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1. Introduction 
 
Methane or natural gas reforming is widely used in in-

dustry to obtain hydrogen or synthesis gas (H2+CO), which 
are utilized in industry, for example as source materials for 
the production of raw chemicals (e.g. methanol and ammo-
nia), as well as hydrogenation agents in oil refinery and re-
ducing gases in steel industry. Recently hydrogen gains in 
importance as fuel in fuel cell applications, combustion en-
gines or gas turbines with the goal to achieve more efficient 
exploitation of energy sources and to reduce noxious emis-
sions1. 

The conventional reforming of methane is carried out 
thermally using water steam and oxygen. In this process, oxi-
dation of methane provides heat that is necessary for perform-
ing the endothermic methane reforming reaction using steam. 
The steam methane reforming yields a mixture of hydrogen 
and carbon monoxide, as follows: 

CH4 + H2O ↔ CO + 3 H2, ∆H298 = 206 kJ mol−1        (1) 
where ∆H298 is a standard reaction enthalpy. 

Similar process, named the partial oxidation, occurs 
when carbon dioxide (CO2) is used instead of water steam: 

CH4 + CO2 ↔ 2 CO + 2 H2, ∆H298 = 247 kJ mol−1      (2) 
Hydrogen may be also produced in the process of meth-

ane pyrolysis, which is, however, often accompanied with 
acetylene production: 

CH4 ↔ C + 2 H2, ∆H298 = 75 kJ mol−1                    (3) 
2 CH4 → C2H2 + 3 H2           (4) 
Since reactions (1) and (2) are highly endothermic, to 

decrease the activation energy, a catalyst (usually Ni/Al2O3 
working at temperature 1100−1150 K) is used. This methane 
reforming method is sensible to impurities in substrates which 
deactivate the catalyst.  

The other conventional technologies of hydrogen pro-
duction, i.e. coal gasification, hydrocarbon reforming and 
water electrolysis, are too expensive or not applicable for 
specific applications (e.g. for fuel cells) due to technical rea-
sons. Thus, new methods for hydrogen production  are under 
development, such as water photolysis, and biological and 
plasma methods.  

One of attracting methods for reforming hydrocarbons to 
produce hydrogen is the use of plasmas1−10. The plasma con-

tains reactive radicals, ions and high-energetic electrons. High 
reactivity shown by these species enhances the chemical reac-
tion rates whereby expensive and impurity vulnerable atalysts 
can be avoided. This plasma capability as well as its high 
energy density ensure the compactness of the plasma system. 
Besides, the plasma system can be adapted for reforming 
various hydrocarbons, such as natural gas, gasoline, heavy 
oils and biofuels. Another advantage is the fast response time 
that can be achieved because the plasma is operated by elec-
tricity. When water steam is used as the plasma supporting 
gas, reductive and oxidative radicals such as H, OH, and O, 
are produced in the plasma, enabling the plasma to be effec-
tive for reforming different hydrocarbons.  

Recently developed microwave plasma sources (MPSs) 
operated at atmospheric pressure5,10−14 seem to have a high 
potential for hydrogen production via hydrocarbon reform-
ing. The microwave plasma at atmospheric pressure is one 
of the plasma techniques providing the electron temperature 
of 4000−10 000 K, and the heavy particle temperature of 
2000−6000 K (ref.12−14). Such properties of microwave 
plasma provide proper conditions for methane reforming. 

In this paper results of investigations on the usefulness 
of several microwave plasma methods for hydrogen produc-
tion via methane reforming are presented. The microwave 
plasma methods employed are: 
− steam reforming of methane using a low flow rate noz-

zle-type MPS; 
− reforming of methane using high flow rate coaxial-type 

MPSs  (three versions A, B, and C) supplied through 
either a rectangular waveguide WR 284 or rectangular 
waveguide WR 430. In both high flow rate coaxial-type 
MPSs an additional swirl flow, N2 or CO2, was used; 

− reforming of methane using high flow rate cylinder-type 
MPS supplied through a rectangular waveguide 
WR 430. The only gas used in this MPS was methane 
delivered as a swirl. 
 

2. Experimental set-up 
 
The main components of the experimental setup were 

2.45 GHz magnetron generator (operated in a continuous 
mode), waveguide based microwave plasma source (MPS), 
plasma reactor in the form of quartz tube, microwave power 
supplying and measuring systems, gas supplying and flow 
control systems, Fourier Transform Infrared (FTIR) spectro-
photometer for gas analysis and gas chromatograph for hydro-
gen concentration measurement. 

