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Resume
Biomass combustion is a widely used renewable option for a small-scale 
heat and power, but incomplete burnout and pollutant formation remain 
challenges in boilers without optimized air staging. In this study, is 
investigated how controlled transport of air into the flame zone, implemented 
with an auxiliary tertiary system, affects performance and emissions in a 
bottom-fed pellet boiler. Tests were performed at constant fuel feed and 
primary/secondary airflow, with tertiary air varied between 0 and 15.8 m3/h. 
An airflow of about 8.9 m3/h proved optimal, giving the highest thermal 
output, a more uniform temperature distribution, and a nearly twentyfold 
reduction in CO emissions normalized to 10% O2. NOx rose only moderately 
(by approximately 60 mg/m3). The findings show that targeted air transport 
and staging into the flame zone can substantially improve combustion 
completeness and boiler efficiency.
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characteristics, such as pellet uniformity, moisture 
content, and composition, significantly affect gaseous 
emissions and particulate matter (PM) formation. For 
instance, studies have shown that high moisture content 
can increase emissions of CO, PAHs, and PM by factors 
of two to five, compared to drier fuel [8-9]. The fuel type, 
pre-treatment methods, and geometry also play a role 
in combustion efficiency and emission profiles [10-12]. 
Research further indicates that variations in feedstock 
composition, such as higher bark or agricultural residues, 
can alter the ash behavior and emission tendencies, 
while the application of mineral additives may improve 
fuel quality and stability during combustion [13-15].

Additionally, process dynamics during different 
combustion stages critically influence the pollutant 
release. Nussbaumer et al. (2008) observed that nearly 
half of total PM emissions can occur during the startup 
phase, which typically comprises only a small fraction 
of the cycle [16]. Fachinger et al. (2017) noted that both 
excessively low and high combustion velocities lead 

1 	 Introduction

The biomass remains the sole renewable carbon-
based fuel, and among thermochemical conversion 
technologies, combustion stands out as a dependable 
method for producing both heat and electricity. Over 
the past two decades, solid biofuels, particularly pellets, 
have emerged as one of the fastest‑growing energy 
sources. However, many combustion systems were 
originally engineered for coal or fossil fuels and thus 
often suffer from poor control and incomplete burnout. 
In contrast, boilers specifically designed for biomass 
can extract energy more efficiently and lower pollutant 
emissions [1-2]. The growing focus on energy efficiency 
and emission reduction across all the sectors of transport 
and power generation underlines the importance of 
sustainable fuels such as biomass in the broader energy 
transition [3-6].

The combustion dynamics of pellet boilers are 
influenced by numerous variables [7]. Fuel quality 
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fuel distribution, particularly the injection location and 
staging of flame-zone air, provides a promising pathway 
to enhance combustion completeness, reduce harmful 
emissions, and improve boiler thermal efficiency. 
Building on these insights, Backa et al. reported that in 
automatic boilers with bottom fuel feeding and without 
direct air supply into the flame region, elevated CO 
concentrations were observed even in the upper flame 
layers, whereas NOx emissions remained relatively 
constant across the flame profile [24-25]. 

To address this limitation, an auxiliary tertiary 
air supply system was developed to introduce the 
combustion air directly into the flame zone, thereby 
improving the mixing of CO with O2 and promoting its 
oxidation to CO2.

The objective of the present research therefore was 
to examine the influence of the flame-zone air injection 
strategies on emission reduction and combustion 
performance in small-scale pellet boilers. Specifically, 
the study aimed to quantify how adjustments in flame-
zone air staging affect CO, NOx, and overall heat output 
to water, building upon both classical literature and the 
most recent experimental and numerical findings.

2	 Materials and methods

In this section is described the experimental 
approach used to evaluate the influence of auxiliary air 
injection into the flame zone on boiler performance and 
emissions. The tests were carried out at constant fuel 
feed and constant primary/secondary airflows, while 
the tertiary airflow was varied in defined steps. In 
addition to heat output and temperature distribution in 
the combustion chamber, the main flue-gas components 
were continuously measured.

