horizontal movement and prohibits the transportation of particles across the
tubes [55]. After the vibrating grate, there is a wet ashtray where the ashes, unburned, and
silica agglomerates with a great hardness formed during the biomass combustion process
are collected. Regarding biomass feeding, its control is carried out by two controllers: one
cargo and another related to the feeding grate velocity. The reference flow rate of solid
biomass is 12.2 tons/h for the maximum load and considering a typical moisture of 40%.
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The air flow rate for the combustion process is split into primary and secondary and is
automatically regulated by the boiler control system. The primary air is provided through
the moving and vibrating grate and depends on the moving grate velocity according to an
air stoichiometric curve introduced by the manufacturer to adjust the primary air according
to the gas emissions. Only a low percentage of the total primary air flow rate is preheated
and provided by the moving grate. Hence, a major part of the primary air flow rate is
supplied through the vibrating grate, which is divided into three sections with the same
dimensions. The first two sections are the ones where more air is provided, being the
highest air flow rate reported in the second section. Usually, in the third section, no air or
only a small amount of air is supplied. This option is due to the almost complete biomass
conversion in the grate’s first sections. In turn, the secondary air system is also controlled
based on the grate velocity and the oxygen content in the flue gases measured at the power
plant’s chimney. The total secondary air flow rate is divided by 117 nozzles that are 38 mm
in diameter and located at different height levels. The main combustion parameters are
present in Table 1. More details about the fuel burnt in the power plant and its combustion
performance can be found in Silva et al. [56,57].

Table 1. Nominal operating conditions of the biomass grate-fired boiler.

Parameter Value

Fuel flow rate (kg/s) 12,200
Fuel temperature (K) 293.15
Air temperature (K) 293.15
Primary air flow rate (m3/h) 33,150
Secondary air flow rate (m3/h) 13,250

3. CFD Simulation Methodology
This chapter presents the mathematical formulation behind a dense particle system to

study and analyze the highly multi-scale and interconnected phenomena. The numerical
model consists of the utilization of an empirical bed model based on biomass conversion
into the different grate sections of the industrial grate-fired boiler, while the CFD analysis is
based on the ANSYS Fluent 2020 R1 software. This software is used for fluid flow and heat
transfer problems and is structured with numerical algorithms capable of solving them, as
well as chemical reactions that occur on the freeboard of the equipment. In the following
sections, more details about the two different parts of the numerical model are described.

3.1. Fuel Bed Conversion Model

Combustion in a grate-fired boiler can be considered as a fixed bed of fuel that inter-
acts with the interior of the furnace (freeboard). Thus, it becomes important to determine
the mass flow rate of the gases released along the grate, their temperature, and the mass
fraction of the different chemical compounds. According to the literature, the biomass com-
bustion process in the bed can be divided into four successive or overlapping subprocesses.
Devolatilization, a key stage in gas-phase combustion in the freeboard, typically consists of
the emission of volatile compounds such as hydrogen, carbon monoxide, carbon dioxide,
and methane, although their composition depends on the fuel type and origin.

In this work, an empirical equilibrium model that describes biomass conversion as
a function of grate length is used to obtain the initial boundary conditions for the region
above the grate. This methodology has been successfully used in the literature for similar
studies to predict a comprehensive conversion behavior of biomass combustion in a fixed
bed [12,13,17,31,32,50]. Moreover, its performance and accuracy were comparable to
some other models. The empirical equilibrium model adequately addresses this engi-
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neering problem and provides a more reasonable correct boundary condition for the CFD
modeling [12,37,50,51]. Hence, biomass conversion on the grate is exposed to a radiation
heat flux from the flame in the upper part of the boiler, and to a primary air flux from
beneath the grate. In addition, as the biomass is converted to water vapor, volatiles, carbon
monoxide, and carbon dioxide from the char oxidation are released. The operating condi-
tions for each position on the grate are the fuel feeding rate, composition, temperature of
the fuel and air, incoming radiation flux, and biomass conversion rate. Taking into account
those conditions, an overall mass and energy balance can be established to provide the
profiles of temperature, species concentrations, and velocity of the gas leaving the fuel bed
into the freeboard. Consequently, the bed model will provide an appropriate lengthwise
profile of these parameters along the grate based on the experience and design of the
grate-fired boiler.

In this way, the mass flow rate released in each i (1, 2, or 3) section of the grate can be
computed by Equation (1):

.
mi =

.
mH2O +

.
mvol +

.
mchar +

.
mair (1)

The terms on the right side of Equation (1) represent the mass flow rate of moisture,
volatiles, char, and air released. These quantities are obtained, as previously mentioned,
based on operational experience with the boiler [56] by adapting the percentage of biomass
drying, devolatilization, and char oxidation conversion, as well as that of combustion air,
across different grate sections. As will be discussed later in Section 4.2, this approach also
enables the investigation of how combustion stages evolve along the grate.

