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Abstract: The paper discusses the results of investigations of the change in thermal and emission-
related parameters of a heating boiler fueled with biomass after a modification with a proprietary
flue gas recirculation system made for this type of equipment. The results provide insight into
the combustion process with a multistage flue gas recirculation that materially affected the boiler
operation: a reduction in the mass concentration of nitrogen oxides (NOx) by reducing the combustion
temperature. The authors also observed a reduction in the emission of particulate matters (PM) and
carbon monoxide (CO). For the investigations, the authors used a heating boiler fitted with an
automatic fuel feed (timber pellets) and a proprietary patented flue gas recirculation system (Polish
patent Pat. 243395) for low power solid fuel heating boilers. Aside from the measurement of the mass
concentration of the emitted pollutants, the research focused on the measurements of the temperature
inside the combustion chamber, the temperature of the flue gas and the level of oxygen in the flue gas.
The aim of the research was to confirm the validity of using the flue gas recirculation technique to
reduce emissions of harmful substances from biomass heating boilers, as a technique not previously
used for this group of devices. Moreover, the aim of the research was to test an original engineering
solution, in the form of a flue gas distribution valve, and investigate its effect on reducing NOx

emissions and improving other thermal and emission parameters of the boiler. The obtained research
results confirm the validity of the chosen actions and provide a positive premise for the practical use
of this technology in solid fuel heating boilers.

Keywords: heating boiler; biomass; recirculation system; harmful substances; emission

1. Introduction

In the mid-XX century, scientists observed that nitrogen oxides (NOx) are the main
component of California smog. NOx participate in a chain of reactions that disturb the
ozone balance in the atmosphere and are the main greenhouse gas. From observations
and research, the results show that, within recent decades, depending on the location, the
average temperature in Europe has increased [1,2]. Among the current assumptions and
prospects for the coming years by the European Union, an aim is to reduce the growth of
global warming to a max. of 1.5 ◦C. Hence, the minimization of the emission of NOx is one
of the most fundamental tasks in the design and operation of fuel burning equipment [3,4].

The flue gas generated by household heating boilers and similar industrial equipment
contains nitrogen oxides in two main forms: nitric oxide (NO) and nitrogen dioxide
(NO2). The other oxides, such as nitrous oxide (N2O), dinitrogen trioxide (N2O3) and
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dinitrogen pentoxide (N2O5), occur in scarce amounts and do not play an important role in
environmental pollution. In the flue gas generated by a typical solid fuel heating boiler, the
volumetric share of NO amounts to a min. of 95%, while the rest is NO2 [2]. Within nitrogen
oxides (NOx), we may distinguish a sum 1.533·NO + NO2; therefore, the main component
in the NOx emission of a heater is nitrogen oxide (NO). The content of NO and NO2 in the
equation results from measurements, which is why NOx is the emission converted to NO2.
This results from the chemical equilibrium that, under flue gas temperatures (Tf) below
1500 K, prefers the formation of nitric oxide (NO). Nitric oxide (NO) is the main source of
NOx emissions, because, when it is emitted to the atmosphere, it is oxidized to NO2 in the
outside UV radiation [2].

Out of all nitrogen oxides, the most harmful is nitrogen dioxide (NO2). It has a red
brown color, causes lung irritation and edema, reduces blood pressure by expanding the
blood vessels and has a narcotic effect on the nervous system. In the presence of water
vapor, it forms nitric acid, which is one of the components of acid rain [3].

When analyzing the current state of knowledge, one may observe that there exist
four mechanisms of NO and one mechanism of NO2 formation. In the case of NO, we
may distinguish the following mechanisms: thermal, instantaneous, N2O-assisted and
fuel-related. The most obvious source of nitrogen in the reaction is molecular nitrogen from
the air, or nitrogen derived from fuel as its organic combustible component [4].

