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Abstract 

The EU is tightening the requirements of environmental protection due to influence of 

pollutants from combustion systems on climate change and prompt to increase the efficiency 

and usage of alternative fuels. One of alternatives is biomethane (SNG), which production via 

thermochemical processes is gaining more attention. Also, waste gases could be produced 

during methanation and clean combustion of such gases is needed. However, these gases could 

have a varied part of ballast gas and low calorific value, which leads to decreased flame stability 

and burning velocity. Besides, the combustion temperature could decrease as well and the 

formation of intermediate fuel oxidation products could increase. 

To increase combustion efficiency, ozone-assisted combustion was examined in a flat flame 

burner and a low swirl burner burning biomethane (SNG) and low calorific value gases. An 

addition of ozone reduced the flame lift-off by 20-70% during combustion of SNG and waste 

gases. Regarding the post combustion emissions, the ozone enrichment of SNG combustion 

reduced CO emissions but slightly increased NOx concentrations at higher ϕ values. The 

tendency on NOx increase due to the ozone addition was determined with LCV gases as well, 

but the ozone effect on reducing the CO emissions was more intensive, CO emissions were 

decreased by 70-300 mg/m3. 
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1. Introduction 

Nowadays, the usage of fossil fuel is still increasing and 80% of world energy is produced 

by combustion. Besides, the use of natural gas is projected to increase by nearly 12% in 
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2020 [1]. In addition, alternative fuels are getting more attention due to the demand of a more 

flexible and reliable energy supply system. In nowadays, the biomethane production via 

methanation of gases obtained in the biomass gasification process [2,3] is gaining a lot of 

attention and biomethane (SNG) is one of alternatives foreseen to replace natural gas. Another 

alternatives for heat and electricity production are gases obtained from various industrial 

processes (blast furnace gases, syngas, tail gases and etc.). However, these gases have a lower 

calorific value compared to methane and depending on gas composition, these gases could 

affect the combustion process, negatively. For example, high amounts of incombustible gases 

like N2, CO2 and etc. could lead to a reduction in flame temperature which in turn affects flame 

stability and reduces burning velocity [4–6]. According to [7,8] the CO2 in gas mixtures could 

reduce NOx emissions but the CO emissions could increase by half. Moreover, the combustion 

process of mixtures with CO2 could end in reduced combustion efficiency, an unstable flame 

and unburned gas emissions into the atmosphere. 

These problems require innovative solutions to stabilize flame. Investigations of 

combustion processes by other authors reveal that the flame stability is improved by enrichment 

of oxygen, hydrogen or syngas [9–11], combustion in porous burners [12,13] or flameless 

combustion [14,15]. One more solution for it, is the use of plasma technologies (thermal or non-

thermal plasma) to ensure the stability and efficiency of the combustion process [16,17]. Over 

the last decade, promising results were presented and flame stability improvement was studied 

using a repetitive pulsed plasma [18,19], a gliding arc plasma [20], a laser-induced plasma [21] 

and dielectric barrier discharge plasma [22–24]. As an example, study on the dielectric barrier 

discharge showed the improved flame stability of jet flames and flame speed was enhanced by 

about 125% [25]. The authors observed that the plasma enhanced the flame lift-off velocity by 

about 125%. Other work [26] investigated an effect of different plasma discharge repetition 

rates on the flammability. It was determined that the flammability limit is extended from φ = 

0.6 to 0.53 increasing the repetition rate from 10 kHz to 50 kHz. Similar work was presented 

by Barbosa et al. [27]. It was also noted that the repetition frequency influences the 

effectiveness of the plasma. Authors observed a significant improvement in the flame stability 

and the flammability limit was extended from φ = 0.4 to 0.11 at 30 kHz repetition rate. 

However, the literature review reveals that studies on the plasma assisted combustion 

processes are mainly oriented for the application in gas turbines (Kim et al., 2017). Besides, 

majority of studies focuses on the effects of ozone on flame propagation speeds and ignition 

characteristics, while the effect on flame stability and flammability limits is analysed 

insufficiently. Due to these reasons, this work analyses the use of non-thermal plasma for flame 
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stability of the biomethane (SNG) and waste gases with low calorific value in the lean 

combustion regime and seeks to expand the knowledge of the ozone-assisted combustion. Also 

the ozone effect was investigated under oxygen-enriched conditions. 

2. Experimental methodology 

The experiments were performed using the experimental setup consisting of two different 

burners: a flat flame (A) and a low swirl burner (B), a quartz glass tube, a flame optical analysis 

system and an air and gas mixture supply system (Fig. 1). 

