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Laboratory of Combustion Processes, Lithuanian Energy Institute, Breslaujos str. 3, LT-44403, Lithuania   

A R T I C L E  I N F O   

Keywords: 
Low calorific gas 
Plasma-produced ozone 
Oxygen-enriched air 
Combustion 
Flame emission spectroscopy 
Flame lift-off 
NOx 

A B S T R A C T   

Biomethane produced via anaerobic digestion or thermochemical process is one of alternatives, which could 
substitute fossil fuel and reduce carbon footprints. However, during biomethane preparation for end-users, the 
waste gas stream could be formed during biogas upgrade/methanation. As these gases consists of few to 30 vol% 
of methane in CO2, the waste gas stream should be utilized instead of emission to atmosphere. Aside, to achieve 
clean and stable combustion of such gases, innovative methods are required as high concentrations of CO2 causes 
the decreased flame temperature and burning velocity. 

This study concerns the low calorific gas combustion enhancement by oxygen enriched air and plasma- 
produced ozone. The ozone-assisted combustion was investigated by burning various composition waste gases 
(30–15 vol% of CH4 in CO2) in a low swirl burner under different oxygen enrichment levels, from 28 to 80 vol%. 
It was determined that the combustion enhancement by ozone is related to methane concentration in the mixture 
and to oxygen enrichment level. Moreover, at lower oxygen enrichment levels, the combustion enhancement by 
the ozone addition was more pronouncing than at higher oxygen enrichment levels. The flame lift-off was 
reduced by 0.9–25.9% due to the ozone addition and the flame stability improved, but NOx emissions increased 
by 2–10 ppm compared to cases without O3 addition. Considering the combustion efficiency in terms of flame 
lift-off height, NOx and CO emissions, the ozone-assisted combustion of WG25 and WG20 was the most efficient 
under oxygen enrichment of 40 vol% compared to other cases.   

1. Introduction 

Over the last century ongoing CO2-induced climate change brought 
government and public attention on environmental concerns. For this 
reason, the EU issued The European Green Deal which aims to fully 
decarbonize energy, industry and transport sectors by 2050. Moreover, 
it is foreseen to reduce the GHG emissions at least 50% by 2030 and 
boost the share of renewable energy sources as well [1]. In the view of 
ambitious plans, biomethane is a valuable renewable energy resource 
that can be an alternative solution for the world’s insatiable energy 
demands and at the same time help in reducing bio-waste and green
house gas emissions [2,3]. Also, biomethane could substitute fossil fuels 
for heat, electricity production and co-generation, vehicle fuel, etc. The 
biomethane is obtainable from biogas via anaerobic digestion [4,5]. 
Biogas used as a high-value product should be upgraded and various 
impurities like carbon dioxide, nitrogen, oxygen separated [6]. In recent 
years, membrane separation technologies have been used to upgrade 
biogas for simplicity [7]. This technology is cost-effective, but the 
deficiency of it is a considerably low methane yield due to imperfect 

separation and the biogas could be upgraded only up to 92 vol% CH4 in 
one-stage mode. In some cases, the biogas purification are improved by 
increasing the number of membrane modules then the part of permitted 
gas could be reached up to 96 vol% of methane. However, during 
optimal conditions of biogas purification, the waste gas stream could be 
formed, which contains from 15 to 30% of CH4 in CO2. These gases 
should be utilized on-site due to carbon footprint, but a considerably 
high CO2 concentration and low calorific value (7–11 MJ/m3) results in 
unstable combustion of waste gases. 

During the last decade, plasma-assisted combustion has gained a lot 
of interest as an innovative method to enhance the combustion process. 
Various types of plasmas like a dielectric barrier discharge plasma 
[8–10], a repetitive pulsed plasma [11,12], a gliding arc plasma [13] 
and a laser-induced plasma [14] were used to increase lean burn flame 
stability, enhance low temperature fuel oxidation, ignition, combustion 
efficiency under a wide range of conditions. For example, the use of 
dielectric barrier discharge improved the flame stability of jet flames 
and flame speed was enhanced by about 125% [15]. Other researches 
revealed that the combustion enhancement by nanosecond repetitively- 
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pulsed plasma discharges not only improves the flame stability, but also 
extends the flammability limit and increases the flame temperature 
[16–18]. Based on [16] the flammability limit of propane was extended 
from ϕ = 0.4 to 0.11 at 30 kHz repetition rate, while for methane it was 
extended only from ϕ = 0.6 to 0.53 increasing the repetition rate from 
10 kHz to 50 kHz [18]. But according to [17] the methane flame speed 
was increased up to 100% due to increased flame temperature by nano 
second repetitive plasma discharges. Sagás et al. [19] performed plasma- 
assisted combustion of methane/air premix at the fuel-rich conditions 
using gliding arc discharges. The results showed the upper limit of 
flammability increased from ϕ = 1.3 to 2.2 at an applied plasma power 
of 390 W, but additional NO formation due to plasma discharges in air 
was observed by flame emission spectroscopy. The increased formations 
of prompt and thermal NOx resulting in increased emissions compared 
to the case without plasma were also indicated by other works [20–22]. 
For example, Kim et al. [23] determined that NOx emissions increase 
from 5 to 20 ppm with increasing fuel to air ratio ϕ from 0.5 to 0.65 
during plasma assisted combustion. In this case the addition of plasma- 
produced ozone could mitigate the issue of plasma-assisted combustion 
and enhance the flame stability and flammability. According to [24], 
ozone addition of 3% increases the flame velocity of ethylene/methane 
flames. Meanwhile, the addition of small amounts of ethylene (10–20 
vol%) to methane led to almost the same relative increase in flame ve
locity under the addition of ozone as pure ethylene. Other work [25] 
indicates that the O3 addition of 14000 ppm increases the flammability 
limit and laminar flame speed of the H2/CO/O2 mixture. Authors 
determined that the O3 interaction with fuel causes a group of chain 
branching reactions resulting in production of active radicals (e.g., O, 
OH, etc.). Similar results were also determined during ozone-assisted 
methane combustion [26]. The ozone addition increased the laminar 
flame speed and laminar burning velocity changing fuel to air ratio ϕ 
from 0.6 to 1.2, but in fuel-rich case, the flame instability was intensi
fied. Moreover, the ozone addition showed greater effect on flame speed 
improvement at lean-fuel conditions. 

