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Abstract. Reforming of gaseous and liquid hydrocarbon compounds into hydrogen is of high interest. In
this paper we present a microwave (2.45 GHz) plasma-based method for hydrogen production by conversion
of ethanol (C2H5OH) in the thermal reforming process in nitrogen plasma. In contrast to our earlier
investigations, in which C2H5OH vapour was supplied into the microwave plasma region either in the form
of a swirl or axial flow, in this experiment we injected C2H5OH vapour directly into the nitrogen microwave
plasma flame, behind the microwave plasma generation region. The experimental results were as follows. At
an absorbed microwave power of 5 kW, N2 (plasma-generating gas) swirl flow rate of 2700 NL(N2)/h and
C2H5OH mass flow rate of 2.7 kg(C2H5OH)/h the hydrogen production rate was 1016 NL(H2)/h, which
corresponds to the energy yield of hydrogen production 203 NL(H2)/kWh. After the C2H5OH conversion
the outlet gas contained 27.6% (vol.) H2, 10.2% CO, 0.2% CO2, 4.8% CH4, 4.3% C2H2, 3.7% C2H4 and
3.7% C2H6. These results are comparable to those obtained in our earlier investigations, in which different
methods of C2H5OH vapour supply to the microwave plasma generation region were employed.

1 Introduction

It is a common opinion that hydrogen has a great role
to play as an energy carrier in the future energy sec-
tor. Production of hydrogen from non-renewable (fossil
fuels) and renewable sources (biomass, water) are of
high interest [1–4]. Considerable efforts have been and
are still being made in improving existing and develop-
ing new advanced hydrogen production techniques [5,6].
Reforming of gaseous and liquid hydrocarbon compounds
seems to be an attractive method for hydrogen production
[7,8]. For that purpose such processes as thermal reform-
ing, dry reforming, steam reforming (mainly of natural
gas), partial oxidation and auto-thermal reforming have
been tested. Ethanol, nowadays most available bio-fuel
is considered to be a promising candidate for renew-
able hydrogen production using the reforming processes
referred to above [7,9–13].

Recently another technology has been proposed for
the so-called distributed hydrogen production [8]. This
technology uses microwave-excited plasmas, which are
suitable for reforming gaseous and vapourized liquid
compounds containing hydrogen. The attractiveness of
microwave plasma for hydrogen production was proved
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when methane (in mixture with CO2 and H2O) was
reformed into hydrogen in the so-called waveguide-
supplied metal-cylinder-based microwave plasma source
(MPS) [14]. This resulted in a hydrogen production rate
of 2150 NL(H2)/h and in a hydrogen production energy
yield of 480 NL(H2)/kWh [15]. It is worth noting that
the hydrogen production energy yield of 480 NL(H2)/kWh
is close to meet the U.S. Department of Energy (DOE)
requirement of producing H2 at a production yield of
672 NL(H2)/kWh by 2020 to be capable of competing with
the well-established processes for hydrogen production [8].
Analyses show (e.g. [8]) that alcohol vapours seem to be
promising feedstock for hydrogen production using the
microwave plasma, and the alcohol-based plasma-chemical
systems may reach DOE’s target 2020 of hydrogen energy
yield. It seems that the relatively high values of the hydro-
gen production rate and energy yield demonstrated by the
microwave methods used for hydrogen production from
methane [14,15] make these methods attractive for further
development towards approaching the DOE 2020 target.

The waveguide-supplied metal-cylinder-based MPS is
a reliable microwave plasma generator when nitrogen is
used as a plasma-generating gas. Mixing the nitrogen with
other compounds which disintegrate in the plasma in the
plasma generation region may cause malfunctioning of the
MPS. This may be the case when reforming of alcohols in
the nitrogen-based microwave plasma is to be performed.
Very often one of the alcohol reforming products is solid
carbon, called by us soot. The presence of soot in the
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Fig. 1. Schematic drawing of the MPS with C2H5OH vapour
swirl supply system (bubble vapourizer for forming the mixture
of C2H5OH vapour and N2) [18].

nitrogen plasma-generating gas and the soot deposits on
the MPS walls around the plasma generation region was
found by us a serious reason for an unreliable operation
of the MPS.