 
2.1. Low flow rate nozzle-type MPS 

 
When steam reforming of methane using a low flow rate 

nozzle-type MPS was carried out, a MPS was based on a TI-
AGO (Torche a Injection Axiale sur Guide d'Ondes) concept 
disclosed by Moisan et al11 (Fig. 1). The microwave power 
(200−750 W) was fed to the plasma generator directly by 
a standard rectangular waveguide. The other end of the 
waveguide was terminated with a movable plunger, used for 
the impedance matching. The plasma was generated in the 
form of a „plasma flame“ at the end of the nozzle, that pro-
truded from the waveguide directly into the reactor. The 
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working gas [Ar (97−96 %) + CH4 (1−2 %)+H2O (2 %)] at 
atmospheric pressure flowed through the nozzle at a flow rate 
of 2−4 l min−1 and 25 l min−1, forming the plasma flame 
above the nozzle. 

 
2.2. High flow rate coaxial-type MPSs − versions A, 

B, and C 
 
When methane reforming using high flow rate coaxial-

type MPSs was performed then three versions (A, B, and C) 
of coaxial-type MPS were tested. In these MPSs, on contrary 
to previous MPSs operating at atmospheric pressure, there 
was not any nozzle. Instead, the plasma was generated 
straightforward inside a quartz cylinder. The plasma genera-
tion was stabilized by forming an additional gas swirl flow 
(up to 100 l min−1) in the quartz cylinder. The gas swirl held 
the plasma in the centre of the cylinder, protecting the cylin-
der wall from overheating. 

In the first version (called version A), rectangular 
waveguide WR 284 was used to deliver microwave power to 
a coaxial microwave module, where the plasma was generated 

(Fig. 2). The coaxial module had a wide external electrode 
with an inner diameter of 155 mm. The flow rate of methane 
(axial flow) and nitrogen (swirl flow) were up to 175 l min−1 
and 50 or 100 l min−1, respectively. The microwave power 
absorbed was up to 5000 W. Version A of the high flow rate 
coaxial-type MPS was used for hydrogen production via 
methane reforming both without catalyst and with catalyst. 

In the version of high flow rate coaxial-type MPS called 
version B, the coaxial microwave module was supplied with 
microwave power through a rectangular waveguide WR 430. 
(the design similar to version A shown in Fig. 2). This high 
flow coaxial-type MPS was equipped with a wide external 
electrode (wider than version A) with an inner diameter of 
180 mm. In version B, the plasma generation was stabilized 
by an additional nitrogen swirl flow (50 or 100 l min−1). The 
methane flow rate was up to 175 l min−1. The absorbed micro-
wave power was changed from 3000 W to 5000 W. In this 

Fig. 1. Sketch of the nozzle-type MPS operated at low gas flow 
rate 

Fig. 2. Sketch of the high flow rate waveguide-based coaxial-type 
MPS (with a wide external electrode). Version A 

Fig. 4. Sketch of the high flow rate waveguide-based cylinder-type 
MPS 

Fig. 3. Sketch of the high flow rate waveguide-based coaxial-type 
MPS with narrow external electrode. Version C 
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experiment the influence of catalyst was also studied. 
Later, we modified the geometry of coaxial microwave 

module by narrowing its external electrode (to 46 mm in di-
ameter) and increasing the inner diameter of the internal elec-
trode (to 12 mm) (Fig. 3). In this version, called version C, the 
plasma generation was stabilized by an additional nitrogen 
swirl (50 l min−1). The methane flow rate was 175 l min−1. 
The absorbed microwave power could be changed from 
1000 W to 5000 W. No catalyst was used when reforming 
CH4 using version C.  

Also, in version C we used CO2 to produce the swirl, 
instead of nitrogen. CO2 swirl had a flow rate of 50 l min−1. 
The methane flow rate was 175 l min−1. The absorbed micro-

wave power was 3000 W. No catalyst was used in this experi-
ment. 

