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Understanding the effects of CO2 on biogas combustion is vital as it occurs naturally 
as one of the major biogas content aside from CH4. In the present study, burning rate 
and flame stability of simulated biogas combustion have been investigated at 1 atm 
and 298K. CO2 dilution was set at 20, 40 and 50% to emulate typical biogas content. 
Experiment was performed using spherically expanding flame to include the effect of 
stretch on flame propagation.  Results from experiment were compared with 
numerical results as well as data and correlations from literature. Results reveals a 
linear trend between CO2 dilution and burning rate reduction. Compared to pure CH4, 
peak burning rate steadily decreases to 21.17%, 34.14% and 45.15% as CO2 dilution 
was increased from 20 to, 40 and 50% respectively. Chemically, CO2 could slow down 
the reactions that produces OH and CO radicals important for CH4 dissociation. 
Physically, CO2 could modify mass and thermal diffusion pattern as indicated by the 
Markstein length that shows noticeable changes as CO2 was increased. In terms of 
stability, CO2 tends to stabilize flame by suppressing the thermal-diffusive and 
hydrodynamic instability.   
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1. Introduction 

 
Depletion of fossil fuel has attracted studies on renewable alternative fuels. With current rate 

of consumption, it is expected that fossil fuel such as oil and natural gas could be completely 
consumed by 2042 [1]. Biogas has been regarded as one of the promising fuel to serve as an 
alternative to the depleting fossil fuel as it is renewable. Depending on its sources, biogas mainly 
contains approximately 50-70% methane, 30-50% carbon dioxide and trace gases at smaller 
quantity. It can be produced by anaerobic fermentation of municipal to agricultural waste using 
microorganisms called methanogens. Using biogas can also help in reducing Green House Gas 
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emission since its combustion generates less pollutants compared fossil fuels [2].  Many studies are 
directed towards enhancing biogas production and processing. These includes the screening for 
potent methanogens, optimized process and enrichment [3]. Nevertheless, fundamental studies on 
biogas combustion characteristics are relatively scarce. The presence of CO2 in biogas at varying 
amount could alter combustion characteristics to the point that it could become unpredictable thus 
may complicate the commercial use of biogas [4]. It may cause reduction in flame speed and 
flammability limits due to reduced heat release and flame temperature [5]. Changes in mass and 
heat diffusivity due to the presence of CO2 may further contribute to uncertainty in biogas 
combustion [6]. The effect of radiation on the other hand is negligible for CO2 diluted methane-O2 
mixture [7]. 

Laminar burning rate is among the fundamental combustion characteristics that is used to 
describe the laminar premixed combustion of certain fuels [8]. Accurate measurement of laminar 
burning rate permits the understanding of propagation rates, heat release, quenching and emission 
characteristics. It could be derived from data of flame speed that serves as the primary data. There 
are several methods to determine flame speed such as flat flame [9 & 10], counterflow flame [11 & 
12] and spherically expanding flame [13-16]. The latter constitutes the most versatile and accurate 
method to date [17]. The stretched and unstretched laminar flame speed and burning rate of 
spherically expanding flame can be obtained from schlieren photographs as described by Gillespie 
et al. [18]. 

Markstein length, flame thickness and density ratio are another important flame characteristics.  
Markstein length describes the effect of stretch on flame propagation and is related to thermal-
diffusion instability while flame thickness and density ratio are related to hydrodynamic instability 
[19]. Determination of these parameters could help to gauge whether certain fuel mixture could 
combust in a stable and safe manner under certain conditions.    

