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Abstract 

Biogas is one of the most important renewable energy sources in modern societies. Generated from livestock manure and 
industrial wastewater, it can provide considerable savings in energy costs and reducing environmental impacts. Thailand is 
reported to have the potential to produce over one billion m3 of biogas a year. The biogas is generally utilized for heating, 
mechanical shaft works, and electricity generation. If pipeline networks or purification and compression facilities are not 
available, use of biogas is normally limited to only within and around farm areas. Alternatively, biogas may be converted via 
reforming reactions into synthetic gas. Because of presence of sulphur compounds in biogas, a catalytic reformer may face 
serious poisoning problem. In this work, non-catalytic, plasma assisted reforming of biogas was carried out at atmospheric 
pressure and room temperature in an 800 W, laboratory microwave discharge reactor. Effects of CH4/CO2 ratio (1, 2.33, 9), feed 
flow rate (8.33 – 50 cm3/s), and oxygen addition in terms of CH4/O2 ratio (1, 1.5, 2) on reactor performance (yield, selectivity, 
conversion, H2/CO and energy consumption) was investigated. It was found that biogas was successfully reformed into synthetic 
gas by a microwave plasma reactor under room temperature and non-catalytic conditions. For dry reforming of biogas, high H2 
and CO yields were obtained at low energy consumption. Presence of oxygen enabled partial oxidation reforming that produced 
higher CH4 conversion, compared to purely dry reforming process. By varying CH4/CO2 as well as CH4/O2 ratios, synthetic gas 
with a wide range of H2/CO ratios can be generated. From the findings, it was suggested that the microwave plasma reactor may 
be practically used to reform biogas to produce more valuable intermediates or products such as synthetic gas. 
© 2015 The Authors. Published by Elsevier Ltd. 
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1. Introduction 

Nowadays, it is a serious challenge for any country to undercut energy consumption without undermining 
economic growth. Thailand is a major agricultural country with plenty of agricultural residues to be utilized for 
renewable energy. Biogas is an important renewable energy source in Thailand. The main constituents of biogas are 
methane and carbon dioxide [1, 2]. It is normally used at the farm level for heating, mechanical and electrical 
powers. The biogas may be upgraded to biomethane by removing carbon dioxide, hydrogen sulphide and moisture 
[3-5], or to synthetic gas via reforming reactions [6, 7]. 

There are many routes for converting biogas into synthetic gas. Steam reforming (Eq. 1) is a popular reaction to 
produce H2 from natural gas in the refinery of crude petroleum. Dry reforming reactions (Eqs. 2 and 3) generate 
synthetic gas by reacting CO2 with CH4. Advantages of dry reforming are that CO2 (a greenhouse gas) is consumed, 
and it is easier to control than steam reforming [8]. Partial oxidation can reform hydrocarbons to generate H2 and 
CO, as shown in Eq. 4. It is an exothermic reaction, so no input power is required. However, the limited amount of 
oxygen is necessary and the reaction efficiency was low [9]. Autothermal reforming is a combination between steam 
reforming or dry reforming with partial oxidation, as shown in Eq. 5. Autothermal reforming can produce more H2 
than partial oxidation, and use lower power than steam reforming [10]. 

 
CH4 + H2O  CO + 3H2 ΔH = 206 kJ/mol              (1) 
CH4 + CO2  2CO + 2H2   ΔH = 247 kJ/mol                            (2) 
CH4 + 2CO2  3CO + H2 + H2O  ΔH = 288 kJ/mol                        (3) 
CH4 + 0.5O2  CO + 2H2  ΔH = -38 kJ/mol                       (4) 
2CH4 + O2 + CO2  3CO + 3H2 + H2O                               (5) 

 
However, when catalytic reforming reactions of hydrocarbon fuels are used, there are some concerns over high 

operating temperature (around 900oC), and those associated with coking and poisoning of the catalysts. Non-thermal 
plasma assisted reforming of hydrocarbon fuels may have potential in generating synthetic gas.  

Plasma is the fourth state of matter. It is ionized gas containing energetic ions and electrons. Energy is important 
to strip electrons from atoms to make plasma. The energy can be originated from various sources such as thermal, 
electrical and light. There are two main types: thermal and non-thermal plasma [11]. Thermal plasma is in 
thermodynamic equilibrium. The neutral species are at high temperature between 5,000 - 10,000 K. Its electron 
density is about 1021 to 1026 m-3. Non-thermal plasma is in thermodynamic non-equilibrium. The electron 
temperatures are at high temperatures while the bulk species temperature does not increase significantly.  

There have been many investigations on CH4 reforming by various sources of plasma. Indrato et al. [12] used 
gliding arc discharge to produce fuel gas from methane. Wang et al. [13] produced synthetic gas by dry reforming 
methane in dielectric barrier discharge reactor. Zhang et al. [14] used microwave plasma to reform of CH4 with CO2 
into CO, C2H2, C2H4 and H2. Yang [15] used corona discharge to conversion and reforming of methane. Li et al. 
[16] produced synthetic gas from CH4 with CO2 by glow discharge. 