2.1	 Experimental setup

The experiment was conducted on an automatic 
pellet-fired boiler with bottom fuel feeding (LOKCA 
USPOR) with a nominal rated output of 18 kW. However, 
since the unit represents an older type of appliance, 
its real achievable capacity was lower; the maximum 
measured output was approximately 15 kW. This type 
of combustion device is still relatively common in the 
regional market of Eastern Europe [26]. The fuel used 
in this study was spruce wood pellets certified to ENplus 
A1 quality. The proximate and ultimate analyses of the 
fuel are summarized in Table 1. 

to elevated emission factors. Ignition strategy further 
impacts outcomes: top‑down ignition methods reduce 
PM emissions by 50-80% relative to conventional bottom 
ignition [17].

Efficient pellet combustion relies not only on 
the overall air-to-fuel ratio but on the spatial and 
temporal distribution of the supplied air, as well 
[7]. The combustion chamber typically receives air 
through three distinct streams: primary, secondary, and 
tertiary. Each of these inlets serves a specific function 
in the combustion process. The primary air is generally 
introduced beneath the fuel bed, where it promotes 
the initial stages of drying and devolatilization. Proper 
control of this stream is critical, as an insufficient supply 
can lead to incomplete oxidation of volatile compounds, 
whereas an excess may lower combustion temperatures 
and reduce efficiency. The secondary air is directed 
above the fuel bed into the region where volatile gases 
are released. Its role is to ensure thorough oxidation of 
these gases, thus minimizing unburned hydrocarbons 
and carbon monoxide. Optimizing secondary air 
distribution enhances flame stability, promotes complete 
burnout, and contributes to lower emission factors. 
The tertiary air, more commonly applied in larger and 
high-output boilers, is injected further downstream 
into the flame path. This airflow supports the final 
stage of oxidation, preventing the escape of unburned 
gases and fine particulates. Moreover, the strategic use 
of tertiary air helps maintain cleaner surfaces in the 
combustion chamber and the flue gas path by reducing 
soot deposition [18]. Complementary measures, such 
as compact cyclones or other dust separators, are often 
applied downstream to further reduce fine particle 
emissions, supporting overall system efficiency and 
compliance with emission limits [19].

Recent investigations have demonstrated that the 
redistribution of combustion air across these stages 
can substantially alter both emission profiles and 
thermal efficiency. Studies by Regueiro et al. showed 
that inadequate staging, where only primary air is used, 
results in particulate concentrations exceeding 360 mg/
Nm3 at 6% O2 [20]. In contrast, staged air injection with 
appropriate secondary and tertiary airflows reduces 
particulate levels to as low as 15-75 mg/Nm3 under 
similar conditions, though it may influence NOx and 
CO formation differently. Other research confirms that 
dynamic control of air staging, adjusting the proportion 
and injection points during various combustion phases, 
can further optimize combustion, reducing CO and PM 
while maintaining high boiler performance [21-23]. These 
developments strongly indicate that optimizing the air-

Table 1 Proximate and ultimate analyses of used wood pellets (*O2 content was calculated by difference)

Volatile Matter Fixed Carbon Moisture Ash

77.13 16.95 5.56 0.36

Carbon Hydrogen Nitrogen Sulfur Oxygen*

50.43 6.61 < 0.04 0.12 42.47
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Following the findings of earlier studies, a system for 
the delivery of additional tertiary air was implemented. 
A schematic diagram of the combustion device, including 
the arrangement of the tertiary air supply, is shown in 
Figure 2.

Figure 3 shows the real experimental setup used 
to supply the tertiary air, with detailed views of the air 
duct and the combustion chamber.