In turn, an energy balance represented in Equation (2) is defined to compute the
gas temperature:

Ti =

.
Qrad +

.
mCOQCO +

.
mCO2 QCO2 −

.
mH2OQH2O − .

mvol.Qvol
.

mi cp,i
+ T0 (2)

where the terms
.

Qrad, QH2O, and Qvol represent the radiative heat transfer from the free-
board region to the ith zone of the grate, latent heat of water evaporation (2250 kJ/kg), and
the energy required to start the devolatilization (418 kJ/kg), respectively. The net heat flux
received by the fuel bed is assumed to be constant and uniformly distributed in the first
two sections of the grate. In the final part of the grate, since most of this section is not
exposed to flame radiation, only a minor contribution of the radiation was considered.

QCO2 and QCO are the heat released from char by complete oxidation and partial oxi-
dation, respectively. Their values are 32,794 kJ/kg and 9208 kJ/kg, respectively. Regarding
the last terms, T0 is the reference temperature,

.
mi the total mass flow rate released in each

grate section, and cp,i the specific heat of the flue gases.
The char reaction and its products in the fuel bed are assumed to be oxidized and

produce either CO or CO2, as expressed in Equation (3). To compute the split ratio between
these two chemical compounds, Equation (4) expresses a mathematical relation between
their mass fractions and the temperature in the grate.

γC (s)+ O2 → 2(γ − 1)CO + (2 − γ)CO2 (3)

CO
CO2

= 2500 exp
(
−6240

Ti

)
(4)
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Consequently, according to Equation (5), the mass flow rates of CO and CO2 from the
char reaction in the ith zone of the grate can be estimated by Equations (5) and (6), respectively.

.
mCO =

2500 exp
(
−6240

Ti

)
1 + 2500 exp

(
−6240

Ti

) .
mchar (5)

.
mCO2 =

1

1 + 2500 exp
(
−6240

Ti

) .
mchar (6)

In addition to the species released during the char conversion, additional quantities of
CO, CO2, CH4, and H2 are considered to be released from the fuel bed into the freeboard
due to the devolatilization reaction. These quantities are based on isothermal experimental
measurements at 800 ◦C in a small-scale reactor where eucalyptus chips were burnt, and
their gaseous emissions were measured using a gas chromatograph. More details about
the experiments and the measurements carried out in the small-scale reactor can be found
in [58,59] and at particle scale in [60].

O2 is also considered as input to the freeboard, but its amount is related to the re-
maining fraction after its reaction with the char particles. Furthermore, considering the
experience in the biomass power plant, there is a significant amount of unburnt fuel in the
ashtray, and it was considered that only 80% of the char reacts [56]. In turn, the radiation
incident on the fuel bed top was based on the results presented in the literature and adapted
to the size of the boilers studied in this work [17,31]. Additionally, as the entire grate is
not equally exposed to flame radiation and wall radiation, it was considered that only
10% of heat flux is transmitted to the last section. Regarding the air supply conditions,
for the nominal operating conditions, the primary-to-secondary-air ratio is 79/21 and
the excess air is 40%. Additionally, the division of the air in the grate as well as the fuel
properties considered for the bed model are detailed in [56].

3.2. Gas-Phase Combustion Model

Based on the conditions defined by the bed model presented in the previous section,
ANSYS Fluent software predicts the gas-phase combustion inside the furnace. This sim-
ulation program discretizes the fundamental differential governing equations for mass,
momentum, and energy conservation through the finite volume method. For reactive
flows such as combustion phenomena, ANSYS Fluent solves additional transport equations
for each species involved in the chemical reactions. Apart from solving the fundamental
transport equations, there is the need to use other sub-models to describe the fluid flow
inside the grate-fired boiler fully. This requires the modeling of turbulence, radiation,
and combustion.

The turbulence in this work was modeled through the Reynolds-averaged Navier–
Stokes (RANS) equations approach, and using the two-equation model, more specifically
the realizable k-ε model. Furthermore, since turbulent flows are significantly affected by the
presence of walls, and as the no-slip condition at the walls must be satisfied, the standard
wall function, a logarithmic law to compute the mean velocity and temperature, is applied.

Regarding the radiation, at high temperatures, as in combustion that occurs in biomass
boilers, it is the dominant heat transfer mechanism from the sidewalls of the boiler to the
bed. Hence, radiation is included in the calculation through a source term in the energy
equation. The source term, in turn, is determined by the utilization of the discrete ordinates
model, while the mixture absorption coefficient is defined through the weighted sum of
gray gases model.
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To close the mathematical model, the mixing, transport, and reactions of chemical
species are modeled using the finite rate–eddy dissipation model and considering a global
reaction mechanism. The combustion mechanism is composed of the following three
elementary reactions:

CH4 +
3
2

O2 → CO + 2H2O (7)

H2 +
1
2

O2 → H2O (8)

CO+
1
2

O2 → CO2 (9)

The values of the stoichiometric coefficients and reaction exponents, as well as the con-
stants of the various reactions considered in this work to form the combustion mechanism
in the gas phase, are presented in Table 2.