 
2.3. High flow rate cylinder-type MPS 

 
Finally, we tested methane reforming using high flow 

rate cylinder-type MPS. In this MPS only methane was used 
as the operating gas. The methane was introduced to the 
plasma in the form of a swirl (87.5 l min−1 or 175 l min−1). 
The cylindrical microwave module was supplied with micro-
wave power through a rectangular waveguide WR 430 
(Fig. 4). 

 

Table I 
Parameters and results of experiments on hydrogen production via methane conversion using MPSs at atmospheric pressure 

MPS TYPE Initial gas 
composition 

Methane 
flow rate 

Qmet 
[l min−1] 

Swirl 
flow rate 

Qswirl 
[l min−1] 

Hydrogen 
mass yield 

rate 
[gH2 h−1] 

Energetic 
hydrogen 
mass yield 

[gH2 kWh−1] 

Methane 
conversion 

degree 
[%] 

Selectivity 
to H2 
[%] 

Low flow rate waveguide-based 
nozzle-type MPS 

CH4 + H2O + 
N2 

2* − 0.31 1.56 98.5 91.4 

High flow rate coaxial-type MPS,  
waveguide WR 284, external  
electrode 155mm, inner electrode 
6mm, N2 swirl, without catalyst.  
Version A. 

CH4 + N2 152 100 284 67.6     

High flow rate coaxial-type MPS, 
waveguide WR 284, external e-
lectrode 155mm, inner electrode 
6mm, N2 swirl, with catalyst.  
Version A. 

CH4 + N2 152 100 311 76.5     

High flow rate coaxial-type MPS, 
waveguide WR 430, external  
electrode 180mm, inner electrode 
6mm, N2 swirl, without catalyst.  
Version B. 

CH4 + N2 175 50 222 74 13.2 96.7 

High flow rate coaxial-type MPS, 
waveguide WR 430, external e-
lectrode 180mm, inner electrode 
6mm, N2 swirl, with catalyst.  
Version B. 

CH4 + N2 175 50 255 85 20.2 97.5 

High flow rate coaxial-type MPS, 
waveguide WR 430, external  
electrode 46mm, inner electrode 
12mm, N2 swirl.  
Version C 

CH4 + N2 175 50 432 280** 25.5 99.2 

High flow rate coaxial-type MPS, 
waveguide WR 430, external  
electrode 46mm, inner electrode 
12mm, CO2 swirl, without cata-
lyst.  
Version C 

CH4 + CO2 175 50 943 605** 58.0 93.6 

High flow rate cylinder-type MPS, 
waveguide WR 430, CH4 swirl. CH4 − 87.5 866 381** 99.9 100 

*  total gas flow rate, initial methane concentration 1 %, **  total electric energy used (the plug efficiency of the microwave magnetron generator 
was higher than 66 %) 
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3. Results 
 

Main results of all our experiments on hydrogen produc-
tion via methane reforming using various MPSs are summa-
rized in Table I. 

 
3.1. Low flow rate nozzle-type MPS 
 

The results of the investigation of hydrogen production 
via steam reforming of methane using the low flow rate noz-
zle-type MPS showed that energetic parameters (mass and 
energetic yields) of hydrogen production are relatively low 
(0.31 g[H2] h−1 and 1.56 g[H2] kWh−1). Moreover, analysis of 
the gas composition after the plasma processing showed that 
methane is  converted  not only  into  H2 but also to CO, CO2, 
H2O and C2H2. Concentrations of CH4 and its conversion 
products (H2, CO, and C2H2) are presented in Fig. 5. Fig. 5a 
shows that CH4 conversion increases with increasing micro-
wave power and decreasing gas flow rate. At a high flow rate 
of 25 l min−1 CH4 conversion rate is relatively low. Increasing 
the gas flow rate results in shorter residence time of CH4 in 
the plasma, and consequently in a lower conversion of CH4. 
Production of H2 and CO corresponds to the CH4 conversion 
and increase with increasing microwave power and residence 
time in the plasma (Fig. 5b and c). The highest concentrations 

of H2 (1.8 %) and CO (0.52 %) were measured at 2 l min−1 
and 400 W. 