 
Nomenclature 

Cin  amount of CH4 or CO2 (mol) input 
Cout   amount of CH4 or CO2 (mol) output 
CCH4  amount of CH4 (mol) input 
CCO2  amount of CO2 (mol) input 
nH2produced    amount or H2 (mol) product 
nCOproduced   amount or CO (mol) product 
SH2  selectivity of H2 
SCO  selectivity of CO 
YH2  yield of H2 
YCO  yield of CO 
η  conversion of CH4 or CO2 
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Microwave plasma is an interesting type of non-thermal plasma. It is an alternative technology used to produce 

synthetic gas from biomethane. It is easy to control, fast, compact, and economical. It may be generated using a 
magnetron in household microwave ovens [17, 18]. In this work, synthetic gas production from reforming of 
compressed biomethane using microwave plasma was studied. 

2. Materials and methods  

Fig. 1 shows the experimental set up, where (1) compressed biomethane tank, (2) CO2 tank, (3) O2 tank, (4) 
rotameter, (5) mixing chamber, (6) bubble flow meter, (7) microwave oven, (8) reaction zone, (9) quartz tube, (10) 
gas filter, (11) gas dryer, and (12) gas chromatography. The reactor was modified from a microwave oven. The 
microwave plasma was generated using maximum power of 800 W from a 2.45 GHz magnetron. A quartz tube was 
mounted vertically and centrally in the oven chamber. The quartz tube in reactor has 27/30 mm of internal/external 
diameter and 400 mm of length.  

Before each experimental run, the residual gas in the tube was displaced out from the system by purging with He 
gas at a flow rate of 5 lpm for 3 min to prevent combustion in the system. For dry reforming, the simulated 
biomethane was fed from the bottom into the reactor at CH4/CO2 ratio between 1, 2.33, and 9. The biomethane flow 
rate was varied between 0.5 to 3 lpm. This was controlled by a rotameter and a bubble flow meter. The microwave 
was switched on to reform the biomethane in the quartz tube. The generated gas downstream of the reactor was 
subsequently collected in a sampling gas bag. Composition of the gas was analyzed by a sensitive gas 
chromatography fitted with a ShinCarbon ST Micropacked column and a thermal conductivity detector for 
determining concentrations of H2, O2, N2, CH4, CO and CO2. In subsequent experiments of partial oxidation, oxygen 
was added into the simulated biomethane. CH4/O2 ratio was varied between 1 to 2. For data processing, 

 
Conversion of CH4 and CO2: 
 

η  = (C in - Cout) / C in    (6)  
 

Selectivity of H2 and CO: 
 

SH2  = nH2 produced / (2 × CCH4)    (7) 
 

Fig. 1 Schematic of the microwave plasma reactor setup. 
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SCO  = nCO produced / (CCH4 + CCO2)    (8) 
 

Yield of H2 and CO: 
 

YH2 = nH2 produced / (2 × CH4 feed)    (9) 
 
YCO = nCO produced / (CH4 feed + CO2 feed)     (10)   
    

3. Results and discussion  

3.1 Effect of CH4/CO2 ratio. 

For the reforming of biomethane to synthetic gas, power input was fixed at 800 W. Composition of simulated 
biogas mixture was varied for CH4/CO2 between 1, 2.33 and 9. The mixture flow rate was varied between 0.5 – 3 
lpm. Fig. 2 shows yields and selectivity of H2 and CO, conversion of CH4 and CO2 and H2/CO ratio as a function of 
CH4/CO2 ratio and mixture flow rate. H2 yield was found to decrease when CH4/CO2 ratio was increased from 1 to 
9. The maximum yield of H2 was 15% at CH4/CO2 ratio of 1 and the flow rate of 3 lpm. Yield of CO was shown in 
the Fig. 2(b). CO yield was decreased with increasing CH4/CO2 ratio. From dry reforming process, the maximum 
yields of H2 and CO occurred because CO2 was reacted with CH4 in chemically correct proportion. At higher 
CH4/CO2 ratio, availability of CO2 to react was less. For a fixed supply of energy, Eq. (1) was more likely to occur 
than Eq. 2. 
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(e)      (f) 

 
(g) 

Fig. 2 Effects of CH4/CO2 ratio and mixture gas flow rate on biogas reforming performance 

 

Selectivity of H2 is presented in Fig. 2(c). It was observed to increase with increasing CH4/CO2 ratio. It was 
directly opposite to selectivity of CO, shown in Figure 2(d). Conversion of CH4 and CO2 are shown in Figs. 2(e) and 
2(f). CH4 conversion was decreased when the amount of CH4 was increased. But the conversion of CO2 was 
increased with increasing amount of CH4 in the mixture. H2/CO ratio was found to vary between 2 to 14, for 
CH4/CO2 ratio from 1 to 9, shown in Fig. 2(g). The value of H2/CO ratio was increased when CH4/CO2 ratio was 
increased.  