 

 

Figure 1. Schematic diagram of the experimental rig for combustion investigation: 1 – a 

burner of: A- a flat flame type; B – a low swirl type; 2 – a quartz tube; 3 – a DBD plasma 

reactor. 

 

The combustion process was performed in the burner covered with the clean quartz glass 

tube of 73 cm height and 13 cm diameter used as a combustion chamber and a shield to prevent 

ambient air suction. For combustion experiments, biomethane (SNG) and low calorific value 

(LCV) gases were simulated using pure CH4 (methane) and various mixtures of CH4 and CO2 

(carbon dioxide) (Table I). The ozone-assisted combustion of SNG and LCV gas A was 

investigated in the flat flame burner. Meanwhile, the combustion of the LCV gases B and C 

with lower calorific value under oxygen enriched conditions (40 vol% of O2 in N2) and ozone 

addition was investigated in the low swirl burner. The mentioned gases and combustible air 

were supplied by separate inlets, which ensured a precise preparation of a premix. Each flow 

of gases was controlled by mass flow controllers BROOKS. During the combustion 

experiments, the equivalence ratio ϕ was changed in the range from 0.58 to 1.0.  
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In a case of ozone assisted combustion, oxygen and nitrogen were supplied separately. O2 

was used to produce ozone (14 mg/l) supplying it via a DBD plasma reactor (200 W) to the 

premixing chamber. To obtain the same composition of air, flows of N2 and O2 were controlled 

by mass controllers as well. In order to observe the combustion process improvement by the 

ozone introduction and to compare the obtained results, the overall flow speed of 0.14 m/s was 

sustained by supplying a constant 24 l/min flow of air/fuel mixtures at different fuel equivalence 

ratios φ. 

Table 1. Composition of used gases. 

Gases Composition 

Biomethane (SNG) CH4-100% 

Waste gas A CH4-40%/CO2-60% 

Waste gas B CH4-25%/CO2-75% 

Waste gas C CH4-20%/CO2-80% 

 

The combustion process was observed using an optical system for analysis of spatial 

distribution of the excited species OH* (282.9 nm), CH* (387.1 nm) and C2* (514 nm) in the 

flame at atmospheric pressure. The flame images were captured using an ICCD (Intensified 

Charge Coupled Device) camera Andor iStar DH734. The diameter of the photocathode 

(intensifier) was 18 mm; a pixel size was 13 μm. The matrix contains 1024×1024 active pixels 

sensitive to the 200–800 nm wavelength range. The achieved resolution of the flame image was 

6.6 pixels per millimetre. A single accumulation cycle time was set to 1.266 s. The optimal 

exposure was set to 0.04 s and 300 image acquisitions were accumulated into a single frame for 

each experiment. 

Pollutant emissions (NOx, CO) were measured by a flue gas analyser Testo 350XL. The 

probe was inserted at a 50 cm distance from the burner nozzle via the open end of the quartz 

tube for sampling (see Fig. 1).  

 

3. Results and discussions 

The combustion experiments using gases of different compositions (see Table 1) were 

performed in the flat flame burner and low swirl burner with ϕ ranging from 0.61 to 1. The first 

set of experiments was performed using the flat flame burner, and the second one – the low 

swirl burner.  
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3.1. Flame characteristics 

Obtained biomethane and waste gas flame images through the bandpass filters at the 

emission wavelengths of OH*, C2* and CH* radicals at fuel equivalence ratio ϕ = 0.66 and 

0.71are presented in Fig 2. According to images of OH* and CH*, the ozone addition to 

biomethane flame has neglible effect. Only an insignificant improvement in a flame shape was 

indicated by flame images obtained through bandpass filters at the emission wavelengths of 

C2*. According to [28], the direct reaction between ozone and methane is immeasurably slow 

and only an improved oxidation of methane by O (1) is capable. A bit different results were 

observed with waste gases. During the waste gas A combustion without addition of ozone, the 

flame is lifted up and becomes unstable. According to images of C2* (Fig. 3), the flame 

“butterfly” is formed in both cases. When the combustion is enhanced by ozone, the waste gas 

flame becomes more stable and the flame stretch is reduced. The observed emissions of OH*, 

C2* and CH* radicals also shows increased intensity of these radicals. Based on [11] it indicates 

a higher flame temperature due to improved fuel oxidation process. 