Biomass as an energy carrier has been used ever since fire was controlled by man. Until
the XIX century, it was the fundamental source of energy and fuel, later replaced by fossil
fuels. In heat production, the most frequently used biomass is solid. For energy-producing
purposes, engineers use lignocellulose biomass. It is divided into three groups: timber and
its waste, straw and grass, and shells and scales [5,6]. Current research indicates that, in
the near future, the use of biomass for energy production will grow significantly. One of
the more significant trends in the research on the improvement in the technical parameters
of biomass as a fuel focus on its torrefaction and gasification [5–9]. It results from the
fact that biomass, as the only renewable energy carrier competing with fossil fuels, allows
an easy replacement of the latter without costly mechanical and functional modifications.
Besides, the use of biomass for energy production does not contribute to the greenhouse
effect, as the CO2 balance in the energy cycle of biomass production equals zero [10–15].
An important aspect is also the fact that the combustion of biomass results in a much lower
emission of NOx and SO2 compared to fossil fuels (hard coal/brown coal) and the fact that
biomass is defined by the EU legislation as a renewable source of energy, which makes this
energy carrier part of the zero-emission policy and allows its use in closed loop energy
systems [16–19].

The reduction in the emission of nitrogen oxides during combustion is a primary
method of a general NOx reduction, which consists of interfering in the process of com-
bustion while it still lasts in the combustion chamber [20–26]. Nitrogen, as opposed to
sulfur, may take a form that is neutral for the environment (molecular nitrogen N2) [27,28].
When controlling the combustion process, one may cause a significant number of nitrogen
compounds to appear in the flue gas in the form of N2 rather than NO or NO2. The most
common methods of NOx reduction during combustion are:

− combustion staging [23],
− a supply of ammonia or urea to the combustion chamber of a heating boiler [29],
− a reduction in the flame temperature [30].

The energy necessary to initiate the mechanism of the thermal formation of NOx is
substantial, which means that the amount of formed NO is heavily dependent on the
temperature and the duration of the presence of the reagents in the high-temperature zone.
The temperature dependence of the NOx emission is of an exponential nature and the time
dependence is logarithmic. The reduction in the temperature in technical solutions is most
often realized through:

− the injection of water or water vapor into the combustion or the afterburner cham-
ber [19,30],
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− a reduction in the thermal load of the combustion chamber [20–22],
− flue gas recirculation [31],
− combustion in excess air [27].

Flue gas recirculation is a primary method of nitrogen oxide reduction and is realized
by returning some of the flue gas and reintroducing it to the flame area (the reduction in the
emissions, particularly NOx, is commonplace; it is widely applied in the industry [28,32,33]
and is analyzed both technically [34–36] and in its technological aspect [37,38]). In energy
systems, this solution is referred to as FGR. Such solutions are commonly applied in
large heaters or industrial boilers [39–41]. Another popular solution is EGR (exhaust gas
recirculation), used in the automotive industry in combustion engines. Such a system is
fitted with an additional valve controlling the flow of exhaust gas to the intake air [42–45].
The flow of recirculated gas referred to the total flow of the substrates (fuel + air) is the
recirculation rate ‘r’, described with the following equation:

r =

.
Vret

.
Vtot −

.
Vret

(1)

where
.

Vret is the flue redirected for combustion [m3·h−1], and
.

Vtot is the total flue evacuated
from the boiler [m3·h−1].

When analyzing the research [46–50], we may observe that an increase in the rate
of the flue gas recirculation reduces the temperature of the combustion process; hence,
the greater the drop in the emission of NOx, the greater the amount of excess oxygen
in the intake air. Further analysis hints that increasing the ‘r’ rate above 0.3 results in a
slight reduction in the emission of NOx [47]. Based on the above, we may infer that flue
recirculation impacts the emission of NOx in two ways: by lowering the temperature, thus
limiting the thermal mechanism [48] and by reducing the local oxygen concentration in the
flame. In the case of biomass heating boilers, whose calorimeter temperature of biomass
combustion does not exceed 1500 K (Tf < 1500 K), the highest efficiency is ensured by a
reduction in the oxygen concentration in the flame. This results from the significantly lower
parameters of the biomass combustion process, compared to the temperatures responsible
for the intensification of the thermal phenomena that form NOx [51,52].

