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Abstract 

Combustion of biogas in gas turbines is an interesting option for provision of renewable combined heat 

and power from biomass. Due to an increasing share of fluctuating renewable energies in the power 

grid (especially from wind and solar power), flexible power generation is of increasing importance. 

Additionally, with an increasing share of agricultural and municipal waste in biogas production, biogas 

composition is expected to be within a broader range.  

In this paper, the combustion of synthetic biogas (carbon dioxide and methane) in a combustion test 

rig with a swirl burner and a high pressure optical chamber is researched at different conditions. 

Results are compared to a CHEMKIN-PRO simulation using a detailed reaction mechanism. The results 

show that within the researched experimental matrix, stable biogas combustion for gas turbines can 

be achieved even with significantly changing gas composition and nominal power. Carbon dioxide 

concentration is varied from 0 to 60 %. CO concentrations (normalized to 15 % O2) in the flue gas do 

not change significantly with increasing carbon dioxide in the fuel gas and, for the researched 

conditions, staying below 10 ppm. NOx concentration is below 10 ppm (normalized to 15 % O2) for pure 

methane, and is furtherly decreasing with increasing carbon dioxide share in the fuel gas, which is 

mainly due to changing reaction paths as reaction analysis showed. Thermal load of the combustor is 

varied from 100 % to 20 % for the reference gas composition. With decreasing thermal load, 

normalized carbon monoxide flue gas concentration is furtherly reduced, while NOx concentrations are 

remaining at a similar level around 5 ppm (normalized to 15 % O2). 
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1. Introduction 
Increasing the share of renewable energy is 

considered to be one of the main options to 

reduce greenhouse gas emissions, which are 

responsible for global warming. While solar and 

wind power are replacing more and more 

conventional power from fossil sources, they still 

show a volatile behaviour. Energy from biomass 

has the potential to provide power to the grid on 

demand [1-2] or via hybrid-technologies in 

combination with other renewable sources [3]. 

Electricity and, to a lesser extent, heat from 

anaerobic digestion have become a significant 

cornerstone in the energy systems, with 

(according to the European Biogas Association) 

roughly 10,000 biogas plants running in Europe 

alone. Biogas is produced by the biochemical 

conversion of biomass to methane and carbon 

dioxide under anaerobic conditions with the help 

of several microorganisms, especially bacteria 

and archaea. This fermentation process is usually 

divided into the four consecutive steps of 

hydrolysis, acidogenesis, acetogenesis/ 

dehydrogenation, and methanation [4]. Most of 

the installations for wet digestion are vertical 

continuous stirred tank reactors (CSTR) [5]. 

Biogas can be used directly or, after purification 

from carbon dioxide and trace gases (e.g. H2S, 

NH3), be injected into the natural gas grid as 

biomethane. Besides biogas upgrading for grid 

injection, there are several options for the 

conversion of biogas to electrical power [4]. 

Currently, the most common option is the use of 

gas engines [3, 6]. Other possibilities include fuel 

cells [7] and gas turbines, which can be used for a 

diversity of bio-fuels [8]. Biogas can also be used 

for direct provision of heat in gas boilers, 

although this application is rare due to the 

difference in achievable prices for electricity and 

heat [1]. 

Research on flexible biogas production has 

received increasing attention recently [1, 9-12]. 
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Besides integration of further biogas storage 

capacities, implementation of power conversion 

units with comparably short reaction times are 

considered to be a main strategy for flexible 

power generation from biogas [11]. Technically, 

this development could benefit from the flexible 

operation of micro gas turbines. Although gas 

engines tend to have a slightly higher electrical 

efficiency compared to (micro) gas turbines [13], 

the latter promise to have significantly higher 

running times and availability, compared to gas 

engines. 

Regarding large scale energy production systems, 

gas turbines for decentralized power production 

are available from below 30 kWel [14] and are 

often referred to as micro gas turbines. High 

flexibility of these equipment has increased their 

usage with biogas and the research on this area.  