 

 
Figure 2. Flame images of SNG and waste gas A obtained through bandpass filters at the 

emission wavelengths of different radicals 

 

Combustion of waste gas with lower amount of methane (≤ 30 vol% CH4 in CO2) was not 

possible in the flat flame burner and further experiments were performed in the low swirl burner 

supplying oxygen enriched air. Experiments were performed burning waste gases with 

composition of CH4/CO2-25%/75% and CH4/CO2-20%/80%. The obtained flame images of 

waste gases under oxygen enriched atmosphere and ozone addition are presented in Fig. 3.  
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Figure 3. Flame images of waste gases obtained through bandpass filters at the emission 

wavelengths of different radicals  

 

It shows that during waste gas combustion under oxygen enriched atmosphere, the flame is 

lifted up and stretched. Moreover, the flame lift-off increases increasing the CO2 concentration 

in the waste gases. When the combustion is assisted by ozone, emission intensities of OH*, C2* 

and CH* radicals increases and indicates the higher flame temperature (Fig. 3). However, the 

flame stability improvement by ozone addition is not noticeable from the obtained images. For 

this reason, to evaluate the ozone effect on flame stability, the flame lift-off height was 

determined by measuring the vertical distance at which the average intensity of C2* radical 

emission is at its maximum. 

 

3.2. Lift-off height of ozone-assisted flames  

The evaluated heights of the maximum C2* luminescence intensity with ϕ ranging from 

0.58 to 1 for different gases are presented in Fig. 4. The effect of ozone addition to SNG (CH4-

100%) flame is insignificant, the flame lift-off is reduced only by 0.02 cm with ϕ ranging from 

0.71 to 1.0. At leaner combustion regime (ϕ = 0.58 – 0.71), the ozone addition decreased the 

flame lift-off by 0.43–0.21 cm compared to the combustion case without ozone. A greater effect 

of ozone addition was observed during combustion of LCV gas with composition of CH4/CO2-

40%/60% (see Fig. 4). As in the previous case, the most intensive effect of ozone-assisted 

combustion was determined in lean-combustion region (ϕ = 0.63) and the flame lift-off was 

reduced by 0.32 cm as well compared to the combustion case without ozone (see Fig. 4). 
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Increasing ϕ from 0.66 to 1, the flame lift-off decreased by 0.24–0.1 cm as well (see Fig. 4). 

Comparing SNG and waste gas combustion results, it was assumed that the higher effect of 

ozone on LCV gas combustion was achieved due to increased CO2 concentration in the LCV 

gas and O3 affected CO2 resulting in CO, which increased the calorific value of these gases.  

 

 

Figure 4. Vertical flame position during combustion without and with ozone addition versus 

ϕ 

 

Further experiments were performed under oxygen-enriched conditions combusting LCV 

gases with composition of CH4/CO2-25%/75% and CH4/CO2-20%/80%. According to 

determined flame lift-off heights, the supply of oxygen-enriched air (40 vol% O2 in N2) 

improved flame stability of LCV gases ranging ϕ from 0.625 to 0.9. At higher fuel equivalence 

ratio the flame became unstable and lifted up. Even though the combustion was performed with 

oxygen-enriched air, the ozone addition improved the flame stability and the flame lift-off was 

reduced by 9-33% and by 10-11% respectively for CH4/CO2-25%/75% and CH4/CO2-

20%/80%. It was considered that an increased O2 concentration in air led to higher production 

of ozone, which in turn improved the combustion of LCV gases.  
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3.3. Ozone effect on CO and NOx emissions 

 

The acquired emissions of NOx and CO at different ϕ are presented in Fig. 5 and Fig. 6, 

respectively. During SNG combustion, the addition of ozone reduced NOx emissions by 6–2 

mg/m3 at ϕ values of 0.63-0.83 and further increase of ϕ led to near equal NOx concentrations. 

During ozone-assisted combustion of LCV gas A, the NOx emissions reduction was higher only 

ranging ϕ from 0.8 to 1.0 compared to the previous case. However, results obtained in the low 

swirl burners showed insignificant or even negative effect of the ozone addition on reduction 

of NOx emissions. NOx emissions were nearly identical during combustion of CH4/CO2-

25%/75% with ozone and without. Besides, the obtained emissions were highest compared to 

other combustion cases. This could be caused due to oxygen-enriched air which increases the 

flame temperature and thermal NOx formation intensifies. Though, comparable small 

emissions were determined combusting LCV gas C (CH4/CO2-20%/80%), but the ozone 

addition led to increased emissions by 4-8 mg/m3.  

