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Abstract

This study explores the combustion behavior of three biomass pellet types—wood
(W), sunflower husk (SH), and a mixture of wood and sunflower husks (W/SH)—in a
residential hot water boiler. Experiments were carried out under two air supply regimes
(40%/60% and 60%/40% primary to secondary air) to measure flue gas concentrations of
oxygen (O2), carbon monoxide (CO), and nitrogen oxides (NOx). The results indicate that
SH pellets generate the highest emissions (CO: 1095.3 mg/m3, NOx: 679.3 mg/m3), while
W pellets achieve the lowest (CO: 0.3 mg/m3, NOx: 194.1 mg/m3). The mixed W/SH
pellets produce intermediate values (CO: 148.7 mg/m3, NOx: 201.8 mg/m3). Overall
boiler efficiency for all tested fuels ranged from 90.3% to 91.4%. Numerical simulations
using ANSYS CFX (2024 R2 (24.2)) were performed to analyze temperature distribution,
flue gas composition, and flow fields, showing good agreement with experimental outlet
temperature and emission trends. These findings emphasize that both pellet composition
and air distribution significantly influence efficiency and emissions, offering guidance
for optimizing small-scale biomass boiler operation.

Keywords: biomass pellets; flue gas emissions; CFD modeling; combustion efficiency;
residential boiler; renewable energy; emissions control

1. Introduction
Sustainable energy production through renewable sources is a necessary alter-

native to traditional fossil fuels. Among the different forms of biofuels, pellets pro-
duced from wood and agricultural waste occupy a major place according to the authors
of [1–3], due to their high energy density, combustion characteristics and the possibil-
ity of local production. Unlike solar and wind energy, whose production depends on
weather conditions, biomass allows continuous and flexible energy generation, making
it extremely suitable for heating in areas with a distinct seasonal temperature profile,
according to the analyses in [4–6].

According to studies in [7–10], pellets are a compressed type of solid fuel with high
energy density, low moisture content and stable combustion characteristics. They can be
produced from different types of raw materials—pure wood, sunflower husk, straw, rice
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husk, corn cob, etc. Each of these sources has its own characteristics. Although wood
remains the main source of biomass in the pellet industry, according to the conclusions of
the authors of [11–14], experimentation with different alternative raw materials—sunflower
and rice husks, straw, nut hulls, elk sticks, etc.—is increasing. These wastes usually do not
require re-cultivation or clearing and are considered as neutral in terms of greenhouse gas
(GHG) emissions when used locally, as given in [15].

However, according to the analyses in [16–18], the agro-pellets often contain more
alkali metals and ash, making them more challenging to combust and leading to intense
slag formation, and higher emission levels. In this context, mixed pellets that combine
properties of different feedstocks to achieve the required balance between calorific value,
combustion stability and economic efficiency, are of increasing interest, as described
in [19–21]. According to the studies in [22,23], by adding 20–40% agro-pellets to a wood
base, a fuel with stable combustion, emissions according to standards and low cost can
be achieved. According to the authors of [24–26], the combustion efficiency and emission
level of different types of pellets depend not only on their chemical composition, but also
on the air supply regime in the combustion chamber—especially on the ratio between
primary and secondary air supply.

The appropriate air distribution in the boilers allows better mixing of volatile gases
with oxygen, reduces carbon monoxide (CO) formation and improves the thermal stability
of the combustion as described in [27,28]. For domestic boilers up to 50 kW, where the
automation is simpler, this setup is particularly critical, according to [29,30]. The con-
clusions of the authors of [31,32] are that current trends in biomass heating include the
implementation of intelligent control systems based on digital sensors, machine learning
and “digital twins” of the combustion process. For the development and training of such
systems, it is necessary to have validated numerical models that simulate the behavior
of different pe-burn fuels under different air supply regimes, as analyzed in [33–35]. In
parallel, numerical modelling methods, which are mainly computational fluid dynamics
(CFD) analysis as described in [36–38], are increasingly entering the study of combustion
processes in domestic pellet boilers. This, according to the authors of [39], is particularly
important when different biomass mixtures are used, as flame behavior, turbulence and
temperature distribution vary considerably.

The findings in [40–43] show that CFD models not only predict values of tempera-
ture, velocity and gas concentrations in real boilers, but can also save time and resources
by replacing some experiments with virtual scenarios. To be reliable, these models, as
described in [44,45], need to be verified and validated by real measurements of emissions,
flame temperatures, and the oxygen profiles of the exhaust gases. In this way, they can
be used as a method to improve combustion, such as those studied in [46,47] including
in future smart systems with automatic re-adjustment of air, according to the fuel type
and desired thermal load. The current research in biomass combustion offers a wealth
of data on the combustion characteristics of different types of pellets, however there is
insufficient information available on the interaction between fuel composition, air supply
regime and emission performance, especially for mixed pellets as given in [48–50].