SGR (semilar gas recycling) systems, with a recirculation rate of r = 0.2, allow for
a reduction in NOx emissions of up to 35% of the base value. In gas boilers, with a
recirculation rate of r = 0.2, the emission of NOx may drop up to 65% of the base emission
value. HTAC (high temperature air combustion) systems are popular too, which are based
on very intense heat-ups of the initial air intake to the value of approx. 800–1300 ◦C, with
a simultaneous recirculation of hot flue gas [50]. These technologies are also known as
EEC (excess enthalpy combustion), FLOX (flameless oxidation) or CO (colorless oxidation).
GAFT (gasdynamic abated flame temperature) burner technologies are also used in heating
boilers incorporating flue gas recirculation, although these operate contrary to HTAC
technology; i.e., they are based on the preheating of the substrates to a max. temperature
of 520 ◦C.

The subject of the investigation was a proprietary system of flue gas recirculation
(Polish patent Pat. 243395) for biomass-heating boilers utilizing an adjustable sensing
three-way valve for a reduction in the amount of generated nitrogen oxides. The conducted
tests indicated that the application of flue gas recirculation in solid fuel combustion has
a positive effect on the reduction in not only nitrogen oxides but also carbon monoxide
and volatile organic compounds. The solution developed based on this technology can
be applied in heating boilers with nominal power values from 10 kW to 800 kW. This
technology is based on taking the flue gas from the flue and redirecting it to the combustion
chamber beneath the combusted fuel, which mixes the returned flue gas with the air–fuel
mixture. Such a process generates a lean air–fuel mixture and a reduced combustion
temperature, which contributes to the reduction in NOx emissions. The investigated
technical solution (flue gas recirculation) combined with the application of the innovative



Energies 2024, 17, 259 4 of 16

control valve allows for its application in a wide variety of heating devices, particularly
biomass-fueled boilers. The possibility of reducing the harmful components using this
method will improve the boilers’ environmental performance, which is of fundamental
importance, given that low-temperature boilers are the main source of pollution in Poland.

2. Materials and Methods

The performed investigations were based on 16 measurement stages. The authors
tested the emissions from a low-temperature water heating boiler (BIOVERT 21, Pleszew,
Poland), operating at a 100% power setting of 21 kW and a minimum 30% power setting
of 6.3 kW, fueled with automatically fed pinewood and beechwood pellets. The authors
tested the operation of the boiler at its nominal and minimum power settings, fueled with
automatically fed pinewood and beechwood pellets, without recirculation (r = 0.0) and
with the recirculation rates of r = 0.1, r = 0.2 and r = 0.3. Each of the stages continued for
6 h and was divided into 30 min substages, for which averaged values were calculated. For
these 30 min substages, treated as separate measurements, average values were calculated,
for which the levels of uncertainty were calculated with a 95% level of confidence. The
investigations were carried out according to the assumptions of the standard [53–55]. The
research program is presented in Table 1.

Table 1. Program of the conducted research.

Stage of
Testing

Type of
Boiler

Power
Setting

Type of
Fuel (Pellets)

Exhaust Gas
Recirculation Rate

1.

BIOVERT 21

100%
pinewood

r = 0.0
.

Vret = 0.00 [m3·h−1]
2. beechwood

3.
30%

pinewood

4. beechwood

5.
100%

pinewood

r = 0.1

.
Vret = 1.95 [m3·h−1]

6. beechwood

7.
30%

pinewood .
Vret = 0.75 [m3·h−1]

8. beechwood

9.
100%

pinewood

r = 0.2

.
Vret = 3.58 [m3·h−1]

10. beechwood

11.
30%

pinewood .
Vret = 1.37 [m3·h−1]

12. beechwood

13.
100%

pinewood

r = 0.3

.
Vret = 4.96 [m3·h−1]

14. beechwood

15.
30%

pinewood .
Vret = 1.89 [m3·h−1]