In biogas production, concentrations of the main 

gases (methane and carbon dioxide) might 

change significantly with varying feedstock and 

process conditions, especially if considering the 

usage of agricultural residues and biogenic 

wastes in biogas production, but typically the 

methane content ranges between 45 and 65 % 

[15]. While for grid injection, the methane 

content only affects the technical upgrading 

efforts, it is expected to have significant effects in 

the direct usage in gas turbines. Another 

technical challenge in the application of micro gas 

turbines on anaerobic digestion plants is the 

higher sensitivity towards corrosive trace gases 

(e.g. siloxanes, [16]) in comparison to gas engines. 

Somehsaraei et al. analysed the performance of a 

biogas-fuelled micro gas turbine (MGT) [17-18] 

focussing on the overall performance of the MGT 

and its modelling. They found the overall 

performance to be only slightly negatively 

influenced when using biogas instead of 

methane. Basrawi et al. [19] additionally included 

heating and cooling into the overall analysis and 

researched for the influence of ambient air 

temperature on electric and thermal efficiency. 

Their findings showed a decrease in electric 

efficiency and an increase in thermal efficiency 

with increasing ambient air temperature. 

Lafay et al. [20] investigated the combustion of 

synthetic biogas and carbon dioxide diluted 

methane for gas turbines at atmospheric 

conditions. Their main findings were related to 

the study of the changes on equivalence ratio 

over flame stability. Mordaunt et al. [21] 

investigated different mixtures of CH4 and CO2 in 

a test rig under atmospheric conditions and with 

lower thermal input (up to 20 L·min-1 of CH4 

under standard conditions). Kang et al. [22] 

researched on the integration of biogas with 

different compositions into a MGT by simulating 

the gas turbine cycle. Iqbal et al. [23] also 

investigated different mixtures of CH4 and CO2, 

but concentrated on the comparison of numerical 

analysis with open source software OpenFOAM 

and experiments with an atmospheric combustor 

and different amounts of flue gas recirculation. 

Further works have dealt with the measuring and 

modelling of burning velocities and NO formation 

in biogas combustion [24-25]. Also, the influence 

of hydrogen has been researched due to the 

strong influence of hydrogen on flame stability 

[26]. However, most literature has concentrated 

on the usage of these blends rather than on the 

characterisation of the burning process, essential 

component for power generation and emissions 

release. The aim of this study is to show the 

influence of different compositions of biogas on 

combustion in gas turbines at different loads. By 

changing carbon dioxide concentration in the fuel 

gas, results apply for exhaust gas recirculation 

(EGR), too. Combustion analysis is conducted by 

experimental methods in combination with 

kinetic simulation.  

In section 2, a description of the test rig, the 

measurement methods, the experimental matrix 

and the simulation approach is given. The main 

results of the research are presented and 

discussed in section 3. 

2. Method 
2.1. Test rig description 
The experiments for this study were conducted at 

Gas Turbine Research Centre at Port Talbot, 

Wales, UK, which is a research facility of Cardiff 

University [27-28]. The test rig used was the high 

pressure optical chamber (HPOC). It can be used 

with a maximum of 5 kg/s of air at 900 K and up 

to 16 bar(a). The generic pre-mixed swirl burner 

used for the experiments was designed to be 

working with gaseous fuels as well as with liquids 

(fig. 1). With the help of a quartz confinement 

tube, the expansion ratio between the burner 

outlet and the combustion chamber can be 

http://www.springer.com/


Published version in: www.springer.com – Journal of Thermal Science 

https://doi.org/10.1007/s11630-018-1024-1 

simulated. The expansion ratio chosen for the 

experiments was 3.5, with a geometrical swirl 

number [29] of 1.04. The gases that were used 

were acquired from BOC Ltd (one of the main 

European gas suppliers) with a purity of 99.99 %. 

 

Fig. 1: Generic swirl burner. 

2.2. Measurement methods 
For the evaluation of liquid or gaseous fuel 

combustion in gas turbines, several measurement 

devices were applied to the HPOC. This includes 

basic optical equipment for flame recording, OH* 

(i.e. excited) chemiluminescence measurements, 

flue gas composition measurements, and 

temperature at the burner nozzle. Images of the 

flame were captured with video cameras from 

axial and radial positions. Flame colour, shape 

and stability were documented for evaluation. 