The authors of [51,52] focus on laboratory tests of single raw materials, while real
domestic plants operate under dynamic and often unstable conditions. The use of experi-
mentally validated CFD models creates new opportunities for the predictive and efficient
design of small-scale boiler plants, based on mixed biofuels. These models, such as those
made in [53–55], can be used to analyze both the internal temperature and hydrodynamic
fields, and to estimate emission profiles under different air regimes and pellet types. Fur-
thermore, according to the authors of [56,57], it is possible to simulate adaptive air-feeding
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strategies—including the application of intelligent control algorithms that automatically
detect the fuel and change the burner settings.

Publications on biomass combustion and the use of CFD models are increasingly being
developed, as some of these studies look at the influence of pellet composition and air
distribution on the emission characteristics of the domestic boilers. Limited data are also
available for mixed pellets, under different air supply regimes. This study aims to present
a combination of experimental measurements and a validated CFD model, allowing to
evaluate the influence of fuel type and air distribution on temperature fields, emissions
and combustion process efficiency.

This study proposes an approach where three different pellet types are analyzed, under
two air supply regimes (60% primary/40% secondary and 40% primary/60% secondary).
The analysis involves conducting experimental flue gas measurements in a real plant and
building a three-dimensional CFD model in ANSYS CFX. This allows a comparison between
the simulation results and the experimental data, as well as an objective assessment of the
influence of the fuel composition on the emission levels and process efficiency.

2. Materials and Methods
2.1. Materials

The study was conducted by burning three types of biomass pellets, shown in Figure 1.
They are as follows: type (1) is made entirely of softwood (W); type (2) consists of sunflower
husk (SH), a waste product of agricultural production; type (3) is a mixture of 70% wood
and 30% sunflower husk (W/SH). Their elemental composition is shown in Table 1. The
selected pellets are both commonly used, such as W, and suitable alternative solutions such
as SH and W/SH.

 
Figure 1. Studied samples: (1) wood pellets—W, (2) sunflower husk pellets—SH, (3) mixed blend
pellets—W/SH.
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Table 1. Characteristics of the pellets used.

Parameter Unit W SH W/SH

Carbon (C) Wt.% 45.6 48.2 49.6
Hydrogen (H) Wt.% 6.1 5.7 5.6

Sulfur (S) Wt.% 0.03 0.12 0.06
Oxygen (O) Wt.% 47.87 45.28 44.37

Nitrogen (N) Wt.% 0.4 0.7 0.37
Ash (A) Wt.% 0.73 2.47 0.69

Moisture (W) Wt.% 7.47 7.42 7.07
Lower heating
value (LHV) kJ/kg 16,770 18,200 16,710

2.2. Methods
2.2.1. Experimental Setup

The experiments were conducted in a boiler, part of an operating heating plant,
equipped with a pellet burner and automated fuel feeding device. The boiler was installed
in a residential building and adapted to burn different types of biomasses. The main flue
gas parameters were measured using a TESTO 340 portable gas analyzer (Testo, Sofia,
Bulgaria), equipped with sensors for CO, NO, NO2 and O2 measurements. The device also
allows the reading of the exhaust gas temperature. Before each series of measurements,
the system shall be allowed to operate in steady state for a period of several minutes to
prevent transient effects.

For each type of pellet, 15 separate measurements were carried out for each air supply
mode, where the values of the concentrations of the main gas components, the flue gas
temperature as well as the environmental parameters, were recorded. An uncertainty and
repeatability analysis were performed to assess the accuracy and reliability of the results.
The uncertainty was determined on the basis of the technical characteristics and calibration
of the equipment used, and the repeatability was determined by statistical processing of
15 independent measurements for each combustion mode and pellet type. The obtained
deviations are within the tolerance limits for field gas-analyzers and confirm the reliability
of the presented data. The control of the air supply is ensured by manual adjustment.
The overall set-up is designed to reflect the actual conditions under which domestic pellet
systems operate.

2.2.2. Modelling of the Combustion Process

To study the combustion process of different types of pellets, a numerical model
was developed in ANSYS CFX software environment, based on the Reynolds Averaged
Navier–Stokes Equations (RANS) and the finite volume method. The same approach was
used in [58], with the geometry, grid and boundary conditions retained in order to achieve
a direct comparison between different types of pellets, under identical conditions.

The three-dimensional model presented in Figure 2 includes the combustion chamber,
primary and secondary air inlets, fuel supply and flue gas outlet. The geometry was created,
based on the actual dimensions of the boiler, part of an operating heating system of a small
residential building.

The modelling uses an equivalent gas model, where the solid pellets are represented by
an equivalent fuel gas mixture of methane, carbon monoxide and water vapor. This ensures
adequate representation of the thermo-chemical processes and emission characteristics of
the fuel.