Table 2. Kinetic reaction rate data for the combustion mechanism.

Chemical Reaction A (s−1) β (-) E (Jkg mol) Reaction Order

Equation (7) 5.012 × 1011 0 2 × 108 [CH4]
0.7 + [O2]

0.8

Equation (8) 9.87 × 108 0 3.1 × 107 [H2]
1 + [O2]

1

Equation (9) 2.239 × 1012 0 1.702 × 108 [CO]1 + [O2]
0.25

A usual assumption in the gas-phase combustion modeling is that the reactions are
kinetically fast just above the fuel bed, where the temperature is typically high in some parts
of the grate, and the reactions are fast. Consequently, the combustion is only controlled
by the mixing rate of the oxidizer and the volatiles. However, there are areas where the
temperature is lower, and the kinetics of gas-phase reactions will become the restricting
mechanism. This is why the finite rate model, where the minimum value between kinetics
and mixing is the factor that limits the reaction rate, was selected [12,61]. This model
is frequently used together with the eddy dissipation model, which was developed by
Magnussen and Hjertager [62,63] to compute the limiting chemical reaction rate. This
model was developed and validated for combustion with strong turbulence. However,
as inside industrial boilers, there are some regions with low turbulence: mainly near
the bed, the chemical reactions are influenced by the turbulent mixing of the flue gas
since, due to the high temperatures, kinetic limitations are less significant [64]. There-
fore, as the bed affects the gas flow, damping the turbulence, some authors modified the
Magnussen parameter to account for the effect of the particles over the turbulence and con-
sequently obtain a better turbulence–chemistry interaction [9,13,31,32,38,65,66]. In general,
with this model, the gas temperatures tend to be over-predicted due to abnormal higher
reaction rates, and, consequently, the species concentrations are also often inaccurately
estimated [64]. Considering this issue, the value of A, an empirical constant used in the
model, was modified to 0.6 for all reactions, taking into account the results presented in the
literature [8,9,13,31,32,50,64].

An incompressible pressure-based solver is used for CFD simulations. This solver
guarantees the mass conservation of the velocity field by solving the pressure equation. Ba-
sically, while enforcing mass conservation, the pressure equation is obtained by derivation
of the continuity and momentum equations by the pressure. Since the governing equations
of the CFD model are non-linear and are interlinked, the solution can only be obtained
through an iterative process. To solve these equations sequentially, one after the other,
the pressure-implicit with splitting of operators (PISO) algorithm is used in a segregated
form. This algorithm was preferred over the semi-implicit method for pressure-linked
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equations (SIMPLE) to solve the pressure–velocity coupling since it is more efficient, re-
quires a reduced number of iterations to converge, is useful for unsteady flow simulations,
and presents better results for meshes with a reduced quality.

For spatial discretization, the convection terms of the different transport equations are
solved using first-order upwind methods, except for species transport equations, which
are solved using the second-order upwind method. For the gradient terms, to evaluate
diffusive fluxes and velocity, the least-squares cell-based method was selected. Both
methods for spatial discretization were selected due to their easier convergence and a less
computationally intensive simulation. In addition to the previous interpolation schemes,
for pressure, PRESTO! was selected due to its suitability for highly swirling flows involving
steep pressure gradients.

Furthermore, regarding the transient formulation, the computational model was
solved using a first-order implicit method, and the convergence criterion for the iterative
calculation was defined as 1 × 10−3 for continuity, momentum, and turbulence equations
and 1 × 10−6 for energy and the discrete ordinates equation. An automated method was
used to decide the fluid time step according to the convergence rate of the previous step.
Nonetheless, the values were limited between 1 × 10−6 s and 0.01 s, considering a Courant
number of 1.

The contribution of the gravitational acceleration was implemented in a downwards
direction along the y-axis, with a magnitude of 9.81 m/s2.

The simulations were computed in a twenty-core (logical) processor with 128 GB of
memory RAM. The results are time-averaged after the boiler reaches a pseudo-steady state.