Previous studies on biogas burning rate are limited to biogas with methane content of more 
than 60% often termed as high quality biogas [20]. A study by Walsh et al. shows obvious reduction 
in burning velocity by more than 50% as CO2 was varied from 20% to 40% within the equivalence 
ratio range of 0.6 to 1.4. Qin et al varied CO2 to up to 45% and observed a noticeably higher burning 
rate compared to Walsh et al within narrower equivalence ratio range of 0.6 to 0.75. Park et al 
extended data by Qin et al through a numerical study that covers wider equivalence ratio from 0.6 
to 1.4 with maximum CO2 content of 45%. Their data fit well with Qin et al within the equivalence 
range of 0.6 to 0.75. So far, only a recent study by Nonaka and Pereira [21] investigated low quality 
biogas using heat flux method with unity Lewis number as a constraint. The presence of CO2 in 
biogas has been shown to increase Lewis number making flames stretch amenable to thermo-
diffusive instability [22]. Also, the assumption of unity Lewis number is only valid for adiabatic 
flames. The presence of CO2 may give rise to changes in diffusion pattern as well as kinetics which 
are affected by stretch [23 & 24].  Diffusion has been known to affect kinetics of combustion and 
thus should not be neglected [25]. Data on biogas flame behavior in terms of diffusional-thermal 
and hydrodynamic instabilities are also still lacking in literature. The former is indicated by 
Markstein length while the latter by density ratio and flame thickness.   

Studying biogas combustion characteristics at wider range of CO2 (up to 50%) could help in 
understanding the effects of CO2 variation on the combustion of biogas which typically contains 
large percentage of CO2. It could also justify if unrefined low quality biogas could be directly used in 
commercial combustors as the cost of enriching biogas is quite high [26 & 27]. Moreover, 
experimental studies on biogas up to 50% CO2 has never been reported in literature. A numerical 
study by Fischer and Jiang [28] reported that at this particular CO2 percentage, biogas combustion 
would depend on direct decomposition of methane instead of hydrogen atom abstraction. This 
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claim however has never been substantiated by experiments. The objective of this study is to 
investigate the effect CO2 on the burning rate and the flame stability of simulated biogas-air 
mixture at 1 bar and 298K using spherically expanding flame method coupled with Schlieren 
photography. The CO2 contents biogas-air mixtures were set at 20%, 40% and 50% to represent 
biogas with different quality from low to high, and thereafter labeled as BG50, BG60 and BG80 
respectively. Schlieren photography enables the detection of density gradient resulting from 
combustion. It also permits the exclusion cellular flames that render the smooth flame front 
assumption void.  
 
2. Methodology  

 
Figure 1 shows the experimental setup consisting of a cylindrical constant volume combustion 

chamber (CVCC) with a volume of 29.3L with two 190mm quartz optical windows and a linear 
schlieren photography setup. The CVCC is connected to ignition box that supply ignition energy at 
the center of the CVCC through a pair of electrodes. The ignition energy was set at 25mJ. The linear 
schlieren photography setup is made up of collimating and focusing lens, a Phantom 7.1 high-speed 
camera, and an LED light source. Using partial pressure filling technique, the CVCC was filled with 
methane, CO2 and air with different partial pressure that correspond to the desired equivalence 
ratio ranging from 0.5 to 1.2 after it has been vacuumed. CO2 content was varied from 20% to 50% 
while the initial pressure for each experiment was set at atmospheric pressure with initial 
temperature of 298K. Ignition was controlled using a desktop computer with a LabView 7.1 
software connected to the ignition box after the capacitor was charged.  

The developing flame videos were recorded at 2000 frames per second with the Phantom 7.1 
high speed camera. The recorded cine videos were then converted to image files for further 
analysis using image processing softwares. Adobe Photoshop CC software was used to convert to 
the images of the spherical flames to binary images. These binary images were then analyzed using 
a Matlab script file to obtain flame area and the radii. The obtained radii were then tabulated in a 
spreadsheet file where the flame speed was obtained by differentiating with respect to time a first 
order fit of five points. 