For all experiments, OH* chemiluminescence 

measurements were conducted to provide 

information about flame structure. To achieve 

this, a Dantec Dynamics Hi Sense Mk II CCD 

camera, having a resolution of 1.3 mega-pixel, 

was installed to take images through the top 

window of the test rig. This camera was coupled 

to a Hamamatsu C9546-03L image intensifier. A 

specialty 78 mm focal length lens (F-stop = f/3.8), 

that is capable of capturing light in the UV 

wavelength range, was installed on the image 

intensifier together with a narrow band pass filter 

centred at 307 nm with full width at half 

maximum (FWHM) of 10 nm. At each test point, 

200 images were taken with a frequency of 10 Hz. 

Processing has been implemented by Dantec's 

DynamicStudio software with time-averaged 

images. All images were scaled to the same range. 

Flue gas was analysed for NOx, CO, CO2 and O2. 

The gas was sampled through a multi-point 

probe. The sample line and housing of that probe 

was held at 160 °C. NOx was measured with a 

heated vacuum chemiluminescence analyser 

(Signal Instruments 4000VM NOx Analyzer) 

calibrated to 37.1 ppm NO and 1.9 ppm NO2. The 

values were for dry gas and were normalized to 

15 % oxygen. CO, CO2 and O2 were analysed by a 

Signal Instruments 9000M Multi Gas Analyzer, 

using an infrared cell for the first two and a 

paramagnetic sensor for oxygen. CO was 

calibrated for 0 – 900 ppm, CO2 for 0 – 9 % and O2 

for up to 22.5 %. Again, values for CO and CO2 

were normalized to 15 % oxygen. Measurement 

error for the gas analysers was 5 %. Therefore, for 

the results, uncertainties of ±6% were produced 

as a consequence of errors in mass flow 

controllers (±0.5%), gas analysers and variance in 

atmospheric conditions during the tests.  

Temperature was measured at several positions 

in the test rig. For this study, focus was on burner 

nozzle temperature which was measured with a 

type J thermocouple, since this temperature gave 

an indication about flash back of the flame. 

2.3. Experimental matrix 
For the design of the experimental matrix, several 

parameters were varied, which led to two sets of 

experiments. The experiments were conducted at 

atmospheric conditions. To account for changing 

biogas composition, concentrations of methane 

and carbon dioxide were changed (set 1). For 

reference composition, load was varied between 

20 and 100 % (set 2). The full experimental matrix 

is listed in table 1, including adiabatic flame 

temperature Taf and associated thermal 

diffusivity αth, thermal conductivity ʄth, kinematic 

viscosity ʆ and dynamic viscosity ʅ. The 

equivalence ratio ϕ, which is the ratio of 

stoichiometric combustion air to its actual 

amount, was set to ϕ =0.8 for this study. This 

value was chosen under consideration of the 

stability maps for emulated biogas under 

atmospheric conditions that can be found in 

literature [21]. 

2.4. Simulation approach 
CHEMKIN-PRO was used to numerically 

determine the production of species and to 

understand major reaction patterns through the 

combustion of all different blends. For that aim, a 

hybrid Perfectly Stirred Reactor-Plug Flow 

Reactor (PSR-PFR) network was used and 

calibrated using pure methane under 

atmospheric conditions. High correlation (99 %) 

permitted evaluation of all mixed blends showing 

good agreement, as discussed in the following 

section. These networks have been commonly 
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used to simulate mixing and flow characteristics 

in gas turbine combustors [30]. 

 
Fig. 2: Gas turbine simulation network  

The network had two clusters, the first one 

representing the swirl burner with the existence 

of a central recirculation zone (CRZ) [30] with a 

recirculation set at 20 % of the product gases. 

Recirculation was approximated from previous 

experimental results obtained using the same 

device [31]. The second cluster was a Plug Flow 

Reactor that numerically accounts for the post-

flame process along a 0.5 m duct, length of the 

experimental quartz tube used during the 

experimental campaign. Fig. 2 shows a schematic 

representation of the network. The numerical 

analysis was carried out with the GRI-MECH 3.0 

chemical reaction mechanism, as this has been 

extensively used and proved for methane and 

hydrocarbon blends [32]. As part of the analysis, 

reaction pathways for main emission species are 

presented with a sensitivity analysis of the most 

important reactions when pure methane, a 

mixture of 40 % CH4 and 60 % CO2 and a mixture 

of 60 % CH4 and 40 % CO2 were used, thus 

allowing clear comparison between chemistry 

progression of these three cases. The results of 

the simulation have been normalized to 15 % of 

oxygen to compare them to experimental results. 