According to reviewed works, ozone has long lifetime compared to 
other plasma produced species/radicals, which influence the combus
tion process and an implementation of this method does not require 
major upgrades compared to plasma-coupled flame. Though, to prevent 
the undesired plasma by-products like NOx [27], a supply of pure oxy
gen for ozone production should be ensured. Considering that, the ozone 
addition could be coupled with oxygen enrichment as the supply of 
oxygen enriched air shows promising results on combustion enhance
ment [2829]. For example, oxygen enrichment between 21 vol% and 30 
vol% results in improved CH4/CO2 flame stability and efficiency, but the 
increased oxygen enrichment led to higher flame temperature, which in 
turn resulted in increased NOx emissions [30]. Study on biogas flame 
stability improvement in a premixed burner at oxygen enrichment levels 
of 24 vol%, 28 vol% and 31 vol% [29] revealed that the most efficient 
combustion process in terms of flame stability and low pollutant emis
sions is achieved at oxygen enrichment level 24%, while at higher O2 
enrichment levels, flame stability started to decrease. Unstable com
bustion was observed supplying the oxygen-enriched air by 31 vol%. 
Similar findings were provided by [31]. Stable oxy-fuel combustion of 
methane was achieved when oxygen mole fraction in the oxidizer was 
below 0.5, but at higher values (from 0.6 to 1.0), the combustion process 
became unstable. Though, opposite results were observed during biogas 
combustion with different composition oxidizers in a swirl combustor 
[32]. Oxy-fuel combustion (O2-100 vol%) led to increased flame tem
perature near fuel inlet region due to intensified fuel oxidation, while 
using a diluted oxidizer (O2-40%/CO2-60%), the flame temperature 
decreased and the combustion characteristic were similar to the case 
with air. 

Considering that the biomethane production and usage rates are 
increasing, the combination of ozone addition and oxygen enrichment 
could be a cheap and attractive solution to ensure stable and clean 
combustion of waste gases. Moreover, the implementation of this 

method does not require changes in a burner configuration or new de
signs as in the case of plasma-assisted combustion. Besides, literature 
review shows that number of works related to ozone-assisted combus
tion is very limited and there is a need of the knowledge of ozone- 
assisted LCV combustion. For these reasons, this work analyses the 
combustion enhancement of various waste gas mixtures by oxygen and 
ozone addition. Flame characteristics under oxygen and ozone enrich
ment were determined using the flame emission spectroscopy method 
for registering chemiluminescent radical species OH*, CH* and C2*. 
Based on acquired OH* emission intensity, the flammability limits of 
waste gas mixtures were determined. In addition, post combustion 
products during combustion under oxygen and ozone enrichments were 
measured and the combustion efficiency in terms of CO emissions was 
estimated based on the flame lift-off heights. 

2. Experimental methodology 

2.1. Experimental combustion rig 

The experiments were performed in a special experimental rig, 
which allows to combust various gases with different calorific value and 
test different combustion enrichment methods [33,34]. To investigate 
waste gas combustion under oxygen and ozone enrichment, a DBD 
plasma reactor was installed (Fig. 1). 

The combustion process was performed in a low swirl burner, which 
is suitable for combustion process at very lean-fuel conditions. The 
burner consists of three main parts: a burner surface, a swirler and a 
nozzle outlet of quartz glass. The swirler of 20 mm outer diameter and 
11.6 mm inner diameter has fifteen straight vanes fixed at angle of 53◦. 
The vanes are arranged around a centreline channel. It ensures that most 
of the flow pass through the vanes and only around one-third of the flow 
goes through a central perforated plate. The swirl number corresponds 
to value of SN = 1.04 based on geometric parameters of the burner. The 
burner was covered with the clean quartz glass tube of 73 cm height and 
13 cm diameter, which ensured a required light transmittance (>90%) 
for the flame spectroscopy. The tube was used as a combustion chamber 
and a shield to prevent ambient air suction as well. A flue gas sampling 
probe was installed inside the chamber at a distance of 60 cm from the 
burner surface for sampling. A Testo 350XL analyser was connected to 
the sampling probe to measure emissions of NOx, CO, and CO2 in flue 
gas (Fig. 1). An intensified charge coupled device (ICCD) camera Andor 
iStar DH734 with lenses was used to capture a spatial distribution of the 
excited OH*, C2* and CH* radicals from the flame. 

2.2. Gas mixture preparation and procedure 

For the experiments, waste gases with low calorific value were 
simulated by preparing various mixtures of CH4 and CO2 (carbon di
oxide). Methane concentration was changed from 30 vol% to 15 vol% in 
CO2. As the combustion of the waste gases was not possible supplying an 
air composition oxidizer due to flame blowoff, the oxidizer was enriched 
by oxygen at different proportions (see Table 1). To avoid, NO formation 
by plasma, nitrogen and oxygen was supplied separately and the ozone 
(about 6000 ppm) was produced by supplying oxygen through the co
axial DBD plasma reactor. Although, all gases (CH4, CO2, O2 and N2) 
were supplied by separate inlets and a precise preparation of a premix 
was ensured by controlling each flow of gases with mass flow controllers 
BROOKS. This allowed to change the flow rate of the premix to keep a 
constant capacity of burner’s thermal power (2 kW) during combustion. 
The combustion process was performed at lean-fuel conditions and the 
fuel-air equivalence ratio (ϕ) was changed from 0.63 to 1.0 during the 
experiments. The fuel-air equivalence ratio (ϕ) was calculated as 
follows: 

ϕ =
QCH4/QOxidizer

(QCH4/QOxidizer)st
(1) 
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where, Q represents the actual volumetric flow of CH4 and air, and suffix 
st stands for the stoichiometric volumetric flow conditions. 