Four reactions may be involved in soot formation in the
plasma region [16,17]

2CO ↔ C + CO2 (1)

CH4 ↔ C + 2H2 (2)

CO + H2 ↔ C + H2O (3)

CnH2n + H2 ↔ nC + (n + 1)H2 (4)

Soot formation via reactions (1) and (4) becomes
increasingly important at higher temperature, which usu-
ally occurs in the plasma generation region. Favoured
soot production in this sensitive region may rapidly result
in severe microwave plasma fluctuations or even in the
plasma extinguishing.

The waveguide-supplied metal cylinder based nozzle-
less MPS offers several ways of supplying the working gas
(nitrogen in our case) and the hydrogen precursor (alcohol
vapour). The reason of applying nitrogen as a working gas
for plasma generation was its low price (e.g. in comparison
to argon), relatively neutral impact on the environment
and high gas temperature stipulating efficient production
of hydrogen from ethanol.

In our earlier investigations of ethanol reforming,
ethanol vapour was introduced into the microwave plasma
region either as a swirl flow – Figures 1 and 2 [18,19] or
an axial flow – Figure 3 [20]. In both cases nitrogen was
supplied in the form of a swirl flow. We found that all the
ethanol supply systems operated unreliable if the ethanol
mass flow rate was high. We will return to this matter
later, when discussing results of the experiment presented
in this paper.

Fig. 2. Schematic drawing of the MPS with C2H5OH vapour
swirl supply system (induction vapourizer for forming C2H5OH
vapour) [19].

Fig. 3. Schematic drawing of the MPS with C2H5OH vapour
axial supply system (induction vapourizer for forming C2H5OH
vapour) [20].

In these investigations we injected ethanol vapour
directly into the nitrogen microwave plasma flame, behind
the plasma generation region. Such an ethanol vapour
injection method was supposed to prevent a generation
of soot in the plasma generation region. Using nitro-
gen as the gas-generating plasma in these investigations
means that ethanol conversion occurs in the plasma ther-
mal reforming process. The other reforming processes,
such as the dry reforming with CO2, steam reform-
ing with H2O, partial-oxidation reforming with O2, or
auto-thermal reforming (the combination of steam- and
partial-oxidation reforming) are not the subject of these
investigations.

2 Experimental procedure and setup

A block diagram of the experimental setup is shown
in Figure 4. It consists of a microwave generator sys-
tem, a microwave power measuring system, an impedance
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Fig. 4. Block diagram of the experimental setup: A – microwave generator system, B – microwave power measuring system, C
– microwave plasma source (MPS) with impedance matching system, D – nitrogen supply system, E – ethanol supply system,
F – outlet gas handling and analysis system.

matching system, a MPS, a nitrogen supply system, an
ethanol supply system, and outlet gas handling and anal-
ysis system. The microwave generator system comprises
a magnetron head, a high voltage power supply with a
control unit, and a circulator. The system generates the
electromagnetic CW wave of a frequency of 2.45 GHz with
an output power controlled in the range of 0.6–6 kW.
The circulator protects the magnetron head against the
damage danger which could arise from the microwave
energy reflected by a microwave receiver to which the
microwave energy is supplied. The microwave energy from
microwave generator system is supplied via a standard
rectangular waveguide to the MPS (a receiver). On its
way to the MPS the microwave energy is analysed by
the microwave power measuring system composed of cal-
ibrated directional couplers (marked as a bi-directional
coupler in Fig. 4) and forward and reflected power meters.
The calibrated directional couplers sample the forward
and reflected microwave power at the MPS input. This
enables measuring the microwave power absorbed by the
MPS. The microwave duct is equipped with the impedance
matching system. Its parts: a three stub tuner and a
movable plunger are preceding and following the MPS,
respectively. Matching the impedance in the microwave
waveguide duct improves efficiency of the microwave
energy transfer from the microwave generator system to
the MPS. Nitrogen, which plays a role of the working gas
in this experiment is delivered to the MPS by the nitro-
gen supply system with a mass flow controller. Ethanol
in the form of vapour is delivered to the MPS by the
ethanol supply system, equipped with an induction heat-
ing vapourizer having a control unit. At the MPS outlet
the outlet gas handling and analysis system is placed. It
includes a gas-soot separator for cleaning the outlet gas

from the soot produced during the ethanol reforming and
SRI and Shimadzu gas chromatographs for the inlet and
outlet gas composition analysis. Both chromatographs are
controlled by a software installed in a PC.