For spherically propagating flames, two different stretch phenomena should be considered. The 
first one is the tangential strain rate (att) acting on the flame surface while the second arises from 
flame curvature. The latter could also be described as the product of local curvature (h) arithmetic 
mean and local propagation velocity relative to reactant fluid (Sb). Sb can be viewed as flame 
curvature relative to the origin where the ignition starts. Therefore, in terms of h and Sb, flame 
stretch � could be expressed as: 

 
� =	��� + 2�	ℎ            (1) 

 
For spherical flames, the flame speed and flame stretch are represented by the following 

expressions; 
 

�� = �
��            (2) 

� = ���
�
��            (3) 

� = ��� ��            (4) 

 
Including the effect of stretch on flame speed gives: 
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�� � �� = �	�           (5) 

 
Where Ss is the unstretched flame speed and Lb is the proportionality constant Markstein 

length. Markstein length represents the effect of stretch rate (α) on stretched flame speed Sn and it 
is given by the slope of flame speed against stretch plot. Extrapolation of the plot to a point of zero 
stretch gives the unstretched flame speed that is used in the determination of burning rate, uL, by 
the relation: 

 

�� = �� ����            (6) 

 

The term ������	represents the density ratio of the burned and unburned gas of constant 

pressure combustion under adiabatic condition. Burning rate is essentially the velocity of the cold 
reactants normal to the reaction zone plane [18]. 

Flame thickness is calculated by the following expression [29, 30]: 
 

 �� = �
������

            (7) 

 
where λ and cp are the unburned gas thermal conductivity and specific heat respectively. λ, ρu, ρb 
and cp are determined using the Gaseq Chemical Equilibrium software 

  
 

 
Fig. 1. Experimental Setup. 

 
3. Results  

3.1 Biogas flame speed and burning rate 

 

The images of spherical flame at a radius of approximately 40 mm for different equivalence 
ratio of each fuels are shown in Figure 2. The flames for each equivalence ratio and CO2 percentage 
are quite stable with no observable cellularity that could arise from thermal-diffusive instability. 
Cellularity has also been reported for biogas air mixtures at elevated pressures [31]. Hydrodynamic 
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instability and buoyancy were also not observed in this study. CO2 could have a stabilizing effect 
under atmospheric condition. 

Figure 3 shows the comparison of flame propagation speed for pure CH4 and each biogas for the 
equivalence ratio of 0.9. During the first ten millisecond after ignition, the flame speed of all flames 
exhibit typical reduction caused by diminishing radicals from the supplied electrical spark. This 
region often described as the spark affected region. The flame then started to stabilize to reach a 
steady flame speed towards the end of combustion. Thus, in terms of trend, the flame speed of 
each fuel are almost identical. However, in terms of magnitude, the difference in flame speed 
between pure CH4 and each biogas are quite significant. There is about 23% reduction in flame 
speed for every 20% CO2 percentage increment i.e. between pure CH4, BG80, BG60 and BG50. This 
suggest the strong influence of CO2 in reducing the flame speed. CO2 may have influence both the 
diffusion and kinetics of combustion resulting in the observed proportional reduction in flame 
speed as CO2 level increases [32].  

 
 ϕ=0.6           ϕ=0.7 ϕ=0.8       ϕ=0.9       ϕ=1.0 ϕ=1.1 

 

 
Fig. 2. Flame image of each biogas mixture at radius of 40mm. 

 

 
Fig. 3. Comparison of flame speed variation with time for each biogas at 
equivalence ratio of 0.9. 
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Figure 4 shows the variation of burning rate of pure CH4, and all of the simulated biogas-air 
mixtures over a wide range of equivalence ratios determined by using Equation 6. Data from the 
early stage of combustion were omitted as these data are mostly affected by the energy from the 
ignition spark and could lead to over or underestimation of unstretched flame speed [33]. Only data 
within the quasisteady region are considered in the determination of unstretched flame speed and 
Markstein length as data beyond this region are either affected by ignition energy or confinement 
effect [33].  