 

 
Figure 5. NOx emissions at different fuel equivalence ratios ϕ 
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More encouraging results were observed analysing CO emissions. During ozone-assisted 

combustion of SNG, CO was reduced by approximately 50 mg/m3 and 400 mg/m3 for values 

ϕ=0.66 and 0.63 (see Fig. 6). In the case of waste gases A, the O3 effect on CO was obtained 

similar and CO emissions decreased by 80-20 mg/m3 with ϕ ranging from 0.71 to 1.0, 

respectively (Fig. 6). The tendency of CO emissions was a bit different performing combustion 

experiments in the low swirl burner under oxygen enriched conditions. During the waste gas B 

combustion, CO emissions were decreased by 20-40 mg/m3 increasing ϕ from 0.625 to 0.833 

due to the ozone addition. At higher ϕ values incomplete combustion occurred and CO 

emissions increased drastically and the ozone effect was insignificant. In case of waste gas C, 

CO emissions were reduced by 70-200 mg/m3 and by 200-300 mg/m3 respectively changing ϕ 

from 0.625 to 0.66 and from 0.714 to 0.77 due to the ozone addition.  

 

 
Figure 6. CO emissions at different fuel equivalence ratios ϕ 

 



10 

 

4. Conclusions 

The effect of ozone on combustion efficiency was investigated in two burners (the flat flame 

and low swirl burner) in wide range of fuel equivalence ratios using different compositions of 

gases (SNG, waste gases with low calorific value). The obtained results showed promising 

results on reducing the flame lift-off for low calorific value gases. An addition of O3 reduced 

the flame lift-off by 20-40% and by 40-70% in the case of SNG and in the case of LCV gases, 

respectively. The ozone effect was weaker on LCV gases with CH4 concentration of 20-

25 vol% supplying oxygen-enriched air and the flame lift-off was reduced only from 33% to 

9%. The ozone enrichment of SNG combustion reduced NOx and CO emissions by 2-7 mg/m3 

and by 200-4 mg/m3 increasing ϕ from 0.625 to 0.833, respectively, but NOx concentrations 

increased by 2 mg/m3 at higher ϕ values. The tendency on NOx increase due to the ozone 

addition was determined with LCV gases as well, but the ozone effect on reducing the CO 

emissions was more intensive. The highest effect on CO decrease was observed during ozone 

assisted combustion of CH4-20%/CO2-80% mixture. CO emissions decreased by 70-300 

mg/m3. 

Acknowledgements 

This project has received funding from European Regional Development Fund (project No. 

01.2.2-LMT-K-718-01-0005) under grant agreement with the Research Council of Lithuania 

(LMTLT). Special thanks goes to the rest project team members: investigators: Martynas Lelis, 

Andrius Tamošiūnas, Dovilė Gimžauskaitė, Vilma Snapkauskienė.  

 

References 

[1] U.S. Energy Information Administration. International Energy Outlook 2016. vol. 

0484(2016). 2016. doi:www.eia.gov/forecasts/ieo/pdf/0484(2016).pdf. 

[2] Liu Z, Chu B, Zhai X, Jin Y, Cheng Y. Total methanation of syngas to synthetic 

natural gas over Ni catalyst in a micro-channel reactor. Fuel 2012;95:599–605. 

doi:10.1016/j.fuel.2011.12.045. 

[3] Cheng C, Shen D, Xiao R, Wu C. Methanation of syngas (H 2 /CO) over the different 

Ni-based catalysts. Fuel 2017;189:419–27. doi:10.1016/j.fuel.2016.10.122. 

[4] Keramiotis C, Founti MA. An experimental investigation of stability and operation of a 

biogas fueled porous burner. Fuel 2013;103:278–84. doi:10.1016/j.fuel.2012.09.058. 

[5] Song Y, Zou C, He Y, Zheng C. The chemical mechanism of the effect of CO2 on the 

temperature in methane oxy-fuel combustion. Int J Heat Mass Transf 2015;86:622–8. 

doi:10.1016/j.ijheatmasstransfer.2015.03.008. 

[6] Hinton N, Stone R. Laminar burning velocity measurements of methane and carbon 

dioxide mixtures (biogas) over wide ranging temperatures and pressures. Fuel 

2014;116:743–50. doi:10.1016/j.fuel.2013.08.069. 

[7] Watanabe H, Yamamoto J, Okazaki K. NOx formation and reduction mechanisms in 



11 

 

staged O2/CO2 combustion. Combust Flame 2011;158:1255–63. 

doi:10.1016/j.combustflame.2010.11.006. 