 
3.2 Effect of flow rate 

The effect of flow rate of CH4/CO2 was also studied. It was found that at CH4/CO2 = 1, increasing flow rate of 
the gas mixture led to increasing yields of H2 and CO from 11 to 15% and 7 to 10%, respectively, as shown in Figs. 
2(a) and 2(b). However, at higher CH4/CO2 ratios, the yields tended to decrease or stay constant with increasing 
flow rate. The conversion of CH4 and CO2 were found to a peak in the range of flow rates considered. The 
maximum conversion of CH4 and CO2 were 58 and 60%, respectively at the flow rate between 1 to 1.5 lpm, as 
shown in Figs. 2(e) and 2(f). For H2/CO ratio, it was observed to stay constant with increasing flow rate at CH4/CO2 
= 1. But, the H2/CO ratio was increased with the flow rate at higher CH4/CO2 ratios, as shown in Fig. 2(g). 
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3.3 Effect of O2 content  

When O2 was input into the simulated biogas, partial oxidative reaction was enabled. It assisted in reforming of 
CH4 to generate H2 and CO. For the effect of O2 on reforming reaction of biogas, the power input, CH4/CO2 ratio 
and the flow rate of CH4/CO2 were fixed at 800 W, 2.33, and 1 lpm, respectively. Ratio of CH4/O2 was varied 
between 1, 1.5 and 2. At the lowest CH4/O2 ratio, largest amount of O2 was available. From the results obtained, it 
was shown that H2 yield and selectivity were slightly increased with decreasing availability of O2, as shown in Figs. 
3(a) and 3(b). The trends of yield and selectivity of CO were opposite to those of H2. 

The conversion of CH4 and CO2 are shown in Fig. 3(c). They were found to be maximum at CH4/O2 = 1. The 
maximum conversion CH4 and CO2 were 68 and 50%, respectively. As O2 availability was decreased, both 
conversions were reduced. These findings were consistent with those reported in the published literature [19]. For 
H2/CO ratio shown in Fig. 3(d), it was initially increased up to CH4/O2 = 1.5, after which, it stayed constant with 
further increase in CH4/CO2 ratio. 

 

 
(a)      (b) 

 
(c)      (d) 

Fig. 3 Effect of CH4/O2 ratio on biogas reforming performance (flow rate of 1 lpm, CH4/CO2 ratio of 2.33) 
 

Table 1 shows the comparison of the performance for dry reforming and partial oxidation reforming of CH4 
between a gliding arc and a microwave discharge reactor. For dry reforming, the microwave plasma reactor in this 
work was shown to produce higher H2 yield, CH4 and CO2 conversion. This may be attributed to the fact that higher 
input power was used. For partial oxidation in this work, the CO yield, conversion of CH4 and CO2 was higher than 
other technologies. But the H2 yield and H2/CO ratio exhibited similar values. However, the selectivity of H2 and 
CO were less, despite the higher conversion of CH4 and CO2 and higher selectivity of H2 and CO. 
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Table 1: Comparison with literature on plasma assisted dry reforming and partial oxidation of methane.  

 Flow 
(lpm) 

Power 
(W) 

CH4/ 
O2 

CH4/ 
CO2 

Yield (%) Selectivity (%) η (%) H2 / CO 
H2 CO H2 CO CH4 CO2 

Dry reforming           
[19] 1 100 - 1 6.3 1.9 45 22 13.6 4.87 n/a 
[20] 1 200 - 1 n/a n/a n/a 70 20 n/a n/a 

This work 1 800 - 1 13.25 8.44 15.6 15.45 46.16 13.74 1.9 
            
Partial oxidation           

[21] 1 100 1 2.33 13.5 6.9 n/a n/a 22.6 12.8 n/a 
1 100 2.2 2.33 13.9 10 51.2 41.6 27.1 n/a 2 

[22] 7 600 1 pure CH4 55 n/a 70 90 n/a n/a 1.5 
This work 1 800 1 2.33 12.84 14.35 14.73 13.75 67.12 49.37 1.1 

1 800 1.5 2.33 13.6 12.34 15.68 12.47 58.64 40.44 1.9 
1 800 2 2.33 13.96 9.85 17.57 11.26 53.54 37.02 1.8 

4. Conclusion 

In this study, a microwave discharge system was developed. Plasma assisted reforming of biogas was 
investigated at 1 atm with no catalyst used. Experiments were carried out for varying composition of biogas 
(CH4/CO2), flow rate of the gas mixture, and the effects of O2 addition on yield and selectivity of H2 and CO, 
conversion of CH4 and CO2, as well as H2/CO ratio of the generated synthetic gas.  

It was shown that conversion of CH4 and CO2 to synthetic gas can be performed by dry reforming and 
autothermal reforming reactions. For dry reforming process, optimum CH4/CO2 ratio was 1 in order to achieve 
maximum yields of H2 and CO, and maximum selectivity of CO. Partial oxidation was also found to generate high 
yield of synthetic gas. 

Non-thermal plasma reactor proved to be an efficient system for producing synthetic gas from biomethane in the 
absence of catalytic process. 
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