The applied physical models and setups include a k-ε turbulent model two-stage
reaction model WD2 NO PDF for methane-air, a P1 approximation for radiative heat
transfer, a grid with 602,674 finite volumes and 109,329 nodes, with local compression
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in the combustion and flue zones. The boundary conditions are mass flow rate and
fuel mixture composition at the inlet of the combustion chamber, independent inlets
for primary and secondary air, outlet conditions at atmospheric flue pressure, the heat
exchanger walls are modeled as constant negative heat flux surfaces, and the remaining
surfaces as adiabatic.

3 

1 
2 

Figure 2. Three−dimensional combustion chamber model: (1) inlet, primary air, (2) inlet secondary
air, (3) flue gas outlet.

Simulations were conducted under two air supply regimes, 40% primary/60% sec-
ondary air and vice versa (60%/40%), with equal heat input and equal initial conditions.
Fuel parameters—calorific value, composition and flow rate—were set individually for
each pellet type.

2.2.3. Numerical Simulation Approach

The objective of the numerical simulation is to evaluate different solid bi-fuel types
and air supply ratios on combustion process parameters and flue gas emissions. Thus, for
each type of pellets, input parameters are introduced according to their calorific value, mass
flow rate, moisture content, carbon content and other basic elements. The composition of
the equivalent combustion gas mixture was determined based on preliminary calculations
of CH4, CO and H2O ratios. The aim is to achieve a realistic simulation of the volatile
components of the solid fuel.

The simulations are implemented as non-steady-state problems, tracking the evolution
of combustion over time until a steady quasi-steady state is reached. A time step of 0.05 s
was used, with a maximum of 300 iterations at each step, and convergence was controlled
by reducing the root-mean-square (RMS) deviation below 10−4 for all equations.

2.2.4. Model Validation Approach

The validation of the numerical model was performed by a comparative analysis,
where the flue gas outlet temperature was chosen as the main parameter. This parameter is
particularly suitable, as it reflects both the combustion efficiency itself and the behavior
of the supply air flows and heat transfer in the boiler. The outlet temperature is the result
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of the interaction between the fuel, the supply air and the design characteristics of the
boiler—it therefore serves as a reliable basis for assessing the accuracy of the simulations.

For precise validation, the flue gas measurements taken during the combustion of W,
SH and W/SH, were also taken at the temperatures during actual boiler operation under
stable operating conditions. In parallel, from the simulations performed in ANSYS CFX
under the same boundary and design conditions, the same parameter is reported (Figure 3
for W, Figure 4 for SH and Figure 5 for W/SH). The aim is to observe to what extent the
numerical model can reproduce the observed temperature behavior.

 

(a) (b) 

Figure 3. Temperature field distribution at the boiler outlet during combustion of W: (a) primary air
40%, secondary air 60%. (b) primary air 60%, secondary air 40%.

  

(a) (b) 

Figure 4. Temperature field distribution at the boiler outlet during combustion of SH: (a) primary air
40%, secondary air 60%. (b) primary air 60%, secondary air 40%.



Eng 2025, 6, 257 7 of 19

 

(a) (b) 

Figure 5. Temperature field distribution at the boiler outlet during combustion of W/SH. (a) primary
air 40%, secondary air 60%. (b) primary air 60%, secondary air 40%.

The temperature distributions in Figure 3 for W represent some differences in the
thermal structure of the burning chamber. In the 40/60 regime, a relatively uniform
temperature field is observed with a distinct zone of intense combustion at the bottom of
the chamber. The temperature gradient is smooth, with a gradual decrease towards the
outlet, suggesting a stable combustion process and efficient mixing with the secondary air.
In the 60/40 mode, a higher local temperature is observed in the upper part of the chamber
and near the flue outlet, which is an indication of more intense primary combustion and
partially limited mixing in the secondary zone.

In Figure 4 for SH the temperature fields show a less pronounced and lower tem-
perature evolution, compared to the other two biofuel types. In Figure 4a, the maximum
temperature remains confined to the lower zone of the combustion chamber, with the
temperature field gradually expanding upwards. There is no distinct hot zone at the
top, which may be due to the lower energy density of the sunflower husk and the more
limited release of volatile combustible fractions. In Figure 4b, the main temperature field
is localized in the middle part of the chamber, but with a higher peak temperature in the
upper zone compared to Figure 4a. However, the distribution remains relatively chaotic
without a distinct concentrated temperature core, which may be due to an unstable
combustion process.

The temperature fields in Figure 5 represent a relatively balanced distribution in the
combusting chamber. In the regime of Figure 5a, the zone of intense combustion develops
mainly in the lower and middle part of the chamber. The temperature field is relatively
uniform, with a smooth transition to lower values in the flue direction, indicating efficient
mixing and complete combustion of the volatile components. In Figure 5b, a shift of the hot
zone towards the top of the chamber and the boiler outlet is observed. This distribution
is indicative of more intense primary combustion, with limited after-oxidation in the
secondary zone. Although with higher local temperatures, this regime leads to a more
uneven thermal load on the cladding and creates conditions for higher emissions.