The burning rates for all the mixtures share the quadratic trend with equivalence ratio. There 
are however obvious differences in burning rate magnitude and the corresponding equivalence 
ratio at which the peak of the burning rate occur between all of the simulated biogas and pure CH4. 
The maximum burning rate tend to decrease with an increase in CO2 percentage and it also occurs 
at leaner equivalence ratio. For BG80, the maximum burning rate occurs at equivalence ratio of 1.0 
with a magnitude of 29.68cm/s, approximately 21.4% lower than pure CH4 (37.75 cm/s at 
equivalence ratio of 1.1). The reduction continues at CO2 percentage of 40% and 50% where the 
burning rate decrease to 24.84 cm/s and 21.68 cm/s respectively.  

The shift in the peak of burning rate to the leaner mixtures could also be observed in Figure 4. A 
study by Hinton and Stone [31] also showed the shift in peak burning rate away from stoichiometric 
as CO2 increases. Such shifting phenomenon in peak burning rate was not observed by other 
studies in literature. Hinton and Stone attributed this phenomenon to Le Chatelier principle where 
the presence of CO2 could change the equilibrium of biogas burning as CO2 is one of the products of 
combustion. As stated by Le Chatelier principle, a change in the concentration of reactants or 
products (aside from temperature and volume) will cause any particular reaction to counteract the 
effect of the change. 

 

 
Fig. 4. Comparison of burning rates variation with equivalence ratio between pure 
CH4 and each biogas. 

   
The value of peak burning rate however, are in good agreement with burning rate data from 

literature as shown in Figure 5. The peak burning rate also reduces appreciably and it shifts to 
leaner side as CO2 increases marking the significance of CO2 effect. This could be attributed to the 
method used where in the case of spherical flame, the burning rate of a positively curved flame 
could be enhanced provided that the mass transfer into the flame zone is larger than the heat 
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transfer out from the flame zone [24]. Such phenomenon will not be observed in other method 
such as by Nonaka and Pereira [21] since the Lewis number was constrained to 1 implying balance 
between mass and thermal diffusion thus excluding the effect of stretch on flame propagation. 
Coupling between kinetic and diffusion may also be another contributing factor to this observation.  

 

 
Fig. 5. Effects of C02 percentage on maximum burning rate for pure CH4 and 
each biogas mixture. 

 
Also, the lean limit of BG50 extend to 0.6, 0.1 lower than pure CH4, BG80 and BG60. This could 

be due a change in kinetics at this particular condition that enables the mixture to ignite. Certain 
reaction has been shown to become more significant at atmospheric condition with 50% CO2 such 
as H+ CO2 ⇌	OH + CO which is a chain branching reaction. This reaction would play a greater role in 
biogas combustion especially under leaner condition [28]. It is likely that the rate constant for this 
reaction is enhanced by an increase in pre-exponential factor of the Arrhenius expression rather 
than the activation energy as temperature is kept constant in this study. Soret diffusion could also 
aid the ignition of light hydrocarbon fuels. It has been shown to enhance spherical flame ignition 
and propagation by modifying local equivalence ratio [36]. Due to the effect of Soret diffusion, the 
local equivalence ratio of BG50 could actually be slightly higher than 0.6 enabling it to combust. 

The reduction of burning rate is a direct effect of CO2 as it increases from 20%, 40% and 50%. 
CO2 could thermally and chemically affect biogas combustion. Physically, CO2 could absorb some of 
the heat released during combustion reducing flame temperature and thus the burning rate. This is 
also termed as the dilution effect. This is demonstrated in Figure 6 that shows the adiabatic flame 
temperature that steadily decreases with CO2 percentage. CO2 has been known as one of the 
greenhouse gasses that could absorb heat due to its relatively large heat capacity. Figure 5 shows 
the variation of maximum burning rate with CO2 content. As discussed earlier, CO2 may reduce the 
burning via physical or dilution effect or modification in the kinetic of combustion. From the graph, 
the trend in burning rate reduction from 0% (representing pure methane) to 50% CO2 can be 
approximated by a linear trend that agrees well with the trend reported in literature.  