2.3. Flame emission spectroscopy 

The combustion process was observed using an optical system for 
analysis of spatial distribution of the excited species OH* (310 nm), CH* 
(387 nm) and C2* (514 nm) from the flame at atmospheric pressure. The 
flame images were captured using an ICCD (Intensified Charge Coupled 
Device) camera (Andor iStar DH734i-18-UE3) sensitive for 200–800 nm 
wavelength light with bandpass filters mounted directly in front of the 
camera objective (OH*, CH*, C2*). The camera consists of the 

photocathode with a diameter of 18 mm and the pixel size is 13 μm. The 
Equivalent Background Illuminance is lower than 0.2 e− /pix/sec. The 
camera was mounted at a distance of 70 cm from the burner and focused 
on the flame in such a way that the flame fits the image frame entirely. 
The ANDOR SOLIS software was used to operate the camera, save ac
quired emission intensities and to convert raw data to flame images. Also 
collected data was processed using the open-source programming soft
ware Python 3.6 [50] and each horizontal line of the pixel intensity 
values in the frame was averaged, thereby producing the averaged dis
tribution of chemiluminescence intensity along the flame axis, repre
senting relative emission intensities of chemiluminescent species along 
the burner axis. Further, the highest intensity value along the burner 
axis was attributed to a flame attachment position. 

To reduce the effect of flame instability for each flame condition and 
each filter, and to compensate for light intensity loss by the quartz glass 
tube (transparency of >90%), a single flame image was achieved by 
averaging 30 image acquisitions each with an exposure time of 0.04 s 
and the accumulation time was 36.18 s. The resulting flame image 
resolution was 6.6 pixels per millimetre. The uncertainty of the overall 
accuracy of the equipment was assessed. Moreover, the other uncer
tainty from the mean values was also estimated. The experimental 
equipment was calibrated by the manufacturer. Operating parameters 
and deviations are also described in the manufacturer’s manual. Un
certainty in the operation of the device was determined by repeated 
series of experiments and standard deviation as the overall accuracy of 
the measurement was calculated. According to the calculations, it can be 
stated that it has never exceeded >2% of the absolute value measured at 
each wavelength. 

Fig. 1. Schematic diagram of the experimental rig for investigation of waste gas combustion under oxygen and ozone enrichment.  

Table 1 
Composition of used gases.  

Gases Composition Oxidizer, O2 in 
N2 

Fuel-air equivalence ratio ϕ 

WG30 CH4-30%/CO2- 
70% 

28% 
30% 

0.91, 0.83, 0.77, 0.71, 0.67 
0.91, 0.83, 0.77, 0.71, 0.67, 
0.63  

WG25 CH4-25%/CO2- 
75% 

30% 
40% 

0.83, 0.77, 0.71 
1.0, 0.91, 0.83, 0.77, 0.71, 0.67, 
0.63  

WG20 CH4-20%/CO2- 
80% 

35 % 
40% 
60% 

0.77, 0.71 
0.83, 0.77, 0.71, 0.67, 0.63 
1.0, 0.91, 0.83, 0.77, 0.71, 0.67, 
0.63  

WG15 CH4-15%/CO2- 
85% 

55% 
60% 
80% 

0.77, 0.714, 0.67, 0.63 
0.83, 0.77, 0.71, 0.67, 0.63 
0.83, 0.77, 0.71, 0.67, 0.63  
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3. Results and discussions 

3.1. Flammability of waste gases 

Firstly, the waste gas flammability under oxygen enrichment was 
investigated by changing the O2 enrichment. The flammability map was 
prepared based a single accumulated image of OH* emissions from the 
flame (Fig. 2). It was determined that the lowest O2 enrichment level for 
stable combustion of WG30 is 28 vol% and a conical flame is formed. An 
increase of O2 concentration in air to 30 vol% intensified fuel oxidation 
and resulted in higher OH* emission intensities. It is well known that the 
oxygen addition enhances the combustion process and OH* formation 
rates increase based on this reaction: CH + O2 → OH*+CO [35]. 
Though, a higher O2 enrichment level caused a change of the flame 
shape from conical to column one indicating that the flame approached 
close. 

to the flashback limit. At higher oxygen enrichment levels, an 
increasing O2 part in air reduces the mixture injection velocity and a 
decrease of axial velocity leads to flame flashback or vice versa. The 
stable combustion process of WG25 mixture was achieved at oxygen 
enrichment levels of 30 and 40 vol%. At higher or lower O2 enrichment 
levels flame flashback or flame blowoff occurred, respectively (Fig. 2). 
In case of WG20, the combustion process was able supplying oxygen 
enriched air by 35–60 vol% of O2, while the combustion of WG15 
mixture was achieved only supplying air enriched by 55–80 vol% of O2. 
Using the determined values of oxygen enrichment level, the waste gas 
combustion was investigated supplying ozone (~6000 ppm) produced 
via the DBD reactor. The obtained images of ozone-assisted waste gas 
flame are compared to ones without the ozone addition in Fig. 2. Ac
cording to flame images, the ozone addition leads to the increased OH* 
emission intensity and change of the flame shape, which is close to the 
blowoff limit. It is assumed that the fuel oxidation becomes more 

intensive due to ozone addition leading to increased OH formation, 
which in turn is closely related to the flame temperature increase [36]. 