The results in Figures 3–5 show the location of the main combustion and heat transfer
zones in the combustion chamber. The visualizations reflect the influence of fuel type
and the ratio between primary and secondary air on the flame structure and temperature
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field, revealing differences in the distribution of heat fluxes and zones of intense reaction.
These data are crucial for the analysis of the stability of the combustion process and for the
evaluation of the emission characteristics under different operating regimes. The correlation
of visual results with experimental measurements allows to establish relationships between
temperature fields, combustion efficiency and pollutant emission levels, which supports
the optimization of air distribution and the selection of suitable biofuels.

The selected approach allows a quick and objective comparison between real and
simulated thermal response of the system. Without requiring complex interpretation of
emission data, the temperature gives a direct insight into the overall combustion and
thermal efficiency of the process.

3. Results
3.1. Experimental Determination of Flue Gas Parameters

In order to evaluate the behavior of the pellets during combustion, 15 independent
flue gas measurements were performed for each of the three types. In order to avoid the
influence of the transient state between measurements, a pre-period was provided to sta-
bilize the combustion process, and in addition a fine-tuning of the system was performed
to ensure that the exact ratio between primary and secondary air was maintained.

The average values from these measurements—including CO, NOx, O2 and flue gas
temperature—are summarized in Table 2. The resulting data were used to develop and
validate the numerical models used to simulate the combustion process.

Table 2. Averaged values of the flue gas parameters, during the combustion of the three types
of pellets.

Parameter Unit W SH W/SH

O2 Vol.% 9.15 9.5 9.34
CO2 Vol.% 8.3 7.9 8.1
CO mg/m3 90.3 1095.3 148.7

NOx mg/m3 194.1 679.3 201.8
η % 91.4 90.3 90.9

Temperature output ◦C 72.6 75.9 74.1
Temperature Inlet ◦C 52.9 55.4 53.7

Flue gas temperature ◦C 96.2 98.1 96.9
Ambient temperature ◦C 20.9 21.7 21.4

Engine power kW 12.5 10.9 11.8
Air excess coefficient λ 1.41 1.57 1.44

Fuel consumption kg/h 7.6 7.3 6.8

3.2. Combustion Process Modelling Results

The summary results obtained by modelling the combustion process of the three types
of pellets are presented in Table 3.

The results from the models for the two air supply methods show some differences
in the behavior of the combustion process, depending on the pellet type. The mode with
predominantly secondary air supply (40/60) leads to a more intense mixing of the fuel
with the air in the combustion chamber, which improves the combustion rate for pellets
with less volatile compound content. On the other hand, the 60/40 mode is more suitable
for pellets with a high volatile content as it creates conditions for rapid first ignition and
reaction. The assessment of the mass fractions of the components in the flue gas allows
the analysis of the combustion process. The presence of methane and carbon monoxide in
the fluid mixture is an indicator of incomplete reaction. In the simulation results obtained,
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these components are practically absent, suggesting high combustion rates for all pellet
types and air supply modes.

Table 3. Results obtained by the CFD model.

Parameter № W SH W/SH

CH4 ** 1 * ~0 ~0 ~0
2 * 0 0 0

CO **
1 * ~0 ~0 ~0
2 * 0 0 0

CO2 ** 1 * 25.7 × 10−2 28.3 × 10−2 25.4 × 10−2

2 * 26.9 × 10−2 24.2 × 10−2 25.0 × 10−2

H2O ** 1 * 3.28 × 10−2 2.8 × 10−2 3.1 × 10−2

2 * 2.3 × 10−2 1.9 × 10−2 2.2 × 10−2

N2 ** 1 * 66.5 × 10−2 62.5 × 10−2 66.7 × 10−2

2 * 64.8 × 10−2 68.1 × 10−2 67.3 × 10−2

NO **
1 * 4.5 × 10−3 6.1 × 10−3 4.7 × 10−3

2 * 3.5 × 10−3 3.4 × 10−3 3.42 × 10−3

O2 ** 1 * 40.1 × 10−3 56.8 × 10−3 41.5 × 10−3

2 * 56.2 × 10−3 54.8 × 10−3 51.6 × 10−3

Flue gas density, kg/m3 1 * 77.4 × 10−2 85.1 × 10−2 77.5 × 10−2

2 * 77.3 × 10−2 80.4 × 10−2 76.6 × 10−2

Flue gas temperature, ◦C 1 * 238 199 241
2 * 250 217 248

Flue gas velocity, m/s 1 * 73.1 × 10−2 59.9 × 10−2 70.3 × 10−2

2 * 68.4 × 10−2 61.4 × 10−2 69.1 × 10−2

Flue gas mass flowrate, kg/s 1 * −1.14 × 10−4 −1.0 × 10−4 −1.1 × 10−4

2 * −1.15 × 10−4 −1.0 × 10−4 −1.11 × 10−4

* The data in the table are for two air supply methods. (1—40/60 and 2—60/40). ** Mass share, %.