Measurements were carried out under the constant 
primary and secondary air supply, while varying the 
tertiary air flow. The air distribution into the flame 
zone was provided by a manifold with nine orifices, 
whose diameters increased gradually from the center 
towards the periphery, with the central opening having 
a diameter of 6 mm and rising by approximately 5-10% 
outwards from one orifice to the next (Figure 3). The 
tertiary air jets were directed perpendicularly against 
the natural upward flow of the flue gases, to enhance 
mixing while minimizing the penetration into the fuel 
bed, which could otherwise cause an undesirable release 
of particulate matter.

The pellets were automatically transported from the 
fuel hopper into the retort burner by means of a screw 
conveyor, operating in 18-second feeding cycles followed 
by 25-second pauses, resulting in a steady fuel supply of 
approximately 5.8 kg/h. The boiler fan provided a fixed 
combined primary/secondary air supply corresponding 
to a mass flow rate of 63.3 kg/h. The chimney draft 
was kept constant at 12 ± 2 Pa, in accordance with 
the STN EN 16510-1 requirements [27]. The draft was 
monitored with a differential pressure sensor, featuring 
a maximum measuring span of 0-100 Pa and an accuracy 
of 0.5%. In addition, the flue gas temperature inside the 
chimney was continuously recorded using a NiCr-Ni 
thermocouple.

2.2	 The tertiary air supply

Originally, the boiler was equipped only with the 
combustion fan supplying a combined stream of primary 
and secondary air (Figure 1). 

Figure 1 Method of air supply to the combustion chamber through a bottom-fed burner (before the modification)

Figure 2 Experimental setup (external system and combustion chamber after the modification)
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2.3	 Emission measurements

The analysis of flue gases was carried out using an 
ABB AO 2020 system. This device was fitted with the 
Uras 26 infrared module, which enabled continuous 
monitoring of carbon monoxide, carbon dioxide, 
nitrogen oxides, and sulfur oxides, with a measurement 
uncertainty below 1%. Oxygen concentration was 
determined with the Magnos 206 module, offering a 
precision of ± 0.5%.

Concentrations of the monitored components were 
initially logged in parts per million (ppm). For further 
evaluation, the values were recalculated to mg/Nm3 in 
accordance with STN EN 16510-1 [27], as expressed in 
Equation (1). 

CO CO
O

d
21
21 10

%O COppm10
2

2 $ $=
-
- .	 (1)

In Equation (1), CO10%O2 represents the standardized 
carbon monoxide concentration at 10% O2, COppm is the 
measured concentration in ppm, dCO (kg/m3) is the 
density of carbon monoxide, and O2 is the measured 
oxygen concentration (%). The normalization of emission 
values to 10% O2 is consistent with the requirements 
set by Commission Regulation (EU) 2015/1189, which 
defines the eco-design criteria for solid fuel boilers of 
this type [28].  

The same conversion procedure was applied for 

The transport of tertiary (auxiliary) air was ensured 
by an external fan equipped with a frequency converter, 
allowing adjustment of the rotational speed and thus the 
delivered air volume. The air was conveyed through a 
metal pipe with an inner diameter of 17 mm, into which 
the FVAD 15 MA1 anemometer was installed to measure 
the flow velocity. Based on the recorded velocity data (v), 
the volumetric airflow was calculated. The anemometer 
provided a measurement accuracy of ± 0.5% of the 
sensor’s final value and ± 1.5% of the measured value. 
From this point, the system continued through a metal 
pipe section and a ¾″ flexible tube connected to the 
distribution head. The head consisted of a bent pipe 
with evenly drilled openings whose diameters gradually 
increased from the center toward the edge, thereby 
supplying the main tertiary air stream through the 
central openings while ensuring a uniform distribution 
across the flame zone.

A series of tests was performed with the tertiary 
air flow rates of 0, 3.73, 8.92, 13.4, and 15.82 m3/h. 
Each measurement lasted 30 minutes and was started 
only after the O2 concentration, thermal output, 
and temperatures had stabilized. At the top of the 
combustion chamber, just before the heat exchanger 
section, three NiCr-Ni thermocouples (T1-T3; see 
Figure 2) recorded temperatures to monitor changes 
in the distribution of hot gases prior to and after  
the optimization.