 

 

3. Results and discussion 
3.1. Emissions and flue gas composition 
The results for NOx emissions in relation to carbon 

dioxide content of the fuel gas can be seen in fig. 

3. Contrary, carbon monoxide concentration (see 

fig. 4) is nearly constant for different carbon 

dioxide fuel gas concentrations. This 

phenomenon supports the previous statement, 

showing the same combustion efficiency for the 

reaction between O2 and CH4. Although CO2 does 

not seem to be affecting the molecular 

interaction between species, i.e. producing the 

same CO concentration due to reaction between 

oxygen and methane, it does reduce the flame 

temperature, impacting only on NOx and not CO. 

The emissions at changing nominal power can be 

found in fig. 5 for carbon monoxide and in fig. 6 

for NOx. Due to increasing residence times 

coming with reduced flow, CO decreases as 

nominal power goes down.  

 
Fig. 3: Experimental analysis and simulation of NOx flue gas 

concentrations (normalized to 15 % O2, dry) for different 

fuel gas compositions (test points 1-1 to 1-6) 

Table 1. Experimental matrix (Note: Test point 1-3 is identical with test point 2-1) 

Test 

point 

CH4 

[Vol%] 

CO2 

[Vol%] 

Ptherm 

[kW] 

Taf [K] αth  

[m²s-1] 

ʄth 

[Wm-1K-1] 

ʆ 

[m²s-1] 

ʅ 

[kgm-1s-1] 

1-1 100 0 50 1996.6 0.000478 0.00671 0.000389 0.0000661 

1-2 70 30 50 1929.4 0.000442 0.00650 0.000361 0.0000646 

1-3 60 40 50 1894.2 0.000424 0.00638 0.000346 0.0000638 

1-4 50 50 50 1847.2 0.000400 0.00623 0.000328 0.0000628 

1-5 45 55 50 1817.3 0.000386 0.00614 0.000317 0.0000621 

1-6 40 60 50 1781.6 0.000369 0.00602 0.000303 0.0000613 

2-1 60 40 50 1894.2 0.000424 0.00638 0.000346 0.0000638 

2-2 60 40 45 1894.2 0.000424 0.00638 0.000346 0.0000638 

2-3 60 40 40 1894.2 0.000424 0.00638 0.000346 0.0000638 

2-4 60 40 30 1894.2 0.000424 0.00638 0.000346 0.0000638 

2-5 60 40 20 1894.2 0.000424 0.00638 0.000346 0.0000638 
2-6 60 40 10 1894.2 0.000424 0.00638 0.000346 0.0000638 
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Fig. 4: CO flue gas concentrations (normalized to 15 % O2, 

dry) for different fuel gas compositions (test points 1-1 to 1-

6) 

 
Fig. 5: Carbon monoxide emission values (normalized to 

15 % O2, dry) for different nominal power values at 40 Vol% 

of CO2 and 60 Vol.-% of CH4 (test points 2-1 to 2-6)  

 
Fig. 6: Experimental analysis and simulation of NOx flue gas 

concentrations (normalized to 15 % O2, dry) for different 

nominal power values at 40 Vol% of CO2 and 60 Vol% of 

CH4 (test points 2-1 to 2-6) 

However, NOx remains at the same value even 

though power increases. For this condition, lower 

reaction (thus higher CO) keeps the flame at 

relatively lower temperatures even at higher 

power, effect that is enhanced by heat losses 

observed through the quartz at higher nominal 

powers, Fig. 6. 

3.2. Chemiluminescence and optical 

observations 
The chemiluminescence results (raw images and 

equivalent Abel deconvoluted images) for 

changing carbon dioxide rates in synthetic biogas 

are given in fig. 7.  