The increased CO2 content in the exhaust is usually associated with the oxidation
of organic carbon. Sunflower pellets at a 40/60 ratio exhibit the highest CO2 values,
indicating a good thermal process. Wood and mixed pellets show similar but slightly
lower values, which may be the result of differences in combustion dynamics or feed-
stock characteristics. The H2O concentration reflects both the moisture content of the
fuel and the amount generated during combustion. The highest fraction is reported
for wood pellets, which is probably due to their higher moisture content. Mixed pel-
lets have slightly lower values, and the mixing of the raw materials leads to a better
moisture balance.

N2, presents primarily as a component of the air, and shows minimal variation
between pellet types. These differences are mainly due to specific air settings and are
not the result of a chemical reaction. NO levels are particularly important from an
ecological point of view as it is an axis of the more harmful nitrogen compounds. The
highest values are reported for sunflower pellets—probably due to the organic nitrogen
content of the biomass. Mixed pellets and the 60/40 air supply had the lowest NO
concentrations, confirming that air regulation is an effective way to control emissions.
The O2 concentration is more indicative of the degree of excess air. The highest values
are observed for sunflower pellets, suggesting the under-utilization of the available
oxygen. For wood and mixed pellets, the concentrations are lower, this is an indication
of more complete and efficient combustion.
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The flue gas density also varies with the type of pellet—it is highest for sunflower
pellets, which is probably due to the higher CO2 content and residual components. This
may have an influence on the thermal and hydrodynamic flow characteristics and heat
transfer efficiency. The temperature profile of the outlet gases is essential. The lower
temperature observed for sunflower pellets (around 199 ◦C at 40/60) may indicate partial
combustion or low energy value. In contrast, mixed pellets maintain higher temperatures
(between 241 and 248 ◦C), suggesting better utilization of the heat potential.

The flue gas velocity affects the residence time and contact within the combustion
zone. For wood pellets with a 40/60 ratio, a higher velocity (about 0.73 m/s) results in
better mixing, but may shorten the response time. Mixed pellets, with a moderate velocity
of about 0.69 m/s at 60/40, show the most balanced behavior. Flue gas mass flowrate is also
an indicator of combustion intensity. Wood pellets and the 60/40 ratio show the highest
value, which is consistent with the observed higher temperature and process dynamics.
Mixed pellets show stable values and good combustion efficiency.

3.3. Model Validation

The validation of the numerical model was performed by direct comparison between
the simulation and the experimentally measured flue gas temperature at the boiler outlet.
This parameter was chosen as validation parameter, because it reflects the generalized
efficiency of the combustion process and the heat transfer in the combustion chamber.

During the experiments, average flue gas temperature values were recorded for each
pellet type. These values were compared with the results of the CFD simulations, under
the same air supply conditions. The results are presented in Table 4.

Table 4. Comparison between experimental and simulated flue gas temperatures.

Pellets Experimental
Temperature, ◦C

Simulation
Temperature, ◦C

Difference,
◦C Deviation, %

W 96.2 98.4 +2.2 +2.29
SH 98.1 101.3 +3.2 +3.26

W/SH 96.9 95.7 −1.2 −1.24

The comparison shows good correlation between the simulated and actual measured
temperatures, with differences in the ±3.5% range. This confirms that the model correctly
reproduces the thermal behavior of the system and can be used with high reliability to
evaluate the combustion process for different types of pellets. For the validity of the model
can also be taken into account the observed consistency in the temperature dependencies
between the different fuels—for sunflower pellets the highest outlet temperature is reported,
while for mixed and wood pellets it is lower, but similar in value. This trend is observed
equally in the simulations and the experiment, confirming the sensitivity of the model to
changes in fuel composition.

Based on these results, it can be concluded that the developed numerical model has
been successfully validated in terms of flue gas outlet temperature and is suitable for use in
the analysis and optimization of the combustion process in domestic pellet boilers.

In addition to the flue gas outlet temperature, the experimentally measured concen-
trations of the main emission components—CO, NOx and O2—under identical operating
conditions and air supply regimes, were compared for the validation of the numerical model.
For this purpose, averaged values of 15 independent measurements for each mode and pellet
type were used, ensuring statistical representativeness of the data. The deviations between
calculated and measured values for these components are within ±10%, which is consistent
with published results for boilers of the same class and power in [59]. The validation results
show that the developed CFD model reproduces with a high degree of confidence both the
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top-line and chemical behavior of the combustion process. This enables the model to be used
as a reliable tool for investigating and optimizing the influence of different fuel types and
air supply ratios on the boiler emission characteristics. This provides the necessary accuracy
for the analysis of the processes that are the main focus of the present study and are directly
relevant for emission reduction and fuel efficiency improvement.