Figure 3 Real experimental setup for the tertiary air supply:  
a) overall system, b) air duct detail, and c) combustion chamber view
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flame zone, thereby enhancing oxidation processes and 
stabilizing combustion. However, at higher tertiary 
airflows (13.4 and 15.8 m3/h), the distribution again 
became less balanced, suggesting that excessive air 
injection may disturb the flame stability and cool 
localized regions, thereby weakening combustion 
intensity. Comparable findings were reported by Kardas 
et al. (2024), who demonstrated that while separating 
combustion air into multiple stages reduced the CO 
emissions and improved flame oxidation, overly large 
secondary air supply decreased overall combustion 
efficiency due to excessive dilution and cooling of the 
reaction zone [30].

The boiler output and gas composition trends further 
support this interpretation (Figure 5 and Table 3). 
With increasing tertiary air supply, the flue gas oxygen 
concentration gradually rose from 11.68% to 13.92%, 
while CO2 content decreased from 9.19% to 6.76%, 
indicating excess air conditions. The maximum water 
heat output of 11.33 kW was achieved at 8.9 m3/h, 
indicating that this setting provided the most favorable 
balance between the fuel feed and oxygen availability.

 Further increases in tertiary airflow slightly 
reduced the boiler heat output, confirming that the 
excess air no longer contributed to combustion but 
instead reduced flame temperature and efficiency. These 

nitrogen oxides, while the formation of sulfur oxides was 
negligible since the tested biomass fuel did not contain 
sufficient sulfur to produce detectable SOx emissions.

3	 Results and discussion

The temperature distribution in the upper part 
of the combustion chamber before the heat exchanger 
section revealed that even under the baseline conditions 
without tertiary air supply the system exhibited 
significant non-uniformity (Figure 4 and Table 2). The 
measured temperatures ranged from 587 °C at T1 down 
to only 463 °C at T3, clearly indicating uneven mixing of 
hot gases and the presence of colder flue gas in volume.

Such irregularities in temperature stratification are 
typical of older pellet boiler designs without optimized 
air staging, where the incomplete mixing and insufficient 
oxygen supply in the upper flame layers lead to unstable 
combustion zones [29]. With the addition of tertiary air, 
these temperature discrepancies were partly alleviated. 
The most uniform distribution was observed at a tertiary 
airflow of 8.92 m3/h, where the temperatures across the 
measurement points converged to 598 °C at T1 and T2, 
and 549 °C at T3. This more balanced profile reflects 
improved mixing of unburnt gases with oxygen in the 

Figure 4 Temperature distribution in the upper part of the chamber with and without the tertiary air supply

Table 2 Effect of tertiary air supply on temperature distribution in the upper part of the chamber

Tertiary air flow rate
Thermocouple position

T1 T2 T3

0 [m3/h] 587 528 463

3.73 [m3/h] 622 665 560

8.92 [m3/h] 598 598 549

13.4 [m3/h] 589 580 530

15.82 [m3/h] 580 581 525
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Figure 5 O2, CO2 and boiler heat output at different tertiary air flow rates

Table 3 Measured values of O2, CO2, and boiler heat output for different tertiary air flow settings

Parameter
Tertiary air flow rate

0 m3/h 3.7 m3/h 8.9 m3/h 13.4 m3/h 15.8 m3/h

O2 [%] 11.68 13.30 13.32 13.61 13.92

CO2 [%] 9.19 7.31 7.33 7.05 6.76

Heat output [kW] 10.89 10.92 11.33 11.04 10.78

Figure 6 The CO and NOx levels (normalized to 10% O2) at different tertiary air flow rates

Table 4 CO and NOx concentrations (normalized to 10% O2) at various tertiary air flow rates

Parameter
Tertiary air flow rate

0 m3/h 3.7 m3/h 8.9 m3/h 13.4 m3/h 15.8 m3/h

CO(10%O2) 1939 1189 103 59 53

NOx(10%O2) 103 140 156 160 164
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4	 Conclusion