[8] García-Armingol T, Ballester J. Flame chemiluminescence in premixed combustion of 

hydrogen-enriched fuels. Int J Hydrogen Energy 2014;39:11299–307. 

doi:10.1016/j.ijhydene.2014.05.109. 

[9] Lapalme D, Seers P. Influence of CO2, CH4, and initial temperature on H2/CO laminar 

flame speed. Int J Hydrogen Energy 2014;39:3477–86. 

doi:10.1016/J.IJHYDENE.2013.12.109. 

[10] Zhen HS, Leung CW, Cheung CS, Huang ZH. Characterization of biogas-hydrogen 

premixed flames using Bunsen burner. Int J Hydrogen Energy 2014;39:13292–9. 

doi:10.1016/j.ijhydene.2014.06.126. 

[11] Striūgas N, Zakarauskas K, Paulauskas R, Skvorčinskienė R. Chemiluminescence-

based characterization of tail biogas combustion stability under syngas and oxygen-

enriched conditions. Exp Therm Fluid Sci 2020;116:110133. 

doi:10.1016/j.expthermflusci.2020.110133. 

[12] Keramiotis C, Founti MA. An experimental investigation of stability and operation of a 

biogas fueled porous burner. Fuel 2013;103:278–84. doi:10.1016/j.fuel.2012.09.058. 

[13] AL-Hamamre Z, Diezinger S, Talukdar P, Von Issendorff F, Trimis D. Combustion of 

Low Calorific Gases from Landfills and Waste Pyrolysis Using Porous Medium Burner 

Technology. Process Saf Environ Prot 2006;84:297–308. doi:10.1205/PSEP.05167. 

[14] Hosseini SE, Wahid MA. Biogas utilization: Experimental investigation on biogas 

flameless combustion in lab-scale furnace. Energy Convers Manag 2013;74:426–32. 

doi:10.1016/j.enconman.2013.06.026. 

[15] Nguyen PD, Ghazal G, Piñera VC, Battaglia V, Rensgard A, Ekman T, et al. Modelling 

of flameless oxy-fuel combustion with emphasis on radiative heat transfer for low 

calorific value blast furnace gas. Energy Procedia 2017;120:492–9. 

doi:10.1016/j.egypro.2017.07.177. 

[16] Ju Y, Sun W. Plasma assisted combustion: Dynamics and chemistry. Prog Energy 

Combust Sci 2015;48:21–83. doi:10.1016/j.proci.2014.05.021. 

[17] Starikovskiy A, Aleksandrov N. Plasma-assisted ignition and combustion. Prog Energy 

Combust Sci 2013;39:61–110. doi:10.1016/J.PECS.2012.05.003. 

[18] Bak MS, Im S, 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;160:2396–403. 

doi:10.1016/J.COMBUSTFLAME.2013.05.023. 

[19] Li T, Adamovich I V., 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. doi:10.1016/J.COMBUSTFLAME.2015.09.030. 

[20] 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. 

doi:10.1016/J.FUEL.2016.07.031. 

[21] 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. doi:10.1016/J.OPTLASTEC.2017.01.001. 

[22] Kim GT, Seo BH, Lee WJ, Park J, Kim MK, Lee SM. Effects of applying non-thermal 

plasma on combustion stability and emissions of NOx and CO in a model gas turbine 

combustor. Fuel 2017;194:321–8. doi:10.1016/J.FUEL.2017.01.033. 

[23] De Giorgi MG, Ficarella A, Sciolti A, Pescini E, Campilongo S, Di Lecce G. 

Improvement of lean flame stability of inverse methane/air diffusion flame by using 

coaxial dielectric plasma discharge actuators. Energy 2017;126:689–706. 



12 

 

doi:10.1016/J.ENERGY.2017.03.048. 

[24] 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. doi:10.1016/j.expthermflusci.2020.110166. 

[25] Liao Y-H, Zhao X-H. Plasma-Assisted Stabilization of Lifted Non-premixed Jet 

Flames. Energy & Fuels 2018;32:3967–74. doi:10.1021/acs.energyfuels.7b03940. 

[26] 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;159:3128–37. doi:10.1016/j.combustflame.2012.03.023. 

[27] 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;373:20140335. doi:10.1098/rsta.2014.0335. 

[28] Sun W, Gao X, Wu B, Ombrello T. The effect of ozone addition on combustion: 

Kinetics and dynamics. Prog Energy Combust Sci 2019;73:1–25. 

doi:10.1016/j.pecs.2019.02.002. 

 