3.3. Geometrical Model and Mesh

For the numerical simulations of the reactive gas phase flow in the ANSYS Fluent
software, the first step consists of the definition of the computational domain to be studied.
The geometric configuration of the boiler presents symmetry since the secondary air
jets on the side walls are equally spaced along its width. Thus, it is only necessary to
have a 1/13 slice of full width, corresponding to a slice of 320 mm in thickness. This
simplification allowed for a significant reduction in the geometry modeling complexity
and the subsequent mesh generation. The geometry of the boiler was developed using
the scripting language from Gmsh software v.4.11, providing the possibility to automate
the generation of the model with a reduced interface for the user and an easy execution
of complex geometries. This configuration was based on the technical drawing of the
equipment, and Figure 1 presents an overview of the geometrical model. As can be
observed in this figure, the grate region in the lower part of the model was divided into
three separate zones in the lengthwise x-direction according to the primary air supply.
Hence, it allowed for the introduction of different boundary conditions to better reproduce
the biomass thermal conversion.

The secondary air is supplied through nine side nozzles located above the grate.
Concerning the secondary air injectors, despite making the mesh construction difficult, it
was decided to maintain the circular section of 38 mm in diameter. The gases released from
the bed will flow upwards and mix with the secondary air to ensure that the combustion
of the gases is completed and that they are sent to the outside through the upper face of
the model.

Regarding the boundary conditions, the faces corresponding to sections 1, 2, and 3, the
outlet (the upper part of the model), and secondary air nozzles were selected. The sidewalls
of the model were considered adiabatic, while the front and back faces of the model were
defined as having a symmetrical condition so that there was no influence on the fluid flow.
The values used for the boundary conditions are based on the nominal operating conditions
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of the boiler presented in Table 1 and the composition of the main fuels used in the power
plant presented in [56], along with the results from the empirical bed model. Furthermore,
the fluid properties were considered as an incompressible ideal gas.

Figure 1. Representation of the 3D model.

Time and effort were devoted to developing the numerical mesh as its quality affects
the accuracy of the CFD results. This task required much work due to changing the domain
division strategy and locations of the refinement in order to change the size of elements
in the different zones of the domain. All this work was carried out in order to increase
the accuracy and reliability of the results. The OpenFOAM algorithms, in particular,
the cartesianMesh option, were used to generate a mesh around hexahedral cells, with
refinements in specific zones to obtain a suitable resolution of the temperature and velocity
field in regions of strong gradients. Three different meshes were developed to assess the
influence of the discretization in the numerical results, with a minimum element size of
10 mm and a maximum of around 100 to 150 mm. The specification of these two parameters
resulted in three different meshes with around 250 k, 500 k, and 1M cells. Figure 2 presents
an outline of one of the developed meshes with details on specific areas where it is possible
to observe the refinement that took place in the central area of the furnace and next to the
secondary air injectors. As the quality of the results is highly mesh-dependent, the mesh
quality parameters were controlled to obtain a high-quality mesh.

Regarding the grid independence analysis, reactive numerical simulations were per-
formed using the different meshes and considering the nominal operating conditions.
Temperature and velocity were considered as the variables of interest to assess the differ-
ences in the numerical predictions at two specific locations. The first location selected for
analyzing the results was at 3 m height, slightly above the first row of secondary air nozzles,
and the second location was close to the outlet (y = 10 m). As represented in Figure 3, the
results presented some velocity and temperature differences, particularly when the mesh
becomes denser and the number of cells is around 1M.
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Figure 2. Overview of the mesh and its details in the region of the secondary nozzles.

  

  
Figure 3. Velocity and temperature profiles for the three meshes at heights of 3 and 10 m across the
furnace width.

The differences are higher closer to the grate. Consequently, to achieve reliable CFD
results, the mesh with the highest density was preferred and selected for the development
of the subsequent simulations. Meshes denser than 1M cells were also assessed; however,
the computational time was substantially higher, with no visible gains in accuracy.
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4. Results and Discussion
4.1. Nominal Conditions

This section presents the CFD results of the previously selected mesh in more detail.
First, regarding biomass conversion using the bed model, for the different thermal conver-
sion stages of this process, since the primary air supply is split in the vibrating grate, three
zones were considered along the grate length. For each zone, biomass conversion rates
were specified based on observations in the biomass power plant, which broadly agree
with data found in the literature [12,17,67]. These conversion rates can be found in Figure 4.
Through the mass and energy balances presented in the previous section, the gas flow rate
and the composition of the flue gas that are supplied to the freeboard were estimated. This
information was then set as inlet boundary conditions for each zone.

  

Figure 4. Profiles of the different parameters considered in the bed conversion model along the grate
and its result used as boundary conditions for the CFD simulation.

Regarding the numerical results, the method by which air is supplied to the boiler is
one of the most important parameters in the combustion system. The design of the present
boiler consists of two opposing arches to concentrate the flue gas and improve the mixing
with the secondary air introduced in the side walls through small nozzles. In addition to
the introduction of the oxidant in the main flue gas stream, its location is also important for
improving the mixing and controlling the combustion process. The effect of the opposing
arches and the multi-level small nozzles on the flow in the furnace can be observed in
Figure 5, where the temperature and velocity contours in the middle plan of the model are
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presented. This design promotes concentration in the center zone of the furnace, where the
velocity is higher.