According to the reaction (1), the amount of CH4 de-
composed in the plasma should be equal to the concentration 
of CO and to one third of the H2 concentration. However, our 
results show that concentrations of CO and H2 are lower. One 
of the reasons is production of acetylene (C2H2) in the reac-
tion (4). In such a case CO concentration should correspond 
to the two third of decomposed CH4. Indeed, concentrations 
of CO obtained at gas flow rate of 25 l min−1 prove this hy-
pothesis. However, at low gas flow rates, i.e. 2−4 l min−1, 
concentrations of H2 and CO are much lower than expected. 
Since no soot or other hydrocarbons were found after the 
plasma processing, we assume that low concentrations of H2 
and CO result from their oxidation to CO2 and H2O. Unfortu-
nately, quantitative determination of CO2 and H2O concentra-
tions could not be carried out in the experiment. 

Concentration of acetylene (C2H2), which is produced 
during CH4 conversion, is presented in Fig. 5d. At gas flow 
rate of 2 l min−1 and 3 l min−1 no C2H2 was found regardless 
the microwave power delivered to the MPS. Detectable pro-
duction of acetylene starts from 4 l min−1 and 300 W and 
increase with gas flow rate and microwave power. The high-
est C2H2 concentration of 0.038 % was measured at gas flow 
rate of 25 l min−1 and 450 W of microwave power and corre-

Fig. 5. Low flow rate waveguide-based nozzle-type MPS. Concentrations of CH4 (a), H2 (b), CO (c), and C2H2 (d) in the outlet gas as 
a function of microwave power. Initial CH4 concentration 1 %. Initial CH4:H2O ratio 1:2  
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sponds to the one third of CH4 decomposed in the reaction 
(4). 

Since the gas exiting the system of low flow rate nozzle-
type MPS is a mixture of several compounds, hydrogen must 
be extracted from the other compounds using a membrane or 
PSA (Pressure Swing Adsorption) filter. This may be 
a disadvantage. On the other hand, steam reforming of CH4 
provides high methane conversion degree (98.5 %) and no 
soot as a solid by-product. 

 
3.2. High flow rate coaxial-type MPSs − version A 

 
When reforming methane into hydrogen using version A 

of the high flow rate coaxial-type MPS without catalyst, the 
hydrogen mass yield rate and the corresponding energetic 
hydrogen mass yield were 284 g[H2] h−1 and 68 g[H2] kWh−1, 
respectively (Tab. I). Catalyst placed in the plasma reactor 
increased those parameters to 311 g[H2] h−1 and 77 g
[H2] kWh−1, respectively. Due to the absence of any oxygen in 
the system no oxides were detected in the exit gas. The only 
by-products of methane conversion to hydrogen were acety-
lene (< 1 %) and carbon (soot). The soot deposit could be 
easily noticed on the reactor walls.  

 
3.3. High flow rate coaxial-type MPSs − version B 

 
The hydrogen mass yield rate and the corresponding 

energetic hydrogen mass yield when reforming methane using 
version B of the high flow rate coaxial-type MPS were re-
spectively up to 255 g[H2] h−1 and 85 g[H2] kWh−1 (Tab. I). 
These results correspond to the case with catalyst and are 
better than those obtained without catalyst. Detailed results 
are presented in ref.10. 

 
3.4. High flow rate coaxial-type MPSs − version C 

 
The hydrogen mass yield rate and the corresponding 

energetic hydrogen mass yield when methane reforming using 
version C of the high flow rate coaxial-type MPS with N2 
swirl were up to 432 g[H2] h−1 and 418 g[H2] kWh−1, respec-
tively.  

Energetic parameters of hydrogen production in version 
C of the MPS with CO2 swirl were 943 g[H2] h−1 and 919 g
[H2] kWh−1, respectively. In our experiment, the plug effi-
ciency of the microwave magnetron generator was higher than 
66 %, so taking into account this efficiency, the energetic 
hydrogen mass yield is 605 g[H2] per kWh of electrical en-
ergy used (Tab. I). These parameters are better than previous 
results when nitrogen was used as the swirl gas and much 
better than those typical of other plasma methods of hydrogen 
production (e.g. plasmatron2, gliding arc4, electron beam9,). 
However, using CO2 seems unpractical because of a problem 
with separation of H2 from CO2 and CO (produced in the 
reforming process) in the off-gas. 