Overall, the results indicate that a tertiary airflow of 
approximately 8.9 m3/h constitutes the optimal operating 
condition for the tested pellet boiler. At this setting, the 
system achieved the most homogeneous temperature 
distribution, the highest measured thermal output, and 
a drastic reduction in CO emissions, while the increase 
in NOx remained moderate. It should be noted, however, 
that the optimal value of tertiary airflow is linked to 
the concurrent settings of the primary and secondary 
air supply, as well as to the fuel feed rate; adjustments 
in these parameters would necessitate a corresponding 
modification of the tertiary air delivery. Nevertheless, 
the results clearly demonstrate the beneficial impact of 
supplying air directly into the flame zone, leading to a 
substantial reduction of emissions. These findings align 
with the broader literature, which emphasizes that the 
staged air strategies, particularly the introduction of 
additional air directly into the flame zone, represent one 
of the most effective methods to enhance combustion 
completeness, improve boiler efficiency, and reduce 
harmful emissions in small-scale biomass boilers  
[34-35].

When the tertiary air was applied at approximately 
9 m3/h, a slight improvement in efficiency (approximately 
2%) was observed. More importantly, the CO emissions 
normalized to 10% O2 decreased almost twentyfold 
compared to operation without the tertiary air at the 
same setting. On the other hand, NOx emissions at 10% 
O2 increased moderately by about 60 mg/m3.
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results demonstrate that in boilers without the direct 
flame-zone air supply adjusting only the primary and 
secondary airflows is insufficient to achieve comparable 
thermal performance or to reduce CO to low levels, thus 
highlighting the critical role of targeted tertiary air [24].

The effect of tertiary airflow on emissions was the 
most striking for carbon monoxide (Figure 6 and Table 4). 
    At baseline, CO concentrations normalized to 10% 
O2 reached 1939 mg/m3, indicating highly incomplete 
combustion. With progressive addition of tertiary air, 
the CO levels decreased sharply, dropping to 1189 mg/
m3 at 3.7 m3/h and reaching only 103 mg/m3 at 8.9 m3/h, 
which corresponds to nearly a twentyfold reduction 
compared to the zero-air case. Further increases to 13.4 
and 15.8 m3/h yielded only marginal CO decreases (59 
and 53 mg/m3, respectively), while the boiler output 
has declined. This strong reduction demonstrates that 
targeted air staging is highly effective in promoting 
the oxidation of CO into CO2, thereby completing the 
combustion process. Comparable reductions have been 
documented in earlier staged-air investigations, such 
as Zandeckis et al. (2013), [29] and Ciupek et al. (2024) 
[31], who also observed substantial decreases in CO 
when optimizing staged or graded airflow supply in 
pellet boilers. At the optimal setting of 8.9  m3/h, the 
boiler also achieved its highest efficiency, improving by 
about 2% compared to baseline. It should be noted that 
the optimum tertiary-air setting reported here is specific 
to the tested fuel and the baseline primary/secondary 
air configuration; changes in the fuel type/moisture or 
in the primary/secondary air settings may shift this  
optimum.

While this condition minimized the CO emissions, 
NOx normalized to 10% O2 rose moderately, from 103 
mg/m3 without tertiary air to 164 mg/m3 at the highest 
airflow, with an increase of approximately 60 mg/m3 
relative to the optimum. This effect is due to enhanced 
oxygen availability, which promote NOx formation [32-
33]. Although this trend is consistent with the results 
of Ciupek et al. (2024), who reported that air gradation 
tends to increase NOx levels even as CO and unburned 
hydrocarbons decrease, the absolute growth observed in 
the present study is moderate compared to the dramatic 
improvements in CO oxidation [31].

For comparison, Backa et al. (2025) reported 
that under similar fuel supply rates, but without the 
application of tertiary air, adjustments limited to the 
primary and secondary airflow from the main fan were 
insufficient to achieve comparably low CO emissions or 
equivalent thermal performance [25].
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