3.2. Analysis of oxygen-enriched and ozone-assisted flames 

In order to understand how the oxygen enrichment and ozone 
addition (~6000 ppm) affect the chemiluminescence spatial intensity of 
species such as OH*, CH*, and C2* from waste gas flames, the average 
emission intensities of these radicals were estimated at the different 
oxygen enrichment levels and fuel-air equivalence ratios ϕ. The evalu
ated graphs are presented in Fig. 3. During combustion of WG30, it was 
determined that the OH*, C2* and CH* emission intensities increase 
changing oxygen enrichment level from 28 to 30 vol%. This tendency 
was also determined with other WG mixtures, but due to lower calorific 
value and negative CO2 influence, the emission intensities were lower at 
similar oxygen enrichment levels. In the case of ozone addition, the 
increase in registered radical emission intensities was determined at 
both oxygen enrichment levels (28 and 30 vol%). However, at oxygen 
enrichment level of 28 vol%, the increase was insignificant at leaner fuel 
conditions and average intensity of OH*, C2* and CH* emissions 
increased by 5.6%, 1.6% and 4.3%, respectively, compared to the case 
without the ozone addition only at ϕ = 0.91 (Fig. 3). A bit different 
results were obtained at oxygen enrichment level of 30 vol%. Due to 
addition of ozone, the intensities of OH* and CH* emissions increased 
from 2.1 to 2.6% and the intensity of C2* emission increased from 1.4 to 
1.8% changing ϕ values from 0.63 to 0.91 compared to the case without 
the ozone addition. These trends also corresponded to the changes in 
flame lift-off positions and a decrease in emission intensities of regis
tered radicals (from ϕ = 0.83 to 0.91) coincide with the flame shift to the 
blow-off limits (see Fig. 3 and Fig. 4). This was also determined with 
further waste gas mixtures. According to [37], ozone reacts with O, H 
and OH radicals by reactions (O3 + H = O2 + OH), (O3 + H = O + HO2), 

Fig. 2. Flammability map of waste gases under oxygen and ozone enriched conditions.  
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Fig. 3. Average emission intensities of OH*, C2* and CH* from different waste gas mixtures under oxygen and ozone enriched conditions versus fuel-air equivalence 
ratio ϕ. 
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(O3 + OH = O2 + HO2) and (O3 + O = O2 + O2) [38] causing more 
intensive formation of intermediate species like HO2, H2O2, and CH2O 
whose enhances the burning velocity through chain-branching reactions 
and the flame stability is improved. The combustion of WG25 with O2 
enriched air by 30 vol% resulted to lower emission intensities of regis
tered radicals compared to the case of WG30 under identical conditions 
and narrow flammability of this mixture. Though, the ozone addition 
resulted in increased emission intensities of OH*, C2* and CH* by about 
5.5%, 3% and by 3.9% and extended flammability range up to ϕ = 0.83 
(Fig. 3). At O2 enrichment level of 40 vol% the emission intensities of 
these radicals increased up to 30% compared to the case of O2 enrich
ment level of 30 vol% and the combustion process of WG25 was ach
ieved at all tested ϕ values. Considered the ozone addition, emission 
intensities of OH*, C2* and CH* increased only around by 3.2%, 2.8% 
and by 1.4% (Fig. 3), but it led to decreased flame lift-off height 
(Fig. 4b). It was determined that the ozone effect on radical emission 
intensities was less pronounced decreasing CH4 in the mixture and 
increasing oxygen enrichment level. For example, in the case of WG20 
under oxygen enrichment of 60 vol%, the emissions intensity of regis
tered radicals increased only up to few percent, while at lower oxygen 
enrichment (O2 = 40 vol%) the emissions intensity of OH*, C2* and CH* 
increased by approximately 2.4%, 2% and by 3% at tested O2 enrich
ment levels. The highest ozone effect was determined at the lowest ox
ygen enrichment level (O2 = 35 vol%), but at this enrichment point the 
flame was close to the blow-off limit. Analysis of the obtained data re
veals that the increase in emission intensities of registered radicals due 
to the ozone addition are lower at higher oxygen enrichment levels. This 
trend was opposite analysing the flame lift-off changes as with the 

increasing oxygen enrichment level, the ozone effect led to more 
attached flame to the burner nozzle (see Fig. 4c). Considering that 
similar trend was also observed with WG15 mixture, the decreased 
ozone effect with the increased oxygen enrichment level could be 
related to the decreased methane content in the mixture. According to 
[39], the increased CO2/decreased CH4 content in the mixture deac
celerate the chain branching reaction as fuel molecules are less to 
interact with ozone and reduces rates of reactions R1 (O + H + M → 
OH* + M) and R2 (CH + O2 → OH* + CO). Besides, during O3 decom
position formed O could be consumed for C2* excitation reaction R3 (C3 
+ O → C2* + CO) [40]. Considered the obtained results, the ozone 
enhanced species could be also consumed in the reaction R4 (C2 + OH 
→ CH* + CO) which is decelerated due to increased oxygen enrichment 
level and leads to decreased C2* emission intensity, but increased CH* 
one [41]. 