 

 

 
 

 

Figure 5. Temperature and velocity profile in the middle plane.

The fastest reaction rates are found around the ignition air nozzles, where high-
temperature gradients are observed. The boiler design was developed by Babcock &
Wilcox [55,68] in the late 1970s specifically for biomass combustion and aimed to create a
controlled combustion zone in the furnace. Secondary air nozzles within and below the
arches penetrate and mix with the volatiles released from the bed. Furthermore, the two
arches on the opposite walls define a combustion zone and create a smaller cross-section
to promote the mixing of the combustion products. However, the result of inadequate
penetration and the presence of arches is that the flow entering the upper furnace is
deflected to the center, where the vertical velocity and temperature of the gases are high.
This creates large temperature and velocity gradients in the flue gas flow entering the
convection section of the furnace (superheater, evaporator, and economizer). The average
temperature at the outlet of the domain was 994 ◦C.

In Figure 6, the velocity field is also illustrated by superimposing velocity vectors to
present the flow’s dynamic behavior in the furnace’s upper part. Apart from the secondary
air nozzles providing favorable reaction conditions in terms of oxygen, they also offer high
turbulence levels in the arch zone. In turn, Figure 7 presents the profiles of the CO2, CO,
and O2 mass fractions. A general characteristic of oxidation reactions is the occurrence
of very fast rates in the secondary air injector regions. Secondary air injectors provide
favorable reaction conditions in terms of oxygen and high turbulence levels, ensuring
good mixing of the oxidant with the volatiles. The fastest reaction rates are found around
secondary air jets due to the greater amount of oxygen for oxidation reactions. Thus, the
location and design of these injectors are essential parameters in controlling the combustion
process in the furnace. The heat released by the chemical reactions provides heat transfer by
radiation to the surface of the fuel in the grate, thus promoting the initiation of the drying
and devolatilization processes.
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Figure 6. Vorticity inside the boiler.

 

 

 

 

 

 

Figure 7. Distribution of the CO, CO2, and O2 mass fractions.

Consequently, these injectors control and maintain the location of the reaction front on
the fuel surface at a fixed position. This is important for obtaining an acceptable degree of
fuel burn. Thus, the secondary air injectors in the arch of the furnace supply the necessary
oxygen to complete the combustion of volatiles, mainly carbon monoxide. This can be
observed by the contours of the mass fraction of both species. The small injectors of
the air system mix the oxygen supplied by them with the gases released due to thermal
decomposition, thus promoting the rapid oxidation of CO in the lower region of the furnace.
The hottest regions in the furnace occur due to the oxidation of CO by the secondary
air injectors. The regions where CO is around 0 and the CO2 is maximum correspond
to the region where the maximum temperature was obtained. It is also important to
mention that the oxidation reaction of CO is controlled not only by its mixing with oxygen
but also by temperature. Additionally, CO is almost completely oxidized, and only the
furnace’s central region contains this species due to the poor penetration of the secondary
air nozzles. However, at the outlet of the furnace, an average mass fraction of CO of
0.009 (779 mg/m3) equivalent was obtained, meaning that a small quantity of energy is lost
due to incomplete combustion.
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Therefore, CO emissions are essentially related to the boiler design and the amount of
air used in the combustion process. In this way, the mixing of volatiles with the combustion
air could be improved if the penetration of the secondary air injectors was higher. Conse-
quently, as can be observed in Figure 7, the CO released in the last sections of the grate
does not react completely. Thus, by increasing the penetration of secondary air injectors,
the oxidation of combustion products will be improved.

Regarding CO2 emissions, the average mass fraction calculated at the exit was
0.12. With this result, it is verified that the secondary air allows for the oxidation of
CO since its input in the simulation had a maximum value of 0.08 (6.87% in volume). In
contrast to the CO2 mass fraction contour, O2 presents the opposite trend due to its CO
reaction forming CO2 by its consumption. At the outlet, the simulation pointed out a value
of 9.5% (in volume), which is within the range of the data recorded during one week of
regular operation in the biomass power plant and presented in [56]. Furthermore, during
one of the monitoring campaigns to determine the emission levels of the power plant, the
average CO, CO2, O2, and temperature in the upper part of the boiler were 719 mg/m3,
11.7%, 9.1%, and 1080 ◦C, respectively. The direct comparison of these values presents
some discrepancies, which may be attributed to the variation in the operating conditions
and the results of the bed model. In the grate, combustion instabilities and variations
associated with the fuel feeding in terms of properties during the normal operation of the
boiler are frequent, and it is difficult to predict the exact conditions for the CFD model.
However, although direct experimental validation for the present boiler was not feasible,
the predicted flue gas temperature (~1000–1200 ◦C) and outlet gas composition are consis-
tent with values reported in recent CFD studies of biomass grate-fired boilers operating
under comparable conditions. This agreement supports the physical acceptability of the
model predictions and aligns with trends observed in other simulation-based analyses.
For instance, Su et al. [69,70] developed a CFD model for a 130 tons/h biomass grate-fired
boiler, where the predicted fluid flow inside the furnace exhibited similar characteristics,
including maximum flue gas velocities of approximately 30 m/s driven by secondary air
injection, as well as CO2, CO, and O2 concentrations within comparable ranges.