 

Fig. 7: Average of 200 OH* chemiluminescence images (a), and equivalent Abel transformed images (b), depending on 

fuel gas CO2 content (test points 1-1 to 1-6) 
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Fig. 8: Axial flame observations for different fuel gas 

compositions (test points 1-1, 1-3 and 1-6). 

 

For all of the images, half of the flame is shown 

with image width of 49.5mm and image height of 

75.4mm. All figures are oriented to present flow 

from bottom to top.   

Under the given conditions, for a wide range 

(until 55% CO2) a stable flame can be observed. 

With further increase in carbon dioxide 

concentration, the flame becomes unstable with 

a beginning blow-off. Typical examples for optical 

observations are given in fig. 8, where starting 

blow-off can be observed especially in fig. 8c.  

The chemiluminescence results, again raw and 

equivalent Abel deconvoluted images, for 

changing nominal power in synthetic biogas are 

given in fig. 9. Image size and orientation are 

analogous to the results for changing fuel gas 

carbon dioxide content. Although the flame 

becomes weaker as expected, flame structure 

remains clearly recognisable with similar flame 

shape. 

3.3. Burner nozzle temperature 

Burner nozzle temperature showed nearly 

constant temperature for changing gas 

composition at 1 bar(a), until it reaches 60 % of 

CO2, see fig. 10.  

The sudden drop in temperature indicates that 

the flame is close to blow-off, which is in 

accordance to flame observations. With lowering 

 
Fig. 9: Average of 200 OH* chemiluminescence images (a), and equivalent Abel transformed images (b), depending on 

nominal thermal power (test points 2-1 to 2-6) 
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nominal power (see fig. 11), burner nozzle 

temperature is decreasing, which is in accordance 

with heat loss prediction for these cases. 

 
Fig. 10: Burner nozzle temperature for different gas 

compositions (test points 1-1 to 1-6) 

 
Fig. 11: Burner nozzle temperature for changing nominal 

power (test points 2-1 to 2-6) 

3.4. Reaction analysis 

Reaction analysis has been conducted for 

comparison of the combustion of 100 % CH4, and 

mixtures of 60 % CH4/40 % CO2 and 

40 % CH4/60 % CO2, respectively. Production 

rates for NO are given in fig. 12, while those for 

CO are given in fig. 13. 

It was clear from the results that the mechanism 

of production of CO remained barely the same, 

with the reaction (1) being the most important for 

the production of species, and reaction (2) being 

the greatest consumer of carbon monoxide. Thus, 

it is clear that the addition of CO2 into the blend 

has a minimal impact on the production of carbon 

monoxide at the same power conditions. This is a 

consequence of the production of OH and 

splitting of CH3, which are independent of the 

carbon dioxide in the flow. At the same time, 

increased residence time leads to decreasing CO 

concentrations for lower thermal power. 

 

 

 

 

a) 

b) 

c) 
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Fig. 12: Absolute production rates for NO for different gas 

compositions, a) 100% CH4; b) 40% CO2, 60% CH4;                 

c) 60% CO2, 40%CH4 

 ܱ + ��ଷ → � + �ଶ + �ܱ    ሺͳሻ ܱ� + �ܱ → � + �ܱଶ          ሺʹሻ 

However, another scenario is perceived for NO. 

Contrary to CO, NO is highly susceptible to the 

presence of CO2. Although the main reaction for 

the production of NO is always eq. (3), the 

consumption of the molecule shifts from eq. (4) 

to eq. (5) at high concentrations of CO2 (60 %).  

 

 

Fig. 13: Absolute production rates for CO for different gas 

compositions. a) 100% CH4; b) 60% CO2, 40%CH4. Results for 

40% CO2, 60% CH4 are almost identical to the latter. 

 

Fig. 14: Production rates for NO at nominal thermal power 

of 10 kW, with 60% CH4 and 40% CO2.  