For better understanding how the flame position is influenced by 
oxygen enrichment and the ozone addition effect on the flame stability, 
the flame lift-off heights were estimated from registered OH* emission 
intensities. From previous studies [10,33,34], it was determined that the 
average value of maximum intensities could be attributed to the flame 
position, which changes depending on combustion conditions. 
Decreasing CO2 concentration in waste gases or increasing O2 enrich
ment level in the oxidizer results in increased flame stability and the 
maximum value of OH* emission intensity moves closer to the burner 
exit or vice versa. The estimated flame lift-off heights are presented in 
Fig. 3. During combustion of WG30 mixture with oxygen enriched air by 
28 vol%, the flame lift-off height was around 1.9 cm from the burner 
nozzle at all tested ϕ values. Considering the determined flammability 

Fig. 4. Vertical flame position during combustion of waste gases under oxygen enrichment without and with ozone addition versus ϕ.  
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limits (Fig. 2), the flame lift-off height of 2 cm can be assumed as a 
threshold above the flame approaches to blowoff. The increased oxygen 
enrichment level from 28 vol% to 30 vol% led to reduced flame lift-off 
by 60% and increased flame stability. Besides, the ozone addition 
showed more intensive improvement on the WG30 flame stability at 
higher oxygen enrichment level (O2-30 vol%). The flame lift-off was 
reduced by 6% only at ϕ = 0.91 under oxygen enriched conditions (O2- 
28 vol%), while supplying O2 enriched air by 30 vol%, the flame lift-off 
was reduced from 6.3 to 25.9% changing fuel–air equivalence ratio ϕ 
from 0.63 to 0.91 (Fig. 3a). Besides, a higher effect of ozone was 
determined for ϕ values, at which the WG30 flame lift-off height started 
to increase. Similar results were obtained during combustion of WG25 
mixture supplying oxygen-enriched air by 30 and 40 vol%. At lower 
oxygen enrichment level (30 vol%), the combustion process of WG25 
was only achieved at ϕ = 0.71–0.77 and the determined flame lift-off 
heights indicated that the flame is close to blow-off limit (Fig. 3b). 
The ozone addition extended the flammability of WG25 and the com
bustion process was achieved at ϕ = 0.83, but no effect was observed on 
the flame lift-off reduction (Fig. 3b). In the case of oxygen enrichment by 
40 vol%, the combustion process was achieved at all tested ϕ points, but 
increasing ϕ from 0.77, the flame shifted up and at ϕ = 1.0, the flame 
was close to the blow-off limit considering that the estimated lift-off 
height was 1.7 cm from the burner nozzle. Analyzing ozone addition, 
it was determined that the flame lift-off height was reduced by 8.3 to 
25.9% increasing ϕ from 0.63 to 0.91 (Fig. 3b). Meanwhile, at ϕ = 1.0, 
the flame lift-off was reduced only by 3.2% compared to the case 
without ozone addition. Considering that this tendency was also 
observed in the case of WG30, it could be assumed that ozone has 
weaker effect in terms of flame lift-off reduction on the flames near the 
blow-off limit (Fig. 3). The similar trend was determined with further 
mixtures as well. For instance, during combustion of WG20 under the 
oxygen enrichment level of 35 vol%, the determined flame position was 
located near the blow-off limit and the flame-lift off was only reduced by 
1.06% compared to the case without ozone addition. The increasing 
oxygen enrichment level by 5 vol% ensured stable combustion of WG20 
mixture. According to flame lift-off heights, the flame was attached at 
around 1 cm from the burner nozzle changing ϕ from 0.63 to 0.71. 
However, approaching to richer combustion conditions (ϕ ≥ 0.83), the 
flame position shifted up, till 1.9 cm from the burner nozzle (Fig. 4c). As 
in the case of WG30, the most notable effect of ozone was determined for 
ϕ values, at which the shift of flame occurred. The flame lift-off was 
reduced from 3.8 to 10% changing ϕ from 0.63 to 0.83 compared to the 
case without ozone addition. A bit different results were obtained under 
the oxygen enrichment level of 60 vol%. Based to the flame lift-off 
heights (Fig. 4c), the WG20 flame was attached closer to the burner 
nozzle and a notable increase in the flame lift-off was not observed 
changing ϕ from 0.63 to 0.91 compared to the case with lower enrich
ment level. Regarding to the flammability ranges (Fig. 2), it was deter
mined that the WG20 flame under O2 enrichment of 60 vol% is close to 
the flashback limit as the further increase of oxygen enrichment by few 
% led to flame flashback. Considering this, it was assumed that the flame 
lift-off height of 0.5 cm is a threshold indicating that the flame flashback 
limit is reached. Due to ozone addition, the flame lift-off height was 
reduced from 19 to 13.3% changing ϕ from 0.63 to 0.83 compared to the 
cases without ozone and the flame position shifted down (Fig. 4c). 
Moreover, it was determined that at higher oxygen enrichment level, the 
ozone effect is greater at leaner combustion conditions. The higher 
enhancement effect of ozone at lean-fuel conditions was also observed in 
other works. Wang et al. [37] determined that the ozone addition of 
7000 ppm leads to increased burning velocity by 16% at lean-fuel con
ditions, while at rich-fuel conditions it increased only by 9%. Similar 
findings were also presented in [26]. Authors noted that the burning 
velocity increases by 19.7% at lean-fuel conditions due the ozone 
addition. 

The described tendency was also determined in the case of WG15 
combustion, but at lower oxygen enrichment levels (55 vol% and 60 vol 

%). It could be related to lower calorific value of the mixture and high 
content of CO2 comparing to WG20 one as at oxygen enrichment level of 
55 vol%, the WG15 flame was lifted and increasing ϕ it approached to 
the blowoff limit (Fig. 4d). Moreover, the combustion enhancement by 
ozone was more pronouncing than at higher oxygen enrichment levels. 
For instance, the flame lift-off height was reduced from 22.1% to 6.9 % 
changing ϕ from 0.63 to 0.77 compared to the case without ozone 
addition. An increased oxygen enrichment level by 5 vol% resulted in 
improved flame stability as the flame approached closer to the burner 
exit and the flammability range extended up to 0.83. Though, the flame 
lift-off height was reduced only from 10.8% to 3.7 changing ϕ from 0.66 
to 0.83 due to the ozone addition. Moreover, at the oxygen enrichment 
level of 80 vol%, the ozone addition showed insignificant effect on the 
flame lift-off reduction (up to 1%), even though this oxygen enrichment 
level led to more stable flame as the flame moved closer to the burner 
exit (Fig. 4d). Considering the obtained results, it could be assumed that 
the combustion enhancement by ozone is closely related to calorific 
value in terms of methane concentration in the mixture and depends on 
the flame position as the highest effect of ozone was observed at com
bustion conditions between blowoff and flashback limits. To determine 
how the flame position and ozone addition correlates to waste gas 
combustion performance at different oxygen enrichment levels, the 
distribution of CO emissions versus the flame lift-off heights are dis
cussed in next section. 