Furthermore, there are different phenomena associated with disturbances in the bed,
like local burnout and channeling, which could be responsible for higher pollutant emis-
sions and uneven fuel consumption. Therefore, the discrepancies can be understood, but
even though there are some differences between the baseline and the experimental measure-
ments, the baseline model allows one to capture the main flow and combustion features
with acceptable accuracy.

Moreover, regarding the supply of air in the furnace, the poor mixing in this type of
equipment is often due to the result of the utilization of relatively small diameters of the
secondary air nozzles, which provide poor penetration into the flue gas flow. Consequently,
a relatively simple solution to this problem would be to use fewer injectors but with a larger
diameter [12,18,55,68]. However, the distribution of the injectors is also a very important
factor in improving the combustion process in the furnace. If the space between injectors
is too small, there will be poor mixing between oxygen and combustion products as the
flow of air injected through the injectors will be affected. Choi et al. [71] verified the
same problem in a grate-type wood waste incinerator. The authors investigated how to
reduce CO emissions by simply retrofitting the existing facility without installing any extra
equipment and changing the existing operating conditions. The reduction in CO emissions
was possible through a secondary air nozzle retrofit based on the jet penetration factor and
the momentum flux ratio of a commercial wood waste incinerator, and a 3D CFD model
was developed to predict how far beyond the limit the CO emissions would be after the
retrofit. Kaer et al. [18] also reported the poor mixing experienced in a straw-fired grate
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boiler due to the relatively small diameter of the secondary air nozzles, providing poor
penetration into the bulk flow. The author proposed a relatively simple solution with fewer
nozzles with a larger diameter. Another strategy was proposed by Jorgensen et al. [68,72].
These authors developed a numerical model to compare a conventional overfire air system
design typically used on biomass furnaces to a new advanced design involving the removal
of the arches and replacing the numerous small nozzles with a smaller number of controlled
penetration nozzles.

4.2. Influence of the Biomass Conversion on the Grate

The purpose of this section is to demonstrate different combustion regimes that
can occur during a biomass power plant operation. During the normal operation of an
industrial boiler, the operating conditions are constantly varying, and there are combustion
instabilities inside the fuel bed, the movement of the grate affecting the combustion,
and variations in the physical and chemical properties of the fuel supply. Thus, it is
important to present an overview of different scenarios in biomass conversion along the
grate. Table 3 presents the cases defined for the evaluation of the combustion behavior
inside the furnace as a function of different considerations in the bed conversion model.
All the CFD simulations are based on the nominal operating conditions.

Table 3. Cases defined for the analysis of the bed conversion model.

Biomass Conversion (%) Case 2 Case 3 Case 4 Baseline

Drying Section 1 50 40 80 70
Section 2 0 0 0 0
Section 3 0 0 0 0

Devolatilization Section 1 60 80 50 60
Section 2 40 20 50 40
Section 3 0 0 0 0

Char Oxidation Section 1 0 5 0 0
Section 2 70 75 50 60
Section 3 10 5 30 20

The differences between the different scenarios can be evaluated in Figures 8 and 9.
Figure 8 presents the velocity and temperature profiles in the middle plane of the compu-
tational domain. The combustion, evaluated based on the temperature and velocity field
pattern, as observed in the previous results, is governed by the location of secondary air
nozzles. Here, regarding the fluid flow configuration, although the conditions in the grate
are not the same, the flow patterns are similar. Only case 4 presents a higher fluid flow in
the last section of the grate since the bed conversion was shifted to this zone. Addition-
ally, the comparison between the three cases indicates that a higher temperature on the
left-hand side of the boiler was observed for case 3. Higher temperatures can cause severe
deposition problems.