16. beechwood

The measurement data were recorded on a test stand equipped with a desktop and a
measurement system manufactured by National Instruments. The desktop collected the
data from the flue gas analyzers, and the measurement system (LabVIEW 2019 environment)
recorded the temperature inside the combustion chamber and in the flue, with a resolution
of 5 s. The flue gas temperature was an average value of the measurements made by
five K-type (NiCr–Ni) thermoelectric sensors fitted in the flue. The consumption of fuel
by the boiler was determined by measuring the weight of the biomass input before and
after the tests. Based on the amount of the fuel combusted during the tests, the fuel mass
flow was determined. The mass concentrations of NOx were converted to mg/m3 for 10%
O2 in the flue gas, according to the measurement method for low-temperature heating
boilers described in the standard [53–55]. The authors additionally measured the content
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of particulate matter (PM), carbon monoxide (CO) and oxygen (O2) in the flue gas, in order
to better illustrate the boiler emissions. Figure 1 presents an example of a research stand
equipped with the exhaust gas distribution valve (Pat. 243395).
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2.1. Heating Devices

The tested biomass heating boiler (BIOVERT 21, automatic fuel feed) of the nominal
power output of 21 kW was manufactured by Walendowscy, Pleszew, Poland (Figure 2).
The heating boiler was fueled with biomass pellets with a minimum grain size of 5 mm,
operating in the power range of 6.3 to 21.0 kW. The boiler met the fifth class requirements,
according to the PN-EN 303-5:2021-09 [53–55] standard. A microchip controller governed
the operation of the heating boiler. The boiler was fitted with a standard combustion
chamber. For the operation with the nominal power setting (21 kW), the recorded fuel
consumption was approximately 2.53 kg·h−1, and the intake air demand was recorded at
approximately 18.94 m3·h−1. For the operation with the minimum power setting (6.3 kW),
the fuel consumption was approximately 0.75 kg·h−1, and the intake air demand was
approximately 5.68 m3·h−1. Figure 2 presents the tested object [56].
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2.2. Flue Gas Distribution Valve

The proprietary flue gas recirculation system for biomass-fueled heating boilers has an
adjustable flue gas distribution valve fitted in the boiler conduit. The flue gas distribution
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valve is equipped with a temperature and oxygen level sensor. The distribution valve is
connected to the tall flue and the flue gas return duct. At the end of the return duct, a fan is
fitted, reintroducing the flue gas to the combustion chamber above the combusted fuel. The
flue gas distribution valve has an intake duct permanently fixed in the valve body which
also houses two flue gas ducts: a flue gas return duct, leading to the boiler, and the proper
flue duct. An electric motor is attached to the valve body, with a clip driving the geared
propeller shaft, passing through an airtight sleeve and connecting with the differential gear
used for opening/closing the flue gas ducts when the flue gas distributor is active. The
opening angle of the distributor is set based on the flue gas temperature and the level of
oxygen in the flue gas, as sensed by the temperature and oxygen level sensors fitted inside
the flue gas intake through an airtight sleeve connected with the valve controller.

The recirculation of the flue gas is performed in the range of 0% to 100% of the fresh
mass flow of flue gas through an adjustable flue gas distribution valve. The adjustment
of the recirculation is based on a continuous measurement of the flue gas temperature
and the level of oxygen by the measuring probe, and the results of the measurements
enable the control of the distributor opening between 0% and 100% (directing the gas
either for recirculation or to the flue). The recirculation of the flue gas generated from the
combustion of biomass is possible in the excess air coefficient range of λ = 1.0–4.5, with a
simultaneous recirculation of 0% to 100% of the fresh flue gas mass flow. The distribution
valve is presented in Figure 3 (Pat. 243395).
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11—boiler return duct, 12—clamp, 13—electric motor, 14—gearbox, 15—sleeve, 16—differential gear,
17—flue gas distributor, 18—flue duct, 19—probe measuring the flue gas temperature and the oxygen
content, and 20—sleeve.

2.3. Chemical Parameters of the Fuel

The biomass used in the tests (pinewood and beechwood pellets) was subjected to a
technical analysis according to the standard [57–61]. The results of the analysis of biomass
types and their higher caloric value (Qs) and lower calorific value (Qi) are presented
in Table 2.
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Table 2. Analysis of the biomass used during the research.