3.3. Ozone influence on combustion performance and pollutant emissions 

The combustion efficiency under oxygen and ozone enrichment was 
evaluated by measuring CO and NOx emissions during the combustion 
of waste gases. According to the directive of the 2015/2193/EU on 
pollutant (CO, NOx) emission limits [42], the new medium combustion 
plants have not to exceed 200 mg/m3 of NOx and CO is not limited 
burning gaseous fuels other than natural gas. These limits were not 
exceeded performing the combustion of various waste gases under ox
ygen and ozone enrichment. It was determined that the NOx emissions 
were not higher than 45 ppm (110 mg/m3) under oxygen enriched 
conditions (Fig. 6). Moreover, the determined CO emissions show a close 
relation with the flame lift-off (Fig. 5), but this trend has some excep
tions related to oxygen enrichment level. For instance, in the case of 
WG30, CO emissions increased from 63 to 7595 ppm changing ϕ from 
0.67 to 0.91, but the flame was lifted at all tested ϕ values close to the 
flame blow-off limit due to low oxygen enrichment level (28 vol%) 
(Fig. 5a). Analysing NOx emissions, it was determined that changing ϕ 
from 0.67 to 0.91, the NOx emissions increased from 5 to 16 ppm. The 
ozone addition showed insignificant effect of the flame lift-off reduction, 
but intensified fuel oxidation led to decreased CO emissions by 32–37 
ppm and by 645 ppm at ϕ = 0.67–83 and at ϕ = 0.91, respectively. 
Meanwhile, NOx emissions increased by 5–10 ppm at ϕ = 0.67–83, but 
no effect was observed at ϕ = 0.91 (see Fig. 6a). All this indicates that 
the addition of O3 leads to increased flame temperature. Besides, ac
cording to [38], the direct reaction of ozone with NO during combustion 
is hardly possible as ozone recombines at high temperatures. Moreover, 
few studies [43,44] show that the increment in NO is related to the 
increased flame temperature via the enhanced chain branching reaction. 
At higher oxygen enrichment level (30 vol%), it was determined that 
with occurrence of incomplete combustion of waste gases, CO emissions 
increase, and the flame is lifted and vice versa. The efficient combustion 
of WG30 was achieved in range of ϕ = 0.71–0.83 as the CO emissions 
were 54–119 ppm and the flame was in the middle of stable combustion 
region (see Fig. 5a). Moreover, NOx emissions were in range of 37–36 
ppm at these ϕ values above (Fig. 6a). The combustion enhancement by 
ozone led to the decreased CO emissions and flame lift-off height, 
indicating improved efficiency and stability of the combustion process. 
The addition of ozone reduced CO emissions by 10–43 ppm and also 
NOx emissions by 3 ppm at ϕ values mentioned above (Fig. 5a). Besides, 
significant effect of ozone was determined at leaner combustion ϕ 
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values. Changing ϕ from 0.67 to 0.63, CO emissions decreased from 288 
and 463 ppm to 120 and 314 ppm, but NOx emissions increased by 1–2 
ppm, respectively (Fig. 5a and Fig. 6a). In the case of WG25 considerably 
small CO (up to 33 and 49 ppm) and NOx (up to 15 and 38 ppm) 
emissions were obtained at ϕ = 0.77–67 at both oxygen enrichment 
levels, respectively at 30 and 40 vol% (see Fig. 5b and Fig. 6b). During 
oxygen enrichment level of 40 vol%, the ϕ increase from 0.77 to 0.91 led 
to incomplete combustion and in increased CO emissions from 160 to 
10674 ppm and flame lift-off height from 0.89 to 1.8 cm. Taking into 
account that the flame was lifted up and NOx emissions decreased by 15 
ppm, it could be assumed that the flame temperature decreased at ϕ =
0.91. As in the previous case, the O3 the highest reduction in CO (by 
1186 ppm) was determined at ϕ = 0.91 under oxygen enrichment by 40 
vol% (Fig. 5b), but NOx concentration increased by 1 ppm (Fig. 6b). At 
lower oxygen enrichment level (O2–30 vol%), the enhancement by 
ozone led to reduced CO and NOx emissions respectively by 5–29 ppm 
and by 1–2 ppm changing ϕ from 0.77 to 0.71. 

Similar results were determined during combustion of WG20 and 
WG15. The increasing oxygen enrichment level led to the flame position 
shift closer to the burner nozzle and more efficient combustion as CO 
emissions decreased. For instance, in the case of WG20 the increase of 
oxygen enrichment from 40 to 60 vol% led to decreased CO emissions 
from 350 to 868 ppm changing ϕ from 0.77 to 0.63 with the decrease of 
the flame lift-off (see Fig. 4c and Fig. 5c). At higher ϕ values, CO 

