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Abstract
An experimental and theoretical study is presented on the efficiency of the removal of NO in a
N2 atmosphere in a novel three-electrode reactor. This reactor combines a dielectric-barrier
discharge with a corona discharge, designed to enhance streamer propagation in a relatively
large region. Experimentally, the reactor has a good energy yield for the removal of NO, as
compared with other discharge methods. A theoretical model is developed for the production
of reactive species in the streamers by different reactions that allow to relate simple electrical
measurements with the reactor efficiency. This theoretical efficiency resulted in good
agreement with the experimental one, validating the model and allowing the evaluation of the
contribution of different reactions involved in NO removal.
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(Some figures may appear in colour only in the online journal)

List of variables employed

a radius of the external electrode
ad radius of the disc electrode
As local cross section of the streamer channel
�V voltage difference in gap crossed by the streamers
�VLs voltage difference along a streamer channel length Ls

ε0 permittivity of the vacuum
εr relative permittivity of the dielectric
εp reactor efficiency for the destruction of molecules p

εc
p contribution of the streamer channel to the

efficiency εp

εh
p contribution of the streamer heads to the

efficiency εp

εexp experimental efficiency for the destruction of NO
εexp% percental experimental efficiency for

the destruction of NO
E electric field component along the streamer

channel

1 Fellow of CONICET.
2 Researcher of CONICET.

Eh electric field of the streamer head
(radial component)

Eh max maximum value of the electric field of the
streamer head

EL component of the Laplacian electric field
along the streamer channel

Ec energy cost per removed NO molecule
Ey energy yield for the removal of NO (number of

mol of removed NO per unit energy input)
Gq G-value for reaction q

G
q

eff effective G-value for reaction q

I current between active disc electrode and
external electrode (interelectrode current)

IDBD current between disc electrodes (DBD current)
is current in a streamer
Ist total current including all present streamers
kq rate coefficient for reaction q

kpq rate coefficient of reaction with intervening
molecules q destroying molecules p
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Ls length of the streamer channel
n0 total number density (including all

present molecules)
ne number density of electrons
nm number density of gas molecules

intervening in a reaction
n

q
m number density of molecules m intervening

in reaction q

np number density of molecules p

destroyed in a reaction
nq number density of molecules

produced in reaction q

Np total number of molecules p

Nq total number of molecules q

Nst total number of streamers
qd electric charge on the disc electrode
Q volumetric flow rate through the reactor
rh radius of the streamer head
vD drift velocity of electrons
Vac voltage of the ac power supply
V

p
ac peak-to-peak value of Vac

Vdc voltage of the dc power supply
Vch volume of reactor chamber
zd axial position of the disc electrode

1. Introduction

The study of non-thermal plasma for the removal of pollutants
like NO is a subject of interest for industrial applications
and fundamental academic studies. The plasma is generated
with an electrical discharge at atmospheric pressure. Without
heating of the gas, the electrical energy goes into the production
of energetic electrons, which collide with gas molecules and
produce a rich variety of chemical products that undergo
reactions capable of transforming harmful substances into non-
hazardous products.

There are many studies of NO degradation, using different
discharge configurations, which employ plasma technologies
with good results. Some of them are pulsed positive and
negative corona discharges (CDs) [1, 2], dielectric barrier
discharges (DBDs) [3–6] and plasma–catalyst hybrid systems
[7–9]. Most of all reactor configurations studied consist
of small setups with a small plasma volume or with a
high resistance to the gas flow, like the DBD packed bed
configuration.

In previous work [10] the development of a three-electrode
discharge with cylindrical geometry, which could be long-time
sustained over interelectrode air gaps up to 20–25 mm, was
presented. The discharge was based on the combination of a
DBD with a CD in a three-electrode system, and essentially
resulted from the ‘stretching’ of streamers of the DBD by
the action of a CD generated between the active electrode
of the DBD and a remote third electrode. This discharge
configuration presents a large plasma volume and a natural
boundary for the gas flow.

In this work the efficiency of NO removal in a N2

atmosphere, employing a cylindrical three-electrode discharge
configuration, is studied both experimentally and theoretically.

In the theoretical study we have developed a ‘microscopic
model’ based on the assumption that the reacting species are
generated mainly by electron processes in the streamers [11,
12]. The required information of the streamer characteristics
needed for the model is obtained from instantaneous current
measurements. Besides, as the efficiency depends strongly on
the G-value [13] for the electron process considered, which is
in turn a function strongly dependent on the reduced electric
field, a difficult problem arises, because the electric field in the
streamer channel and head are very different in magnitude and
spatial extension. Using the Bolsig software [14] the G-values
of interest are obtained as functions of the reduced electric
field. The electric field in the streamer channels is obtained
analytically from the electrodes geometry and applied voltages,
while a simple model of a spherical head is used to estimate the
contribution from the electric field in the streamer head. As
was previously determined theoretically by Naidis [12] and
experimentally by Kozlov [15], it is found also here that the
streamer heads are more important than the streamer channels
for the production of reactive species, at least for reactions
with relatively high energy thresholds as those involved in this
work. The novelty of the present approach lies in that sensitive
parameters determining the reactor efficiency, like streamer
channel radius, time-resolved number of streamers, streamer
head characteristics, etc, are finally not needed since their
effect ends up being included in easily measurable discharge
parameters.