Considering the validation against the averaged concentrations of the emission com-
ponents (CO, NOx and O2), the uncertainty of the measurements was assessed by an error
propagation method based on the technical characteristics of the gas analyzer sensors
and repeated measurements under stable operating conditions. The combined standard
uncertainty for each measured parameter was estimated to be below 5%. Additionally,
a single-factor sensitivity analysis was performed where key boundary conditions (pri-
mary/secondary air ratio ±5%, pellet feed flow rate ±2%) and numerical model parameters
(turbulence intensity and reaction rate constants) were varied. The results show that the
predicted emission component concentrations and temperature fields remain stable within
±7% with respect to the baseline solution, confirming the robustness of the CFD model to
parameter variations and the influence of measurement uncertainty, which is in agreement
with the results presented in [60–62].

In order to quantify the differences between the experimental and calculated results,
the Average Absolute Relative Deviation (AARD) was calculated for all investigated modes
of operation, determined using the equation [63]:

AARD =
100
N ∑N

i=1

⌈
Xi,sim−Xi,exp

Xi,exp

⌉
(1)

where Xi,sim and Xi,exp are the calculated and experimental values, respectively, and N is
the number of points compared. The obtained values are in the range of 6–9%, indicating
good agreement and confirming the reliability of the numerical model.

To provide a consolidated overview of the combustion characteristics of the three tested
fuels, an additional graphical representation is included. Figure 6 presents a normalized
diagram comprising six parameters: carbon monoxide and nitrogen oxides emissions,
oxygen concentration in the flue gases, excess air ratio, combustion efficiency, and flue
gas temperature. The data used in the figure are reproduced from the experimental
and simulation results described earlier. This visual comparison allows simultaneous
assessment of the effects of fuel composition on emission levels and thermal behavior.
Wood pellets demonstrate the most favorable values, sunflower husk pellets are associated
with higher emissions and temperatures, while the mixed fuel exhibits intermediate and
balanced performance.

Figure 6. Normalized values of CO, NOx, O2, λ, η, and T (gas) for the three pellet types, showing
differences in combustion behavior.
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The measured emissions of carbon monoxide (CO) and nitrogen oxides (NOx) for
each pellet type are presented in Figure 7. Wood pellets result in the lowest values for
both CO and NOx, while sunflower husk pellets show the highest emissions. The mixed
fuel exhibits intermediate levels, indicating a potential reduction in pollutant formation
through blending.

Figure 7. CO and NOx emissions [mg/m3] for the three pellet types.

To ensure comparability of the combustion conditions, the oxygen concentration (O2)
in the flue gases and the excess air ratio (λ) were also evaluated. As shown in Figure 8,
the values remain relatively consistent across all fuel types, suggesting that differences in
emission levels are primarily due to fuel composition rather than air supply variations.

Figure 8. O2 concentration [Vol.%] and excess air ratio (λ) during combustion.

Experimental and simulated flue gas temperatures for each pellet type are shown
in Figure 9. The small deviations between both datasets confirm the accuracy of the
numerical model.
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Figure 9. Comparison of simulated and experimental flue gas temperatures for the three pellet types.

In summary, the results indicate that combining different biomass fuels can offer a
better balance between performance and environmental impact. The observed trends were
confirmed both experimentally and through simulation, providing a solid foundation for
further optimization of combustion systems.

4. Discussion
The results of the presented study show differences in the emissions profile and

thermal behavior, of the three types of pellets studied. The lowest CO emissions and
good combustion efficiency were observed for wood pellets, while increased CO and NOx

values were observed for agro-pellets (sunflower husks), probably related to the higher
nitrogen and ash content in the biomass. Mixed pellets demonstrate intermediate behavior,
with advantages both in terms of combustion stability and emission control. Similar
relationships were also reported in the authors’ study in [64], where agro-pellets from
waste raw materials showed a tendency to slag the formation and to release higher levels of
NOx, while wood maintained cleaner combustion with lower residual gases. Studies in [65]
with nut bio-pellets also noted high ash values and a specific influence on the thermal field
in the combustion chamber.

In the case of the mixed pellets, the researchers in [66] indicated that combining
different types of biomasses can lead to a balance between energy value and sustainable
combustion, especially when a ratio of around 30% agro-biomass is maintained. This
is consistent with the good performance observed for the mixed pellets in the present
study. Another relevant comparison was made in [67], where instability and increased CO
content were observed, when burning straw pellets in a small reactor, similar to the values
reported here for pure agro-pellets. The results presented in [68] emphasize the role of air
distribution in the co-combustion of wood pellets and animal waste, clearly showing a
dependence between the ratio of primary and secondary air supply and the levels of the
main pollutants. Adjusting this parameter leads to a reduction in CO, NOx and fine dust
emissions, accompanied by a more sustainable combustion process.
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In the authors’ study in [69], using both wood and agro-pellets, it was shown that CFD
models can predict temperature and emission profiles with high accuracy. This is in line
with the validated results in the present work, where the deviations between measured and
simulated values of key parameters (CO, NO, O2) remain within ±10%. The authors of [70]
emphasize the importance of air supply and its influence on CO emissions when burning
mixed biomass, especially in domestic installations. Their results support the conclusion
that mixed pellets used in a 60/40 feed regime provide the most stable combustion with
minimal emissions.