emissions increased drastically, up to 17000 ppm. However, considering 
the flame lift-off and NOx emissions, it could be assumed that the most 
efficient combustion of WG20 is achieved at oxygen enrichment of 40 
vol%. Firstly, the flame is not attached close to the flashback or blowoff 
limit as in the case of O2 enrichment by 35 vol% and NOx emissions are 
the lowest, (13–20 ppm at ϕ = 0.63–0.83) (Fig. 6c). It was determined 
that at O2 enrichment by 80 vol% NOx emissions were higher by 12–15 
ppm. Secondly, the ozone addition showed the highest influence on 
combustion enhancement in terms of the lift-off height and CO emission 
reductions. CO emissions were reduced by 612–64 ppm, but NOx 
emissions increased by 1–3 ppm changing ϕ from 0.91 to 0.66. Based on 
Fig. 6, the efficient combustion of WG15 was achieved under oxygen 
enrichment of 80 vol%. During combustion, CO emissions increased 
from 130 to 303 ppm changing ϕ from 0.63 to 0.71. Compared to CO 
emissions under O2 enrichment of 60 vol% and 55 vol%, these were 
higher respectively by1324 ppm and by 1441–1065 ppm (Fig. 5d). But 
at higher ϕ values (0.77 – 0.83) incomplete combustion occurred and CO 
emissions increased up to ~1300 ppm and were higher by about 900 – 
600 ppm compared to the case under oxygen enrichment of 60 vol%. 
Moreover, the flame position shifted up (Fig. 4d). Despite that, NOx 
emissions were low, up to 11 ppm, and similar in all cases (Fig. 6d). 
Regarding to [46], the high concentration of CO2 in the mixture which in 
turn negatively affects the flame temperature and reduced N2 concen
tration in the oxidizer leads to decreased rates of the Zel’dovich 

Fig. 5. CO emissions under different combustion conditions versus flame lift-off height.  
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reactions and reduced NOx emissions. Speaking of ozone effect on CO 
emissions in the case of WG15 under oxygen enrichment by 80 vol%, the 
CO reduction by the ozone addition was determined only at ϕ from 0.63 
till 0.71 and CO emissions were reduced from 112 to 55 ppm, respec
tively. (Fig. 6d). Shifting ϕ from 0.71 to 0.83, the CO emissions increased 
drastically by 15–55% due to ozone addition. Based on the flame lift-off 
heights (Fig. 4d), changes of CO emissions correspond to the movement 
of the flame position and the increase in CO emissions occurs near the 
blowoff limit (see Fig. 5d). According to previous works [34,45] the 
increase of CO could be related to the decreased flow velocity caused by 
high oxygen concentration in the oxidizer. It leads to weaker mixing of 
reactants and incomplete combustion is intensified as the flame speed 
due to ozone addition increase. 

4. Conclusions 

The combustion enhancement of various waste gas mixtures (30–15 
vol% of CH4 in CO2) by oxygen and ozone addition was investigated in 
the low swirl burner in lean-fuel conditions. Flame characteristics and 
performance under oxygen and ozone enrichment were determined 
using the flame emission spectroscopy method by registering chemilu
minescent radical species OH*, CH* and C2*, and using the flue gas 
analyser for post combustion products, namely CO and NOx, analysis, 
respectively. As a result, the following conclusions are made: 

• The combustion of CH4/CO2 mixtures under oxygen enriched con
ditions showed that with the decreased methane concentration (from 
30 to 15 vol%) in CO2, the higher O2 enrichment level (from 40 to 80 
vol%) is required to achieve stable and efficient combustion process, 
but at higher oxygen enrichment levels, the flame is approaching to 
the flashback limit.  

• The ozone addition leads to increased emission intensities of main 
radicals and greater effect of ozone is achieved for these flames 
which are lifted. This effect weakens with increasing oxygen 
enrichment level as the flame gets closer to the burner nozzle and 
flame stability is improved. It also corresponds to the flame lift-off 
reduction. During combustion of WG30 and WG25, the flame lift- 
off reduction (from 6.3 to 25.9% and from 8.3 to 25.9% respec
tively) by ozone intensified as the flame lift-off increased changing ϕ 
from 0.63 to 0.91. At lower methane concentrations, higher oxygen 
enrichment level leads to more attached flame to the burner nozzle 
and the ozone effect weakens. The WG15 flame lift-off height was 
reduced by 20.8–7% and by 10–3.7% at oxygen enrichment levels of 
55 vol% and 60 vol%, while the lowest reduction (by 9–0.9% 
changing ϕ from 0.63 to 0.83) was determined at the oxygen 
enrichment level of 80 vol%.  

• The combustion enhancement by ozone is closely related to calorific 
value in terms of methane concentration in the mixture and depends 
on the flame position as the highest effect of ozone in terms of 
reduced CO emissions and the flame lift-height was observed at 

Fig. 6. NOx emissions at different oxygen enrichment levels and fuel-air equivalence ratio ϕ.  
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combustion conditions between blowoff and flashback limits. With 
occurrence of incomplete combustion of waste gases, CO emissions 
increase, and the flame is lifted and vice versa. In the case of WG30, 
significant effect of ozone was determined when flame is lifted. 
Changing ϕ from 0.67 to 0.63, CO emissions decreased from 288 and 
463 ppm to 120 and 314 ppm, respectively. Meanwhile, the highest 
influence on combustion enhancement in terms of the lift-off height 
and CO emission reductions was determined for WG20. CO emissions 
were reduced by 612–64 ppm, but NOx emissions increased by 1–3 
ppm changing ϕ from 0.91 to 0.66.  

• The NOx emissions were not higher than 45 ppm (110 mg/m3) under 
oxygen and ozone enriched conditions. Moreover, the NOx emissions 
decreased with decreasing CH4 concentration in the mixture but 
increased with the increasing O2 enrichment level due to increased 
flame temperature. Also, the plasma-produced ozone allowed to 
avoid the undesired plasma products, which occurs during plasma- 
assisted combustion and intensify NOx formation by 10 or more 
times. In this case, the addition of ozone showed an advantage as 
NOx emissions increased only up to 10 ppm (WG30), besides 
increasing oxygen enrichment resulted in the increase of NOx 
emission by small part (2–5 ppm) as nitrogen concentration in the 
oxidizer was reduced.  