Type of Measurement Pinewood Pellets Beechwood Pellets

Hygroscopic moisture content (Wh) % 1.93 3.63
Excess moisture content (Wex) % 3.14 6.61

Total moisture content (Wt) % 5.00 10.00
Volatile matter % 73.61 77.53

Ash content % 0.47 0.41
C % 54.74 52.19
S % 0.09 0.08

H2 % 4.97 4.77
N2 % 0.19 0.82
O2 % 34.54 31.73

High calorific value (Qs) MJ/kg 14.93 17.38
Low calorific value (Qi) MJ/kg 14.32 16.06

2.4. Emission Measurement Devices

The measurements were carried out with the use of portable exhaust gas analyzers
fitted with electrochemical measuring cells. The first device was a Testo 350-S (Testo SE &
Co. kGaA, Titisee-Neustadt, Germany) in a two-component configuration (controller and
analyzer). The analyzer was fitted with an O2 sensing cell with a volume measurement
range of 0–25% and an error margin of ±0.8%, which allowed the level of oxygen in the
flue gas and H2 sensing cell to be recorded in the measurement range of 0–1000 ppm and
with a margin of error of ±0.5 ppm. The Testo 350-S was fitted with an NO sensing cell
with a measurement range of 0–3000 ppm and a margin of error of ±1.5 ppm. Additionally,
the temperature of the flue gas was measured to an accuracy of ±1 ◦C.

The other device used in the tests was a Testo 380 particle analyzer (Testo SE & Co.
kGaA, Titisee-Neustadt, Germany) coupled with a Testo 330-2 LL flue gas analyzer (Testo
SE & Co. kGaA, Titisee-Neustadt, Germany), serving the purpose of controllers equipped
with a display. The Testo 380 was used to measure particulate matter within the range
of 0–300 mg/m3 and with a margin of error of ±5 mg/m3. The use of both devices at
the same time, in the form of a combined unit, allowed the authors to measure both the
concentration of carbon monoxide (CO) (0–8000 ppm), with a margin of error of ±10 ppm
for the measure point (0–200 ppm) and ±20 ppm for measure point (201–2000 ppm), and
the concentration of nitrogen oxides (NOx) (0–3000 ppm) with a margin of error of ±5 ppm
(0–100 ppm) [62]. Figure 4 presents the aforementioned measurement devices.
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3. Results and Discussion

The analysis of individual flue gas components (NOx, PM and CO) was ordered
according to the boiler power setting, type of fuel and the flue gas recirculation rate ‘r’. The
emissions of individual flue gas components were as follows:

The content of NOx in the flue gas, for the recirculation rate r = 0.0 and the boiler
power settings of 100% and 30%, were 360.60 mg/m3 and 310.80 mg/m3 for the pinewood
pellets and 335.30 mg/m3 and 305.60 mg/m3 for the beechwood pellets, respectively. The
values obtained for the lower power setting of the boiler are clearly lower for both types of
biomass; yet, we may observe a greater disproportion for the measurements performed for
the pinewood pellets.

For the recirculation rate r = 0.1, the NOx level for the pinewood pellets was 313.30 mg/m3

(100% power setting) and 264.20 mg/m3 (30% power setting), while, for the beechwood
pellets, these values were 294.50 mg/m3 and 265.70 mg/m3, respectively. We may observe
the same relation as the one recorded at r = 0.0; however, the differences between the
measured values for the same type of fuel were slightly reduced.

Increasing the recirculation rate to r = 0.2 resulted in a further reduction in the NOx
values. For this measurement series, the content of nitrogen oxides for the pinewood pellets
reached 232.40 mg/m3 for the power setting of 100% and 215.80 mg/m3 for the power
setting of 30%. For the beechwood fuel, these values were 223.90 mg/m3 and 201.50 mg/m3,
respectively. The differences between the values recorded for the same fuel diminished in
both cases by almost half of the value of their previous difference.

For the recirculation rate r = 0.3, the following values were measured: the NOx
levels for pinewood pellets, at the 100% and 30% power settings, were 173.40 mg/m3 and
158.60 mg/m3, while, for the beechwood pellets, these values were 167.60 mg/m3 and
152.10 mg/m3. Despite the fact that, for the same type of fuel, the disproportions between
the two values, occurring due to the power setting of the boiler, were diminishing, the
original trend is still observable.