The results of the comparison of simulated and measured flue gas temperatures
show that the numerical model used successfully represents the real processes, taking
place in the combustion chamber. For all the pellets investigated, the differences are
minimal, which leads to the assumption that the model is fully reliable for the assessment
not only of the emissions but also of the thermal behavior of the system. The flue gas
temperature at the combustion chamber outlet, as a summary indicator of combustion
efficiency, complements the information obtained from the CO, NOx and O2 concentra-
tions and allows a broader view of the dependence on fuel type and air supply regime,
as discussed further in [70].

The measured concentrations of the main gas components confirm the influence of
the fuel type and air supply modes on the emission profile of the system. The highest
concentrations of CO—1095.3 mg/m3 and NOx—679.3 mg/m3 were reported for the
combustion of sunflower husk pellets, which is possible due to the higher nitrogen and
mineral impurities content in the feedstock. Wood pellets show the lowest emissions of
CO—0.3 mg/m3 and NOx—194.1 mg/m3, while for mixed pellets intermediate values
are reported—for CO 148.7 mg/m3 and for NOx 201.8 mg/m3, confirming the potential
for plant improvement by combining different biomass feedstocks. The O2 contents of
9.15–9.5% and CO2 of 7.9–8.3% follow the expected dependencies on the primary/secondary
air ratio and indicate that a more complete oxidation of the volatile components is achieved
when the amount of secondary air is increased. The results obtained are consistent with
the trends better shown by the simulation model and confirm that both the chemical
composition of the pellets and the air supply influence the emission profile of the boiler.

In addition to the specific measured/reported values, this study also makes an applied
contribution with practical implications. A numerical model has been applied to evaluate
the combustion process using different types of pellets, including those made from a
mixture of wood and sunflower husk, an alternative that is increasingly the preferred raw
material in heating systems. By comparing two air supply regimes and three pellet types,
the relationship between pellet composition, combustion efficiency and flue gas emissions
is outlined. The results presented are based on measurements under stable conditions,
this provides a future reference with a practical guideline and a basis for improving the
combustion regime in domestic boilers.

The application of AARD for comparison of experimental and calculated results
shows that the deviations between the model and real data are within the tolerable
limits (6–9%), which is in agreement with published results for analogous combustion
processes in [60,63,71]. This confirms the reliability of the developed CFD model and its
applicability for the analysis of combustion regimes and emission characteristics using
different types of biofuels.

The measured CO and NOx emissions show a clear dependence on the type of
biomass used. Among the tested fuels, sunflower husk pellets produced the highest
NOx levels, which can be attributed to their higher nitrogen content. This trend is
consistent with earlier studies reporting increased NOx formation during the combustion
of agro-residues [72,73]. In comparison, wood pellets resulted in significantly lower



Eng 2025, 6, 257 15 of 19

emissions, as also documented in other small-scale combustion experiments [73]. The
intermediate emission values recorded for the W/SH blend indicate that mixing wood
and agricultural biomass can reduce the intensity of NOx formation. Similar effects
have been observed in co-combustion studies where partial substitution of straw with
woody biomass lowered NOx output by up to 40% [74]. The oxygen concentration in the
flue gases remained relatively stable across all tests, with values around 9%, suggesting
comparable air supply conditions. These results match previous findings on small-
scale boilers operating under controlled excess air [75,76]. The similarity in O2 levels
reinforces the conclusion that the differences in CO and NOx emissions are primarily due
to fuel composition rather than differences in combustion regime. Finally, the deviation
between the simulated and experimentally measured flue gas temperatures did not
exceed 3 ◦C, which confirms that the numerical model is well calibrated. This level of
agreement aligns with other validated simulation studies focused on pellet stoves and
residential-scale boilers [77,78].

5. Conclusions
The conducted study shows that the type of biomass and the air supply mode affect

the emission characteristics and combustion efficiency of small domestic boilers. Wood
pellets provide the lowest CO emissions and stable combustion, while the agro-pellets
require more precise control of flue gases, due to the higher NO and ash content. Mixed
pellets, composed of wood and agro-waste, stand out with balanced combustion charac-
teristics. They combine the advantages of the two main types of pellets and show good
adaptability to different air regimes, ensuring good combustion efficiency. Numerical
modeling, validated by experimental data, confirms its applicability in the assessment and
optimization of processes in domestic pellet boilers. The application of CFD approaches
with real input parameters provides an opportunity for predictable and sustainable design
of fuel systems, tailored to the composition of the biofuels used.

The experimental results showed that sunflower husk pellets produced notably higher
emissions of CO and NOx compared to wood pellets, while the blended variant exhibited
intermediate behavior. The combustion efficiency across all fuels ranged between 90.3%
and 91.4%, highlighting the combined influence of fuel composition and air distribution on
flue gas quality and overall combustion stability.