The MPS used in this experiment was a waveguide-
supplied metal cylinder based nozzleless microwave
(2.45 GHz) plasma source [14] – Figure 5. A similar MPS
was used in our earlier investigations of ethanol reform-
ing by microwave plasma [18–20]. However, in contrast to
our earlier investigations, in which ethanol vapour was
introduced into the microwave plasma region either as
a swirl flow [18,19] or an axial flow [20], in this experi-
ment we injected ethanol vapour directly into the plasma
flame, behind the plasma generation region (inside the
waveguide).

In this experiment nitrogen was the working gas (serv-
ing mainly as the plasma-generating gas). Nitrogen flow
was supplied via four swirl-forming ducts into the plasma
region as a swirl flow. Ethanol vapour at a temperature
of 250 ◦C was produced in the induction heating vapour-
izer and supplied radially via three ducts into the plasma
flame, behind the plasma generation region. Such a way
of the introduction of C2H5OH vapour into the microwave
plasma was aimed at avoiding the soot production in
the plasma generation region. The presence of soot in
the plasma generation region in our earlier investigations
caused a serious malfunction of the MPSs. The exper-
imental investigations were performed for the nitrogen
flow rate of 2700 NL/h, C2H5OH mass flow rate ranged
from 0.14 kg/h to 2.7 kg/h and absorbed microwave power
between 2 kW and 5 kW.

The investigations concerned determination of the
following MPS performance parameters: the hydrogen
production rate in NL(H2)/h, the energy yield of hydrogen
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Fig. 5. Schematic drawing of the MPS with C2H5OH vapour
supplied from the induction vapourizer directly into the plasma
flame.

Fig. 6. Hydrogen production rate and energy yield of hydrogen
production as a function of absorbed microwave power. N2

swirl flow rate – 2700 NL/h, C2H5OH mass flow rate – 0.8 kg/h.

production in NL(H2)/kWh, hydrogen volume concentra-
tion in the outlet gas in %, and soot production.

3 Results and discussion

The hydrogen production rate, energy yield and hydrogen
volume concentration in the outlet gas as a function of
absorbed microwave power are shown in Figures 6 and 7.
The measurements were carried out at the N2 flow rate
of 2700 NL/h, C2H5OH mass flow rate of 0.8 kg/h and
absorbed microwave power varied from 2 kW to 5 kW. As
it is seen from Figures 6 and 7 increasing the absorbed
microwave power resulted in an increase in the hydrogen
production rate and the hydrogen volume concentration
in the outlet gas. When the absorbed microwave power
increased from 2 kW to 5 kW, the hydrogen production
rate increased from 275 NL(H2)/h to 634 NL(H2)/h, the
hydrogen volume concentration in the outlet gas increased
from 9% to 19%, while the energy yield of hydrogen pro-
duction remained almost constant at 134 NL(H2)/kWh.

Fig. 7. Hydrogen volume concentration in the outlet gas as
a function of absorbed microwave power. N2 swirl flow rate –
2700 NL/h, C2H5OH mass flow rate – 0.8 kg/h.

Fig. 8. Hydrogen production rate as a function of C2H5OH
mass flow rate. N2 swirl flow rate – 2700 NL/h, absorbed
microwave power 3 kW and 5 kW.

Figures 8–10 show dependence of the hydrogen produc-
tion rate, energy yield of hydrogen production and hydro-
gen volume concentration in the outlet gas on C2H5OH
mass flow rate (varied from 0.14 kg/h to 2.7 kg/h). Two
cases are presented. The first one is for 3 kW and the sec-
ond for 5 kW of an absorbed microwave power. As seen,
all the three parameters of MPS performance increased
when increasing C2H5OH mass flow rate. The hydrogen
production rate and hydrogen volume concentration in
the outlet gas were higher for higher microwave power
(5 kW), while the energy yield behaved oppositely. At an
absorbed microwave power of 5 kW and C2H5OH mass
flow rate of 2.7 kg/h the hydrogen production rate was
1016 NL(H2)/h, which corresponds to the energy yield of
hydrogen production 203 NL(H2)/kWh.

For an absorbed microwave power of 3 kW the satura-
tion effect of the hydrogen production rate, energy yield of
hydrogen production and hydrogen volume concentration
in the outlet gas with increasing C2H5OH mass flow rate
occurs. It seems that at an absorbed microwave power of
3 kW the C2H5OH reforming capability of the system used
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Fig. 9. Energy yield of hydrogen production as a function
of C2H5OH mass flow rate. N2 swirl flow rate – 2700 NL/h,
absorbed microwave power 3 kW and 5 kW.