For all recirculation rates, we may observe a relation between the boiler power settings
and the level of NOx in the flue gas—a lower power setting resulted in a lower NOx content
in the flue gas. The content of NOx was reduced gradually as the recirculation rate increased,
similarly to the disproportions between the measurements for a given fuel recorded for different
boiler power settings (reduced not only in terms of quantity but also in terms of % content). The
data collected during the tests performed on the pinewood fuel for each measurement were
characterized by higher values of the analyzed parameter, compared to the values obtained
under the same conditions for the beechwood fuel. Figure 5 presents the changes in NOx
emissions in relation to the type of fuel, power setting and flue gas recirculation rate.

When analyzing the changes in the emission of PM, the authors observed that, for
a recirculation rate of r = 0.0 (with pinewood pellets), the values were 74.20 mg/m3 for
the 100% power setting and 64.80 mg/m3 for the 30% power setting. A similar relation
was observed for the beechwood pellets, where the PM values were 72.30 mg/m3 and
69.40 mg/m3, respectively. The analysis of these values allows for the conclusion that
lower power settings resulted in lower PM parameters. Additionally, the beechwood fuel
exhibited a lower decrease in these values compared to pinewood.

For a recirculation rate of r = 0.1, the values obtained for the pinewood pellets were
62.40 mg/m3 for the 100% power setting and 61.60 mg/m3 for the power setting reduced
to 30%. Also, in this case, we may observe a diminishing trend of the PM parameter as
the power setting of the boilers was decreased; however, for higher recirculation rates,
the change was less significant (0.8 mg/m3). The beechwood fuel exhibited an opposite
and contrary trend: the measured value of PM was 63.70 mg/m3 for the power setting of
100% and 67.90 mg/m3 for the setting of 30%. Reducing the power setting resulted in an
increased PM parameter.

When the recirculation rate gradually increased to r = 0.2, the PM values reached
56.70 mg/m3 for the 100% power setting and 60.40 mg/m3 for the 30% power setting (for
pinewood). In the case of the beechwood pellets, these values were 58.70 mg/m3 and
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62.40 mg/m3, respectively. For the variable ‘r’ analyzed during the measurements, we
could observe a trend already recorded during earlier measurements: the relation was
based on the increasing PM level with the reduced power setting.
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This correlation was also reflected in the values collected in the measurements when
the recirculation rate was r = 0.3. In this measurement trial, the values measured for
pinewood were 51.80 mg/m3 (with the 100% power setting) and 54.20 mg/m3 (with
the 30% power setting). For the beechwood pellets, the values were 52.30 mg/m3 and
55.30 mg/m3.

We may therefore conclude the zero recirculation rate was characterized by the highest
recorded PM values out of all the measurement trials. A drop in these values, along with
the increase in the recirculation rate, was observed not only for both types of fuel but
also for both analyzed boiler power settings. This relationship, however, connected to the
correlation of the PM level and the recirculation rate; although, at r = 0.0, a higher power
setting denoted greater emissions of PM. For r = 0.1, the beechwood fuel began to show an
increasing trend as the ‘r’ parameter grew and, from r = 0.2 onward, both fuels had higher
PM values obtained at lower power settings. The change in the emission of PM, depending
on the type of fuel, power setting and recirculation rate, is shown in Figure 6.

In the case of the emission of CO with a recirculation rate of r = 0.0, the recorded value
oscillated around 580–680 mg/m3. For the pinewood fuel and the 100% power setting, the
value of CO was 675.80 mg/m3, and, for the 30% power setting, it was 635.20 mg/m3. For
the beechwood fuel, the values were 580.90 mg/m3 and 650.40 mg/m3. Collating the values
allowed us to observe the differences in the correlations of the CO level and the power set-
ting of the boiler, depending on the type of investigated fuel—for the pinewood pellets, the
values were convergent, and, for the beechwood pellets, they were inversely proportional.