The CFD model applied in the study operates under steady-state conditions and
does not capture the transient fluctuations inherent to real combustion processes. Con-
sequently, the predicted gas concentrations represent averaged values and omit in-
stantaneous variability. Despite this simplification, the model outputs are in close
agreement with experimental data when comparisons are made using averaged results.
The observed deviations fall within the ranges reported in similar studies on small-scale
biomass boilers [66,68,70], which supports the model’s suitability for assessing the effects
of fuel type and air distribution, while also acknowledging its limitations in capturing
dynamic combustion behavior.

Model validation using the AARD metric demonstrated agreement with experimental
data within 6–9%, further supporting the credibility of the CFD approach for analyzing
both combustion performance and emission characteristics.

Overall, the results emphasize the role of fuel selection in controlling emissions
in small-scale biomass combustion. The validated model offers a solid foundation
for future investigations focused on enhancing combustion efficiency and minimizing
environmental impact through targeted design improvements in chamber geometry and
air flow distribution.
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69. Horvat, I.; Dovic, D.; Filipović, P. Numerical and Experimental Methods in Development of the Novel Biomass Combustion
System Concept for Wood and Agro Pellets. Energy 2021, 231, 120929. [CrossRef]

70. Mižáková, J.; Pitel’, J.; Hošovský, A.; Pavlenko, I.; Ochowiak, M.; Khovanskyi, S. Biomass Combustion Control in Small and
Medium-Scale Boilers Based on Low Cost Sensing the Trend of Carbon Monoxide Emissions. Processes 2021, 9, 2030. [CrossRef]

71. Channiwala, S.A.; Parikh, P.P. A Unified Correlation for Estimating HHV of Solid, Liquid and Gaseous Fuels. Fuel 2002,
81, 1051–1063. [CrossRef]

72. Shan, Y.; Zhou, H.; Sheng, C. Ash Formation and Associated Interactions during Co-Combustion of Wheat Straw and Sewage
Sludge. Energies 2024, 17, 1486. [CrossRef]

73. Tumuluru, J.S.; Lim, C.J.; Bi, X.T.; Kuang, X.; Melin, S.; Yazdanpanah, F.; Sokhansanj, S. Analysis on Storage Off-Gas Emissions
from Woody, Herbaceous, and Torrefied Biomass. Energies 2015, 8, 1745–1759. [CrossRef]

https://doi.org/10.3390/su17010140
https://doi.org/10.3390/en16041695
https://doi.org/10.3390/en15239096
https://doi.org/10.3390/en11123287
https://doi.org/10.3390/e24020202
https://www.ncbi.nlm.nih.gov/pubmed/35205497
https://doi.org/10.3390/en16237839
https://doi.org/10.3390/en16186705
https://doi.org/10.3390/pr11092790
https://doi.org/10.3390/en16237783
https://doi.org/10.3390/su15032600
https://doi.org/10.3390/fuels6020040
https://doi.org/10.3390/ma15144826
https://doi.org/10.1016/j.fuel.2021.121495
https://doi.org/10.3390/en11102513
https://doi.org/10.1016/j.molstruc.2024.137870
https://doi.org/10.1016/j.applthermaleng.2015.04.053
https://doi.org/10.1016/j.fuel.2020.117228
https://doi.org/10.1016/j.fuel.2020.119256
https://doi.org/10.1016/j.fuel.2018.11.054
https://doi.org/10.3390/ma14102484
https://doi.org/10.3390/en16186691
https://doi.org/10.1016/j.energy.2021.120929
https://doi.org/10.3390/pr9112030
https://doi.org/10.1016/S0016-2361(01)00131-4
https://doi.org/10.3390/en17061486
https://doi.org/10.3390/en8031745


Eng 2025, 6, 257 19 of 19

74. Nyashina, G.S.; Dorokhov, V.V.; Shvedov, D.K.; Strizhak, P.A. Wood Pellets with Waste: Energy, Environmental and Mechanical
Aspects. Renew. Energy 2025, 250, 123269. [CrossRef]

75. Feldmeier, S.; Schwarz, M.; Wopienka, E.; Pfeifer, C. Categorization of Small-Scale Biomass Combustion Appliances by Character-
istic Numbers. Renew. Energy 2021, 163, 2128–2136. [CrossRef]

76. González, J.F.; Álvarez Murillo, A.; Díaz García, D.; Nogales-Delgado, S. The Determination of Combustion for Different Pellets
Based on Ostwald Diagrams in a Domestic Stove under Experimental Conditions. Appl. Sci. 2023, 13, 12007. [CrossRef]

77. Silva, J.P.; Teixeira, S.; Teixeira, J.C. Development of a CFD Model to Study the Fundamental Phenomena Associated with Biomass
Combustion in a Grate-Fired Boiler. Processes 2025, 13, 2617. [CrossRef]
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