As can be seen in Table 1 methane conversion degree 
was relatively low when the high flow coaxial-type MPS of 
version C with N2 or CO2 swirl was used. In the case of N2 
swirl it was not higher than 25.5 %. Replacing N2 with CO2 
increased methane conversion over twice. Such an increase 
results probably from a lower heat lose since thermal conduc-

tivity of CO2 is 1.6 times lower than nitrogen. Thus, there was 
no mixing of CO2 swirl with methane introduced to the 
plasma by the central duct of the MPS. This hypothesis is 
confirmed by the low concentration of CO in the exit gas 
(0.9 %) showing that reaction of methane partial oxidation (2) 
had small contribution to the methane conversion into hydro-
gen. From the significant production of soot one may con-
clude that methane pyrolysis (reaction 3) was the main proc-
ess of hydrogen production. 

Presence of swirl gas as well as methane conversion by-
products, i.e. acetylene and unconverted methane, necessitate 
to separate hydrogen from other gaseous components using 
a pressure swing adsorbent (PSA) unit or membrane filter 
unit. In order to avoid separation process we propose in our 
last experiment presented in this paper to use methane as the 
only gas entering the plasma generator. 

 
3.5. High flow rate cylindrical-type MPS 

 
Diagnostics of gas exiting high flow rate coaxial-type 

MPS supplied with CH4 swirl only showed that unprocessed 
methane was found as the only gaseous by-products resulting 
from methane conversion. The methane decomposed to hy-
drogen H2 and carbon (soot). At the power of 1.5 kW and 
methane flow rate of 87.5 l min−1 concentrations of hydrogen 
and methane were 99.88 % and 0.12 %, respectively, whereas 
at the power of 5 kW they were 99.94 % and 0.06 %, respec-
tively. Thus, the total methane decomposition degree was 
99.76−99.88 %. When methane flow rate was doubled then 
only half of CH4 was converted (Fig. 6).  

The selectivity of methane conversion to hydrogen was 
100%. Such a high selectivity as well as lack of other gaseous 
by-products and significant production of soot show that reac-
tion of methane pyrolysis (3) was the main path of methane 
conversion. 

The energetic parameters of the hydrogen production via 
the methane pyrolysis were up to 866 g[H2] h−1 and 577 g[H2] 
per kWh of microwave energy absorbed by the plasma, re-
spectively (Fig. 7). When conversion of methane was 100 % 
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then the hydrogen mass yield rate did not depend on the mi-
crowave power. Lower CH4 conversion degree observed at 
CH4 flow rate of 175 l min−1 resulted in decreasing hydrogen 
mass yield rate. On the other hand, energetic hydrogen mass 
yield was the same for both methane flow rates. 
 
4. Conclusions 

 
Our investigation of methane reforming using MPS 

operated at atmospheric pressure show a progress in improv-
ing the hydrogen mass and energetic yields. The high ener-
getic hydrogen mass yield obtained in the final experiments 
using the high flow rate cylindrical-type MPS with CH4 swirl 
is better than that obtained in other plasma methods even if 
we take into account the energy losses in the microwave 
power supply used in our experiment. Then, the energetic 
hydrogen mass yield is 381 g[H2] kWh−1 (~ 33 % lower than 
577 g[H2] kWh−1 presented above, Tab. I). The absence of 
other compounds (CO, CO2, C2H2) as by-products in the off-
gas is additional benefit of methane reforming using the high 

flow rate cylinder-type MPS.  
Comparison of energetic parameters of hydrogen pro-

duction by microwave plasma, which is a laboratory scale at 
the moment, with industrial scale conventional steam methane 
reforming is difficult. Only comparison with water electroly-
sis, where the only kind of energy used is electricity similarly 
as in our method, is possible. The best available commercial 
electrolysers produce hydrogen with energetic hydrogen mass 
yield up to 21 g[H2] kWh−1 (ref.15). This value is much lower 
than that obtained using plasma methane reforming. However, 
energetic hydrogen mass yield is not good parameter for com-
paring plasma reforming with electrolysis since both methods 
use different substrates. One of the way for comparing those 
both methods is calculating of costs of methane and electric-
ity. Assuming that water cost in electrolysis is negligible the 
cost of 1 kg of hydrogen produced by plasma method is about 
2 times lower than that obtained via electrolysis. 

The high flow rate cylinder-type MPS for H2 production 
via methane reforming tested by us as the last MPS design is 
expected to be of low cost and effective, and thus promising 
for applications in the distributed hydrogen production. 

 
These studies were supported by the Ministry of Science and 
Higher Education (MNiSW) under the program PB 3020/
T02/2006/31. 
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