Even though the recirculation rate r = 0.1 rendered similar relations, the differences be-
tween the measured values were significantly smaller. The pinewood-based fuel generated
CO emissions of 614.40 mg/m3 for the 100% power setting and 609.50 mg/m3 for the 30%
power setting, while, for the beechwood-based fuel, these values were 544.70 mg/m3 and
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568.90 mg/m3, respectively. For both types of fuel, a noticeable drop in the emissions of
CO in the flue gas was observed.
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Increasing the recirculation rate to r = 0.2 resulted in values of 543.60 mg/m3 and
529.60 mg/m3 for pinewood and 513.50 mg/m3 and 491.30 mg/m3 for beechwood (for
the 100% and 30% power settings, respectively). A comparison of the results indicates a
decreasing trend in CO emissions in the flue gas at the same time, showing a relationship
between the amount of generated CO and the power setting of the boiler: this time, the
analyzed values decreased, in correlation with both analyzed fuel types.

For the highest recirculation rate, r = 0.3, the lowest values of CO emissions were
recorded. The pinewood pellets generated 464.20 mg/m3 (100% power setting) and
474.60 mg/m3 (30% power setting). In the case of beechwood, the values were 463.70 mg/m3

and 421.50 mg/m3, respectively. However, in the case of the beechwood fuel, we could again
observe lower CO values at the lower power setting of the boiler, and, for the pinewood
pellets, at r = 0.3, higher CO levels were observed at the 30% power setting of the boiler.

For both fuel types under analysis, we may observe a significant drop in the content of
CO in the flue gas, continuing along the increase in the recirculation rate ‘r’. However, the
impact of the boiler power setting leads to different results. For pinewood, originally, the
higher power setting resulted in an increased CO content in the flue gas. The disproportions
between the 100% and 30% power settings gradually decreased as the recirculation rate
increased from r = 0.1 to r = 0.2. For the highest investigated recirculation rate, r = 0.3,
this relation differed: the lower power setting of the boiler was characterized by higher
CO emissions. As for beechwood, we may observe a consistent drop in the CO values
for both power settings. The decreasing process of this parameter continued much more
rapidly for the lower power setting, which resulted in the reduction of the disproportion
between r = 0.0 and r = 0.1, a change to the original relationship for r = 0.2, and finally the
obtaining of the highest difference between the measurements for the 100% and the 30%
power settings at r = 0.3. The CO emission parameters are presented in Figure 7.
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According to the standard [53], a fifth class, eco-design-compliant biomass-burning
boiler should have the following emission levels: NOx emissions below 200 mg/m3, CO
emissions below 500 mg/m3 and PM emissions below 40 mg/m3. The results for individual
harmful components were averaged from all fuels and performed tests within a given test
configuration. The results are shown in Figure 8. Additionally, the authors performed an
approximation of the course of the function of emissions of a given harmful component.
The approximation was performed for the second order multinomial function (due to this
being the nearest representation of the actual course). The equation describing the course
of the emission changes depending on the flue gas recirculation rate, and the sensitivity of
this representation fell in the 99% percentile of representation sensitivity.

The averaged results for the flue gas temperature, the temperature inside the combus-
tion chamber and the concentration of O2 in the flue gas are shown in Figure 9.

By synthesizing observations and conclusions from the conducted research and an-
alyzing the literature [19–23,27,29,31,39–52] regarding flue gas recirculation in industrial
combustion processes, the following points are observed:

− The temperature to which the recirculated flue gases are heated should be higher than
the initial temperature of the flue gases, in order to prevent the formation of thermal
nitrogen oxides, mainly when temperature peaks appear (Tf < 1500 K);

− The recirculation of flue gases at temperatures up to 1073 K should be carried out to
prevent the local concentration of oxygen in the area of high-temperature combustion.
In the developed flue gas distribution valve solution, when the recirculation rate
‘r’ is increased, the emissions of NOx, PM and CO decrease, and, at the same time,
decreases in both the flue gas temperature and the temperature in the combustion
chamber are observed. In the solution under consideration, the appearance of thermal
and immediate nitrogen oxides is not visible, due to the use of precise regulation of the
recirculation rate based on the oxygen content in the flue gases and their temperature;