Fig. 10. Hydrogen volume concentration in the outlet gas as
a function of C2H5OH mass flow rate. N2 swirl flow rate –
2700 NL/h, absorbed microwave power 3 kW and 5 kW.

is reaching its limits at a C2H5OH mass flow rate of about
2 kg/h. However, further improvement of the reforming
parameters is possible on the expense of higher absorbed
microwave power.

Analysis of the gaseous products after the C2H5OH
plasma reforming shows that the outlet gas contained:
hydrogen, methane (CH4), acetylene (C2H2), ethylene
(C2H4), ethane (C2H6), oxygen (O2), carbon monoxide
(CO), carbon dioxide (CO2), soot and obviously nitrogen.
The concentrations of gaseous compounds resulting from
C2H5OH plasma reforming for the nitrogen swirl flow rate
of 2700 NL/h, C2H5OH flow rate of 2.7 kg/h and absorbed
microwave power of 5 kW are given in Table 1.

As expected, soot was produced during the C2H5OH
plasma reforming. The soot was filtered out in the gas-soot
separator. The amount of the soot deposited on the gas-
soot separator filter was not measured. Not surprisingly
any soot was not present in the plasma generation region
and no malfunction of the MPs was monitored.

The record parameters (achieved not necessary in the
same conditions) of the hydrogen production by plasma

Table 1. Concentrations of gaseous compounds result-
ing from C2H5OH plasma reforming. N2 swirl flow rate –
2700 NL/h, C2H5OH mass flow rate – 2.7 kg/h, absorbed
microwave power 5 kW.

Compound Concentration, %

H2 27.6
CH4 4.8
C2H2 4.3
C2H4 3.7
C2H6 0.2
O2 1.0
CO 10.2
CO2 0.2
N2 47

reforming of C2H5OH vapour injected into the microwave
nitrogen plasma flame were: the hydrogen production rate
– 1016 NL(H2)/h (Fig. 8), the energy yield – 212 NL(H2)
per kWh of absorbed microwave energy (Fig. 9) and the
hydrogen volume concentration in the outlet gas – 27.6%
(Fig. 10). It is worth noting that all these parameters
were attained when C2H5OH mass flow rate was rela-
tively high [2.7 C2H5OH kg/h]. These record results are
better than those obtained in our investigations presented
in [18–20], in which different methods of C2H5OH supply
to the microwave plasma (in the form of either a swirl or
axial flow) were employed (the comparison only applies
to those cases when the working gas was N2 and the
C2H5OH vapour was produced in the induction heating
vapourizer). When the C2H5OH vapour was produced in
the bubble vapourizer [18] the hydrogen production rate
(202 NL(H2)/h) the energy yield (67 NL(H2)/kWh) and
the hydrogen volume concentration in the outlet gas (5%)
where much lower than those attained using the induction
heating vapourizer due to a lower C2H5OH mass flow rate
(at most 0.4 kg/h) in the former case. However, if we deter-
mine a ratio M of the hydrogen production rate to the
C2H5OH mass flow rate, which defines how much hydro-
gen is produced per unit mass of C2H5OH used, the best
performing regarding the M ratio belongs to the technique
which C2H5OH vapour was supplied into the microwave
plasma region in the form of a swirl (with either the bub-
ble or induction vapourizer) [18,19]. When supplying the
C2H5OH vapour in the form of a swirl flow the M ratio
was 2–3 times higher than those obtained for the axial
[20] and “into the plasma flame” (present work) supplies
of C2H5OH vapour to the system.

The comparison of the three C2H5OH supply systems:
as the swirl flow, as the axial flow and “into the plasma
flame” one (all three with the induction vapourizer) at the
same C2H5OH mass flow rate seems to be more appropri-
ate (the M ratio is the same). The results are given in
Figures 11–13. As it can be seen from those figures the
difference in the hydrogen production parameters for the
three methods are not significant, taking into account the
accuracy in such experiments.

It seems that the essential difference in the three sup-
ply system performance is the soot production and its
influence on the MPS functioning. The swirl system (also
that with the bubble vapourizer) is characterised by a
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Fig. 11. Comparison of the hydrogen production rate as a
function of absorbed microwave power for three C2H5OH sup-
ply systems (as the swirl flow [19], as the axial flow [20] and
“into the plasma flame” one (all three with the induction
vapourizer) at the same C2H5OH mass flow rate), N2 swirl
flow rate – 2700 NL/h, C2H5OH mass flow rate – 0.8 kg/h.