As observed, the change in reaction is not 

monotonously. Although reaction (4) is still 

important for the consumption of the NO 

molecule, as the CO2 concentration is increased 

the importance of the latest reaction is 

overthrown by reaction (5) as the main consumer 

of nitrogen oxides. For changing nominal power 

(see fig. 14) reaction paths for NO are nearly 

constant. ܱܰଶ + � → ܱܰ + ܱ�       ሺ͵ሻ ܱܰ + ܱ + ܯ → ܱܰଶ + ሺͶሻ �ܱଶ     ܯ + ܱܰ → ܱܰଶ + ܱ�    ሺͷሻ 

The reaction according to eq. (5) presents 

negative activation energies (i.e. -480 J/mol), 

different to eq. (4) with zero activation energy 

[32]. Therefore, as temperature in the system is 

increased, and more NO are present, eq. (4) leads 

the production of NO2 with a decay response 

from eq. (5) due to higher temperatures. 

However, as temperature declines consequence 

of CO2 increase, less NO will be present, eq. (5) 

will be enhanced, and with higher HO2 radicals 

than O molecules in the blend post-combustion, 

eq. (5) will become the main consumer of NO. 

Other works [33] have also stated the relatively 

slower reaction of eq. (4) compared to other NO 

reactions during combustion, which could 

contribute to this behaviour. Although similar 

results have been documented somewhere else 

from experimental trials [34], these results 

demonstrate that the core reduction of NO relays 

on these reactions, being shifted on the basis of 

different working gases and temperatures. 

However, these effects require further 

a) 

b) 
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investigations to demonstrate this response to 

the changes in N2/CO2 concentration in the blend, 

as well as the playrole that N2/CO2 have in the 

third body M in such reaction. 

3.5. Influence of composition and load 

change 
With considerably increasing carbon dioxide 

content, the flame tended to lift-off at 

atmospheric conditions as well as at elevated 

pressure. The concentration at which lift-off 

could be noticed increased with pressure. 

Increasing carbon dioxide concentration showed 

a lowering in NOx emissions, while CO emissions 

did not change significantly. Reaction pathways 

for NOx are changing significantly with increasing 

CO2, while those for CO are only slightly altered. 

As previously mentioned, the initial flame sheet 

remains similar through all conditions, which is 

confirmed in fig. 10. Thus, CO2 acts on the 

reduction of temperature downstream this point, 

barely affecting the combustion close to the 

nozzle.  

According to these results, it can be assumed that 

combustion of biogas in gas turbine processes is 

relatively robust concerning changes in biogas 

composition within certain limits.  

Changing the load of the combustion system is of 

interest due to an increasing share of volatile 

renewable energy sources in the grid, especially 

photovoltaics and wind. Reduction of load to 

20 % of its nominal value was possible without 

problems. While NOx emissions did not change 

much over the researched load range, CO 

emissions decreased towards zero. Burner nozzle 

temperature decreased gradually from 500 to 

380 °C. 

For the researched conditions, reducing load has 

no negative influence on emissions, promoting 

flexible operation of gas turbines. Nevertheless, 

reduction in temperature is expected to be 

negatively influencing electric efficiency, which is 

in accordance with existing research on biogas 

fuelled gas turbines [17] and should be 

considered in overall evaluation.  

4. Conclusions 
The combustion of simulated biogas under 

several conditions in a combustion test rig with a 

swirl burner and a high pressure optical chamber 

has been studied. The main focus was on 

changing fuel gas composition as well as fuel load. 

From the results, the following conclusions can be 

obtained: 

 The results provisionally suggest that stable 

biogas combustion with low emissions may be 

achieved transitioning to gas turbine relevant 

conditions within a broad range of fuel gas 

carbon dioxide concentrations, thus providing 

robust operation of gas turbines with biogas 

from different sources and under different 

EGR conditions. 

 Starting from below 10 ppm (normalized to 

15 % O2), NOx concentrations decreased with 

fuel gas carbon dioxide concentration, while 

CO concentration did not change significantly 

and stayed below 10 ppm.  Reaction analysis 

with simulation showed changing reaction 

paths for NOx with increasing CO2 

concentration, while CO formation paths 

remained comparable. 

 With reference composition (60 % CH4, 

40 % CO2), load could be minimized to 20 % of 

nominal power with stable combustion. While 

electric efficiency is expected to decrease for 

these changes, emission values are not 

negatively influenced and, for carbon 

monoxide, even showed a further decrease. 

 Heat loss prediction in reaction analysis for 

changing load is in accordance with 

temperature observations. 
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