Chemically, CO2 could alter the kinetic of combustion by reduction in certain species or radicals 
that are important in sustaining combustion. It is likely that the presence of CO2 may alter several 
rate constants of important reactions by increasing the frequency factor of the Arrhenius 
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expression. Frequency factor is related to the number of collision during reaction and also the 
portion of collision that is in correct geometry for reaction to proceed. One of the most important 
radicals is OH radicals that are produced after ignition and help to sustain combustion via chain 
branching. Through chain branching, OH radical continuously abstract H atom from CH4 leading to 
CH4 decomposition and consequently releasing heat.  The rate at which OH radicals produced is 
significantly affected by CO2 [4]. When present at 50% or more, significant change in kinetics would 
occur especially for leaner mixture [4]. As the equivalence ratio increases (and also CO2), direct 
decomposition of CH4  through the reaction CH4+M(CO2) ⇌ CH3+H+M(CO2) will play a much more 
important role in ignition and combustion [28]. Direct decomposition of CH4 produces CH3 and H 
radicals in contrast to OH and CH3O radicals. Moreover, as CH3 increases, the likelihood this radicals 
to recombine also increases via the chain termination reaction 2CH3+ M(CO2)⇌ C2H6 + M, 
contributing to the inhibition of combustion to the point where the rich limit is attained. 

 

 
Fig. 6. Variation of adiabatic temperature with CO2 content for flame at 
equivalence ratio of 0.7, 0.8 and 0.9. 

 
3.2 Biogas Markstein length, flame thickness and density ratio 

 
Markstein length is a parameter that indicates the effect of stretch on flame. It also indicates 

the propensity of flame to become stable or unstable towards mass-thermal diffusion imbalance. 
Larger magnitude of Markstein length indicates greater effect of stretch on flame resulting in better 
stability and vice versa. For a spherically expanding flame, stretch is contributed by both flame 
curvature and aerodynamic strain. Figure 7 shows the comparison in the magnitude of Markstein 
length between pure methane, BG50, BG60 and BG80. The data of pure CH4 Markstein length is 
from the previous work by Suhaimi et al. [37]. The overall trend of Markstein length variation with 
equivalence ratio is almost identical between pure methane and the simulated biogas where it 
increases with equivalence ratio. Positive values of Markstein length suggest the stabilizing effect of 
CO2 on biogas flame across the equivalence ratio.  

There are however differences in the degree at which the Markstein length increases with CO2 
content. At higher CO2 content especially for BG50, the increase in Markstein length tend to be 
sharper as the equivalence ratio increases. This suggests a more significant role of stretch as CO2 
increase. This trend continues as equivalence increase to 0.9 where the Markstein length of both 
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BG50 and BG60 deviate further from that of pure methane and BG80. Apparently the presence of 
CO2 could significantly enhance the effect of stretch on flame propagation. Stretch may also assist 
mixture ignition and flame initiation especially for mixture with smaller Lewis number [36].  

 

 
Fig. 7. Comparison of Markstein length variation with equivalence ratio 
of CH4 and each biogas. 

 
Also, buoyancy was not observed for all flames even for leanest mixture. Normally, weak flames 

are more susceptible to buoyancy that could also affect flame morphology [31]. It could also lead to 
a form of instability commonly termed as the Rayleigh-Taylor instability. In the case of spherically 
expanding flame, the fragment of the flame that propagates downward could be subjected to this 
kind of instability. Cellularity could also occur if the thickness of the flame is sufficiently low [31]. In 
this study however, no cellularity was observed for all of the mixtures indicating that the thickness 
is sufficiently high to inhibit cellularity. 