− The main problem in the case of flue gas recirculation systems used in industrial
solutions is the occurrence of excessive CO and PM emissions during radical flue gas
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recirculation. In the case of high-temperature and flameless combustion, low NOx
and CO emissions are observed only in the case of gaseous fuels. In the case of solid
fuels, which include biomass, in the case of low-temperature combustion, typical of
heating boilers, flameless combustion is impossible; therefore, from analyzing the
obtained test results, it can be assumed that, for this group of devices, a regulated flue
gas recirculation system, implemented by a system of valves with full automation
control, is the right step for further research and industrial implementations;

− Special attention should be paid to flue gas recirculation rates greater than r = 0.3 in the
case of low-temperature biomass combustion in heating boilers, due to the close proxim-
ity of the flue gas dew point temperature, and the possibility of moisture condensation in
the system recirculation channels. This problem may have the opposite effect than that
intended and will manifest itself in a significant amount of carbon monoxide emissions,
with an observed decline in nitrogen oxide emissions. More information on emissions
during combustion in a humid atmosphere can be found in [30].
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4. Conclusions

Based on the observations made during the analysis of the impact of the flue gas
recirculation rate on the values of PM, we may observe that the increase in the former
parameter results in the regression of the latter. At a recirculation rate of zero, the highest
PM values were recorded, which gradually decreased as the ‘r’ parameter grew. Even
though this trend was clear for all measurement trials, changes in the relations between the
PM values and the power setting of the boiler were observed—at r = 0.0, the higher power
setting resulted in higher values of PM; at r = 0.1, beechwood started exhibiting increasing
PM emissions as the ‘r’ parameter increased; and, from r = 0.2 upward, both types of fuel
generated higher PM values, which were obtained at the lower power setting of the boiler.

The analysis of the content of CO in the flue gas has shown a significant drop with an
increased recirculation rate. Also, in this case, despite the maintained correlation for all
measurements, gradual changes occurred, which were related to the impact of the power
setting of the boiler on the results. In the case of pinewood, for the first measurements, the
higher power setting resulted in an increased value of CO. The increase in the recirculation
rate to r = 0.1 and r = 0.2 resulted in a reduction in the recorded disproportion between the
100% and the 30% power setting. Only at r = 0.3 did this relationship begin to differ—the
lower power setting of the boiler resulted in a higher value of CO. For beechwood, we
observed a consistent drop in the value of CO for both power settings. The regression
of this parameter took place more rapidly for the lower power setting, which resulted in
the reduction of the disproportion between r = 0.0 and r = 0.1, a change to the original
relationship for r = 0.2, and, consequently, the highest difference between the values for the
100% and the 30% power settings of the boiler at r = 0.3.

All flue gas recirculation rates were characterized by the same relations between the
power setting of the boiler and the emission of NOx: a lower setting of the former resulted
in lower values of the latter. The content of NOx decreased gradually as the recirculation
rate increased. The reduction in the disproportion between the measurements for a given
fuel at different power settings of the boiler (reduced not only in terms of quantity but
also in % content) occurred in a similar way. The measurements performed for beechwood
in each measurement trial had lower values than those recorded for pinewood under the
same combustion conditions.

In conclusion, the obtained research results for the industrial application of the au-
thors’ exhaust gas recirculation system for biomass heating boilers show the possibility of
reducing the emissions of NOx and other harmful substances (CO and PM) and reducing
the emission of waste heat in the form of hot flue gases, which, in the case of using this
technology in boilers, should result in an increase in the efficiency of the device and also an
improvement in air quality [32,36].
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Nomenclature

CO carbon monoxide, colorless oxidation
CO2 carbon dioxide
EEC excess enthalpy combustion
EGR exhaust gas recirculation
FGR flue gas recirculation
FLOX flameless oxidation
GAFT gasdynamic abated flame temperature
HTAC high temperature air combustion
NO nitric oxide
NO2 nitrogen dioxide
N2O nitrous oxide
N2O3 dinitrogen trioxide
N2O5 dinitrogen pentoxide
NOx nitrogen oxides
O2 oxygen
PM particulate matters
SGR semilar gas recycling
Tf exhaust gas temperature
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