In these conditions, secondary air nozzles must push the flame to the furnace center,
and this is only possible with a higher flow rate. The result of this increase in temperature
is attributed to the biomass conversion mainly in the first section of the grate and the
reduction in the amount of energy for drying the fuel. Consequently, a higher amount of
volatiles is released on the left side. Subsequently, their mixing with the air supplied by the
secondary air nozzles leads to a different combustion behavior compared with the other
cases. Hence, through the different scenarios, it is possible to verify the modifications in
the combustion patterns in the freeboard.
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In contrast to case 3, as a higher percentage of char conversion in the last part of
the grate was considered for case 4, an increase in the temperature near the right wall of
the boiler was observed. Therefore, apart from playing an important role in freeboard
modeling, the bed model can capture the dynamic behavior or modifications of the bed
conversion in the grate. Through Figure 9, it is possible to observe how the chemical
reactions are sensitive to the grate inlet conditions.

The mass fraction contours are a useful tool for understanding and evaluating com-
bustion phenomena. Although case 2 presents the highest CO mass fraction released to
the furnace, the boiler design reduced its value considerably to 0.004, the lowest for the
different cases tested. Hence, it is essential to highlight that the combustion efficiency is
improved when the biomass conversion is in the first two sections of the grate. In addition,
through this analysis, it can be concluded that if the thermal conversion of biomass is
moved further downstream the grate, higher penetration of the secondary air nozzles
is required.
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(b) 

 
(c) 
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Figure 8. Temperature and velocity contours of (a,a1) case 2, (b,b1) case 3, and (c,c1) case 4.
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Figure 9. CO, CO2, and O2 mass fractions contours for (a,a1,a2) case 2, (b,b1,b2) case 3, and (c,c1,c2) case 4.

4.3. Sensitivity Analysis of the Air Supply Conditions

Since the design of the air supply system plays a significant role in the efficient and
complete combustion of biomass, CFD simulations were developed to investigate the
influence of this part of the boiler. The split ratio of primary to secondary air in a modern
grate-fired boiler is 60/40 [73] while, in the biomass power plant, considering the nominal
operating conditions (Table 1), it is approximately 79/21. Thus, there is considerable
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potential for improvement since, in the previous analyses, particular attention was oriented
to the need for higher penetration of the secondary air nozzles.

Hence, considering the limitations concerning the air supply and the nominal op-
erating conditions, two different cases were analyzed, modifying only the primary and
secondary air split ratio. The first case was defined by considering the need for more
secondary air and a high level of turbulence in the upper part of the furnace, resulting
in a 40/60 split ratio. The second case was based on the split ratio value defined by Yin
et al. [73] for modern boilers: 60/40.

In the temperature profile illustrated in Figure 10, the highest temperature, around
2000 ◦C, was obtained in the first case and occurred due to the mixture of the flue gases
with oxygen supplied by the lower secondary air injector present on the right-side wall of
the boiler. Due to the higher amount of oxygen supplied by the secondary air injectors, the
maximum peak temperature was obtained in this case when compared to the others.

 

 
(a) 

 
(b) 

 

 
(a1) 

 
(b1) 

Figure 10. Temperature and velocity contours for the different split ratio cases: (a,a1) 40/60 and
(b,b1) 60/40.

Providing a higher secondary air flow rate allows more oxygen to be available for
oxidation reactions. As a result of this retrofitting, a higher amount of energy is released
inside the furnace. For this reason, in the case with a 40/60 split ratio, there is an increase
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in the average temperature inside the furnace to approximately 1050 ◦C compared to the
988 ◦C obtained for the second case.

It is interesting to note that, in case 1, due to the supply of a higher secondary air flow
rate, the flow dynamics change significantly when compared to the results of the baseline
model and 60/40 split ratio. It is possible to verify that, due to the higher penetration
of the secondary air nozzles and, consequently, higher turbulence generated inside the
furnace, the flow is more deflected toward the right wall when compared to the other cases.
Hence, through the temperature contour, it is observed that the first injector on the left wall
has a relevant role in determining the flow and promoting the flow’s displacement to the
opposite side. The injectors that are inside the arches also direct the flow toward the lower
central part of the boiler, thus promoting a better mixing of the flue gases with the air and
increasing the residence time inside the boiler.

The CO reaction rate shows higher values in regions close to the secondary air noz-
zles. This is essentially due to the higher penetration of the secondary air nozzles and
higher oxygen availability resulting from a higher flow rate of secondary air. Thus, CO
is almost completely oxidized to CO2 and, at the outlet, the average mass fraction of
CO is 0.0003, while, for the second case, its value is ten times higher. This proves that
penetration of secondary air nozzles is a driving factor for promoting higher oxidation of
combustion products.

Apart from the influence of the primary-to-secondary-air ratio, another interesting
variable is the primary air temperature. Preheating primary air is a common practice to
improve combustion behavior and increase the power plant’s efficiency. Hence, considering
the previous results, the 40/60 split ratio configuration was selected to analyze the influence
of the primary air temperature. In general, the temperature of the primary could reach
temperatures up to 200 ◦C [74]. However, considering the results of Silva et al. [45],
temperatures around 100 ◦C are feasible for this particular boiler. Hence, a CFD simulation
was performed to analyze the effect of preheating the primary air at 100 ◦C.