Increase in Markstein length also indicates a change in mass-thermal diffusion. Diffusion is a 
transport process that is driven by difference in concentration (Fickian), molecular weight 
(preferential) or temperature (Soret) [37]. Due to the presence of CO2 that has different molecular 
weight and heat capacity, modification on the aforesaid types of diffusion could be expected. 
Compared to CH4, CO2 has higher molecular weight and heat capacity, thus when present especially 
at sufficiently high amount, could alter the concentration and temperature gradient, as well as 
diffusion of CH4 and O2 into the reaction zone. 

Another type of instability is hydrodynamic instability which is influenced by thermal expansion 
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hydrodynamic instability at the flame front where the former has an inhibiting effects while the 
latter has promoting effects [36]. In contrast to flame stretch that affect flame structure, 
hydrodynamic instability influence flame geometry [38]. For outwardly propagating spherical 
flames, it becomes more significant at larger flame radii as opposed to flame stretch that is more 
significant during the earlier stage of combustion where the flame radii are much smaller.  

Figure 8 and 9 shows the variation of calculated flame thickness against equivalence ratio and 
CO2. In general, flame thickness are larger for leaner mixtures. It also shows quadratic trend with 
equivalence ratio where it reaches its minimum point at ϕ = 0.8 where the fastest flame was 
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equivalence ratio did not experience cellularity or buoyancy even though flame thickness fluctuate 
sharply with equivalence ratio. Flame thickness has a stabilizing properties by hindering cells 
formation. For an outwardly propagating spherical flame, this is due to curvature effect and 
baroclinicity [19]. Absence of cellularity shows that the thickness of all flames is sufficiently large to 
hinder cellularity formation. If the size of cells are in the order of flame thickness magnitude, 
cellularity could be caused mostly by diffusional-thermal instability. Larger cells formation on the 
other hand are caused by hydrodynamic and buoyancy driven instability [38]. Flames of leaner 
mixtures (ϕ = 0.7 and 0.8) also shows an approximately quadratic trend as CO2 increases, while a 
linear trend was observed for richer mixture (ϕ =0.9). Flame thickness also influence the intensity 
of baroclinic torque that could arise from misalignment of pressure and density gradient. Baroclinic 
torque which arises from wrinkling flame surface could be enhanced by both flame thickness and 
density ratio [19]. 

 

 
Fig. 8. Variation of flame thickness against equivalence ratio for each fuel mixture. 

 

 
Fig. 9. Variation of flame thickness against CO2 percentage for each fuel 
mixture. Explain this differing trend between 0.7, 0.8 and 0.9 flames.  
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Figure 10 shows the variation of density ratio against CO2 percentage for each fuel mixture. 
Apparently CO2 tend to reduce density ratio. The trend of density ratio seems to correspond to 
flame temperature (Figure 6) indicating that a decrease in flame temperature will lead to an 
equivalent decrease in density ratio suppressing hydrodynamic instability. 

 

 
Fig. 10. Variation of density ratio against CO2 percentage for each fuel mixture. 

 
4. Conclusions 

 

The effect of CO2 on biogas combustion has been thoroughly investigated in this study. 
Apparently, there is a linear correlation between CO2 percentage and biogas burning rate reduction. 
Reduction in burning rate could be linked to both chemical and physical effects of CO2. Flammability 
also become narrower as CO2 increases. Shift in lean limit was observed at highest CO2 dilution due 
to formation of local equivalence ratio within the flame zone. Shift in peak burning rate to leaner 
side as CO2 dilution increases is also more prominent compared to previous studies especially for 
BG50 due to perturbation of equilibrium by CO2. Markstein length variation with equivalence ratio 
of all biogas mixtures shares a similar trend to pure CH4 but with a higher value, indicating better 
flame stabilization due to suppression of thermal-diffusion instability. Calculated flame thickness 
and density ratio also suggest the suppression of hydrodynamic instability. Therefore there seem to 
be a trade-off between increase in stability and reduction in flame speed and burning rate as CO2 
content increases in biogas. 
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