• Considering the combustion efficiency in terms of flame stability and 
CO emissions, the most efficient combustion of waste gases WG25 
and WG20 was achieved respectively under oxygen enrichment of 
40 vol% with addition of ozone at lean-fuel conditions (ϕ from 0.63 
till 0.83). 
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[10] Paulauskas R, Martuzevičius D, Patel RB, Pelders JEH, Nijdam S, Dam NJ, et al. 
Biogas combustion with various oxidizers in a nanosecond DBD microplasma 
burner. Exp Therm Fluid Sci 2020;118:110166. https://doi.org/10.1016/j. 
expthermflusci.2020.110166. 

[11] Bak MS, Im S-K, Mungal MG, Cappelli MA. Studies on the stability limit extension 
of premixed and jet diffusion flames of methane, ethane, and propane using 
nanosecond repetitive pulsed discharge plasmas. Combust Flame 2013;160(11): 
2396–403. https://doi.org/10.1016/j.combustflame.2013.05.023. 

[12] Li T, Adamovich IV, Sutton JA. Effects of non-equilibrium plasmas on low-pressure, 
premixed flames. Part 1: CH* chemiluminescence, temperature, and OH. Combust 
Flame 2016;165:50–67. https://doi.org/10.1016/J. 
COMBUSTFLAME.2015.09.030. 

[13] Varella RA, Sagás JC, Martins CA. Effects of plasma assisted combustion on 
pollutant emissions of a premixed flame of natural gas and air. Fuel 2016;184: 
269–76. https://doi.org/10.1016/J.FUEL.2016.07.031. 

[14] Yu Y, Li X, An X, Yu X, Fan R, Chen D, et al. Stabilization of a premixed methane-air 
flame with a high repetition nanosecond laser-induced plasma. Opt Laser Technol 
2017;92:24–31. https://doi.org/10.1016/j.optlastec.2017.01.001. 

[15] Liao Y-H, Zhao X-H. Plasma-Assisted Stabilization of Lifted Non-premixed Jet 
Flames. Energy Fuels 2018;32(3):3967–74. https://doi.org/10.1021/acs. 
energyfuels.7b03940. 

[16] Barbosa S, Pilla G, Lacoste DA, Scouflaire P, Ducruix S, Laux CO, et al. Influence of 
nanosecond repetitively pulsed discharges on the stability of a swirled propane/air 
burner representative of an aeronautical combustor. Philos Trans R Soc A Math 
Phys Eng Sci 2015;373(2048):20140335. https://doi.org/10.1098/ 
rsta.2014.0335. 

[17] Elkholy A, Shoshyn Y, Nijdam S, van Oijen JA, van Veldhuizen EM, Ebert U, et al. 
Burning velocity measurement of lean methane-air flames in a new nanosecond 
DBD microplasma burner platform. Exp Therm Fluid Sci 2018;95:18–26. https:// 
doi.org/10.1016/j.expthermflusci.2018.01.011. 

[18] Bak MS, Do H, Mungal MG, Cappelli MA. Plasma-assisted stabilization of laminar 
premixed methane/air flames around the lean flammability limit. Combust Flame 
2012;159(10):3128–37. https://doi.org/10.1016/j.combustflame.2012.03.023. 

[19] Sagás JC, Maciel HS, Lacava PT. Effects of non-steady state discharge plasma on 
natural gas combustion: Flammability limits, flame behavior and hydrogen 
production. Fuel 2016;182:118–23. https://doi.org/10.1016/J.FUEL.2016.05.100. 

[20] Mousavi SM, Kamali R, Sotoudeh F, Karimi N, Lee BJ. Numerical Investigation of 
the Plasma-Assisted MILD Combustion of a CH4/H2 Fuel Blend Under Various 
Working Conditions. J Energy Resour Technol 2021;143. https://doi.org/10.1115/ 
1.4048507. 

[21] Li M, Wang Z, Xu R, Zhang X, Chen Z, Wang Q. Advances in plasma-assisted 
ignition and combustion for combustors of aerospace engines. Aerosp Sci Technol 
2021;117:106952. https://doi.org/10.1016/j.ast.2021.106952. 

[22] Kim W, Snyder J, Cohen J. Plasma assisted combustor dynamics control. Proc 
Combust Inst 2015;35(3):3479–86. https://doi.org/10.1016/j.proci.2014.08.025. 

[23] Kim GT, Yoo CS, Chung SH, Park J. Effects of non-thermal plasma on the lean 
blowout limits and CO/NOx emissions in swirl-stabilized turbulent lean-premixed 
flames of methane/air. Combust Flame 2020;212:403–14. https://doi.org/ 
10.1016/j.combustflame.2019.11.024. 

[24] Reuter CB, Ombrello TM. Flame enhancement of ethylene/methane mixtures by 
ozone addition. Proc Combust Inst 2021;38(2):2397–407. https://doi.org/ 
10.1016/j.proci.2020.06.122. 

[25] Zhang Y, Zhu M, Zhang Z, Shang R, Zhang D. Ozone effect on the flammability 
limit and near-limit combustion of syngas/air flames with N 2, CO 2, and H 2 O 
dilutions. Fuel 2016;186:414–21. https://doi.org/10.1016/j.fuel.2016.08.094. 

[26] Ji S, Li Y, Tian G, Shu M, Jia G, He S, et al. Investigation of laminar combustion 
characteristics of ozonized methane-air mixture in a constant volume combustion 
bomb. Energy 2021;226:120349. https://doi.org/10.1016/j.energy.2021.120349. 

[27] Choe J, Sun W. Blowoff hysteresis, flame morphology and the effect of plasma in a 
swirling flow. J Phys D Appl Phys 2018;51(36):365201. https://doi.org/10.1088/ 
1361-6463/aad4dc. 

[28] Li P, Li W, Wang K, Hu F, Ding C, Guo J, et al. Experiments and kinetic modeling of 
NO reburning by CH4 under high CO2 concentration in a jet-stirred reactor. Fuel 
2020;270:117476. https://doi.org/10.1016/j.fuel.2020.117476. 
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