Figure 11 presents the temperature profile in the middle plane of the boiler, and it is
possible to observe that higher temperatures are obtained inside the furnace. The profile is
similar to the one obtained with a 40/60 split ratio; however, the effect of the primary air
preheating is visible mainly near the right wall, where a region with a higher temperature
is observed. Higher primary air temperatures also improved the boiler efficiency in terms
of pollutant emissions.

 

Figure 11. Temperature field for the case with primary air heating.
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Figure 12 compares the average mass fractions of CO, CO2, and O2 between the previ-
ous and present cases. Although the CO mass fraction was reduced, higher temperatures in
the furnace can cause negative effects such as increased thermal NOx formation and the risk
of grate and wall thermal damage. Considering these issues, the increase in the primary air
temperature should be verified and carefully assessed for optimal combustion conditions
since similar results can be obtained only by retrofitting the air combustion system.

 

 
Figure 12. Average CO, CO2, and O2 mass fractions at the outlet of the furnace for the different cases.

5. Conclusions
The growing use of biomass in power generation, combined with stricter emissions

regulations, highlights the need for accurate, efficient, and cost-effective tools to support
boiler design and operation. CFD modeling has become increasingly valuable due to
advances in computational power and algorithm development, offering a flexible and
time-effective alternative to experimental investigations. In this context, the present study
developed and applied a CFD model integrated with a simplified empirical bed conversion
model to simulate combustion in a 35 MWth industrial grate-fired boiler. The key findings
are summarized as follows:

• The proposed CFD approach, coupled with a simplified bed model based on an
experimentally derived volatile composition, proved effective in capturing the spatial
evolution of combustion within the furnace. It serves as a practical engineering tool
for analyzing design and nominal operating conditions.

• The simulations revealed the central role of the furnace’s contraction zone in shaping
flow and combustion behavior. The flue gas tended to concentrate, driven by geometry,
leading to temperature and velocity gradients downstream. CO emissions from the
rear grate sections were found to be less completely oxidized under this configuration.

• Scenarios in which char combustion was shifted toward the rear of the grate resulted
in temperature imbalances near boiler walls and increased reliance on secondary
air jet penetration. Maintaining combustion toward the front sections improved CO
oxidation and overall temperature uniformity.
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• Adjusting the primary-to-secondary-air split ratio to 40/60 significantly enhanced
secondary air jet penetration, improving mixing and reducing CO emissions by over
50% compared to the base case. This underscores the importance of secondary air
injection design for effective pollutant control and thermal performance.

• Increasing the primary air temperature led to localized temperature gains and reduced
CO emissions, particularly near the right boiler wall. However, this also introduced
potential risks, such as increased thermal NOx formation and material degradation,
suggesting the need for further evaluation before implementation.

These results illustrated how simplified empirical bed models can be effectively in-
tegrated into CFD simulations to represent biomass combustion dynamics in industrial
systems. Despite the simplifications, the model accurately reproduced physical trends and
provided insights into how combustion, air distribution, and operational adjustments affect
efficiency and emissions. Practically, the findings offer guidance for optimizing combustion
strategy and retrofitting operations in biomass-fired boilers.

The model relies on devolatilization data obtained from small-scale reactor exper-
iments at 800 ◦C. While empirical values were adjusted to reflect boiler-scale behavior,
scaling introduces uncertainties due to differences in heat and mass transfer rates, particle
interactions, and turbulence–chemistry coupling. Additionally, the CFD model employed
a first-order upwind scheme to ensure numerical stability, which may limit accuracy in
capturing fine gradients. The absence of experimental validation data and limited focus on
emissions beyond CO, such as NOx, are also noted limitations.

Based on these observations, the authors recommend the following directions for
future work: incorporating experimental measurements from the operating boiler for model
calibration and quantitative validation, exploring higher-order discretization schemes to
improve solution accuracy, and extending the model to include NOx formation mechanisms
and their dependence on temperature profiles.

Despite these limitations, the present work contributes to the field by demonstrating
a simplified yet robust approach to modeling grate-fired biomass combustion, bridging
the gap between empirical experimentation and full-scale industrial application. The
model offers a foundation for improved combustion efficiency, pollutant reduction, and
informed operational strategies, paving the way for future advancements in biomass
boiler technology.
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Abbreviations

A Pre-exponential factor (s−1) or empirical constant (-)
cp Specific heat (J/kg.K)
E Activation energy (J/mol)
.

m Mass flow rate (kg/s)
.

Q Heat flux (W)
Q Energy (J)
T Temperature (K)
β Temperature exponent (-)
γ Mass fraction (-)
0 Initial
i Instantaneous
rad Radiation
vol Volatiles
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