Fig. 12. Comparison of the energy yield of hydrogen pro-
duction as a function of absorbed microwave power for three
C2H5OH supply systems (as the swirl flow [19], as the axial
flow [20] and “into the plasma flame” one (all three with the
induction vapourizer) at the same C2H5OH mass flow rate), N2

swirl flow rate – 2700 NL/h, C2H5OH mass flow rate – 0.8 kg/h.

relatively high soot production in the plasma generation
region, which causes the malfunction of the MPS when
the C2H5OH mass flow rate increases 0.8 kg/h. This lim-
its the operation of the MPS with the swirl supply system
to the C2H5OH mass flow rates lower than 0.8 kg/h. The
MPS with the axial supply system was tested to oper-
ate reliably at the C2H5OH mass flow rate as high as
2.4 kg/h. The presented MPS, with C2H5OH supplied to
the nitrogen plasma flame, may function correctly with
very high C2H5OH mass flow rates. However, although
the present investigations showed that introducing much
C2H5OH vapour (2.7 kg/h) into the nitrogen plasma flame
resulted in the hydrogen production rate (1016 NL(H2)/h)
and the energy yield (212 NL(H2)/kWh) higher than those
of the other C2H5OH supply systems, the M ratio for

Fig. 13. Comparison of the hydrogen volume concentration
in the outlet gas as a function of absorbed microwave power
for three C2H5OH supply systems (as the swirl flow [19], as
the axial flow [20] and “into the plasma flame” one (all three
with the induction vapourizer) at the same C2H5OH mass flow
rate), N2 swirl flow rate – 2700 NL/h, C2H5OH mass flow rate
– 0.8 kg/h.

the “into the plasma flame” is much lower than for the
other systems. This means that the C2H5OH introduced
into the plasma flame is less efficiently converted into H2

than in the other systems. However, it seems that some
improvement in this aspect is possible.

4 Summary and conclusions

Hydrogen production by the conversion of C2H5OH using
atmospheric pressure microwave plasma produced in the
waveguide-supplied metal-cylinder-based MPS was stud-
ied experimentally. However in contrast to our earlier
investigations, in this case C2H5OH vapour was supplied
from the induction vapourizer directly into the plasma
flame behind the plasma generation region. The influ-
ence of the absorbed microwave power and the C2H5OH
mass flow rate on the hydrogen production efficiency
parameters: the hydrogen production rate, the energy
yield of hydrogen production and the hydrogen vol-
ume concentration in the outlet gas was investigated.
The investigations showed that increasing the absorbed
microwave power resulted in a higher hydrogen produc-
tion rate and higher hydrogen volume concentration in
the outlet gas. With increasing C2H5OH mass flow rate
the values of all hydrogen production efficiency param-
eters increased. The record achieved results of hydrogen
production rate, energy yield and hydrogen volume con-
centration were 1016 NL(H2)/h, 212 NL(H2)/kWh and
27.6%, respectively. These and other results obtained in
the present investigations, when C2H5OH vapour was sup-
plied directly into the plasma flame behind the plasma
generation region, were compared with those of our
earlier investigations, in which two different C2H5OH
vapour supply methods were used (C2H5OH vapour was
supplied as either the swirl flow or the axial flow). As
found the essential difference in the three supply system
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performances was the soot production and its influence on
the MPS functioning. The MPS with C2H5OH supplied
directly into the plasma flame could operate reliably with
very high C2H5OH mass flow rates (up to a few kg/h),
which was intuitively expected. The two other MPS (with
either the swirl flow or the axial flow C2H5OH supply sys-
tem) exhibited malfunctioning because of soot production
during the C2H5OH plasma reforming.

The main advantage of using the direct supply of
C2H5OH into the plasma flame behind the plasma gen-
eration region, i.e. a reliable MPS operation due to the
absence of C2H5OH vapour in the plasma-generating
gas (in nitrogen in our case) can be attractive when
other C2H5OH reforming processes (dry, steam, partial-
oxidation or auto-thermal reforming) or other hydrogen
precursors (e.g. kerosene) are to be investigated.
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this work.
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