2. Experimental setup

A schematic of the experimental setup is shown in figure 1.
The reactor has an electrode system consisting in two discs
of adhesive aluminum tape of 50 µm of thickness and 34 and
38 mm of diameters, flush mounted at both sides of a poly-
methyl methacrylate dielectric disc of 40 mm diameter and
2 mm width. One of the discs (electrode 1) is connected to an
ac power supply and the other (electrode 2) to ground by wires
placed inside two insulating tubes (10 mm in diameter) which
pass along the electrode system. A third electrode, consisting
in a steel mesh (electrode 3) connected to a dc power supply
is attached to the inner wall of a poly-methyl methacrylate
dielectric cylindrical tube with 80 mm inner diameter, 240 mm
length and with a wall thickness of 5 mm. This tube surrounds
the central electrode arrangement and the distance between the
edges of the central electrodes and the third electrode is 20 mm.
Two plates seal the ends of the tube. The gas, under pressure,
goes through the reactor. The gas inlet is placed at one plate
and the gas outlet in the other plate.

The dc power supply (Vdc) output is a continuous
negative voltage variable in the range −9 to −20 kV. The
ac power supply (Vac) consists in a function generator
coupled to an audio-amplifier (power of 700 W) that feeds
a high voltage transformer. In practice, there is an optimal
matching frequency, corresponding to the resonance between
the transformer inductance and the stray capacity of the
electrode arrangement, including the wire connections.

The development of the discharge requires the presence
of a positive cycle of a well developed DBD together with a
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Figure 1. Experimental setup.

CD at the third electrode, the mesh, performing as the cathode;
and a voltage drop between the DBD electrode and the mesh
high enough to obtain an average electric field in the gap that
must exceed a minimum average electric field value necessary
for the streamer propagation across the gap.

The discharge is composed of a train of streamers which
cross the gap with an average velocity of (1.2 ± 0.2) 105 m s−1

[10], so it takes each separate streamer about 150 ns to cross
the interelectrode space.

For our circuit, the optimum excitation ac frequency was
fac = 5.3 kHz. The ac peak-to-peak voltage (V p

ac) range
is 0–30 kV. The voltage was measured using a high voltage
probe (1000 × /3.0 pF/100 M�). Current measurements were
inferred from the voltage drop through a 50 � resistance.
These electrical signals were registered with a four-channel
digitizing oscilloscope with a bandwidth of 60 MHz and
1 Gs s−1 of sampling rate.

The operating gas was NO 490 ppm, N2 balanced. The
gas flow Q, measured using a flow meter, was 1.5 l min−1.
The inlet and outlet concentrations of NO were measured by a
gas analyser MaMos 300 with an uncertainty of 1%.

3. Theoretical model of the reactor efficiency

In order to model the efficiency of the device we will
consider that the largest part of the dissociation, excitation
and ionization of the gas molecules by electron impact, takes
place in the streamers [11, 12] which cross the electrode gap
and reach the external electrode.

We will separately analyse the contributions from the
streamer channel and from the streamer head, as both regions
of the streamer have quite different electric field magnitudes.

Streamer channel contribution. We proceed by considering
first the streamer channel contribution to the efficiency. For
this, we take a generic reaction that generates molecules of

species q due to electron impact, represented by

dnq

dt
= kqne nm, (1)

where nq is the number density of q molecules, ne and nm

the local number densities of electrons and of gas molecules
intervening in the reaction, respectively, and kq is the rate
coefficient. In this way, the number of reactions per unit time
is given by the volume integral of equation (1), extended to the
volume comprised by the channels of all the streamers present,

dNq

dt

)
s

=
Nst∑
s=1

∫ Ls

0
kqne nmAs(x) dx, (2)

where the summation is extended to the Nst streamers present at
the time considered, and the line integral comprises the length
Ls of each streamer, of local cross section area As(x).

A convenient recasting of equation (2) can be done using
the G value [13], that is, the number of reactions per 100 eV
of input energy, which in SI units is given by (the factor 100
has units of volt)

Gq = kq n0

EvD

× 100, (3)

where n0 is the total gas number density, vD is the electron
drift velocity and E is the electric field strength in the streamer
channel. This allows to write equation (2) as

dNq

dt

)
s

= 1

100

Nst∑
s=1

∫ Ls

0

GqE

n0
vDne nmAs(x) dx. (4)

On the other hand, the instantaneous electric current due to the
electrons and ions in a single streamer channel can be expressed
as [16]

is = e

�VLs

∫ Ls

0
(ne vD + nivi) As(x)EL dx, (5)
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where the absolute value of all magnitudes has been taken,
e is the value of the elementary charge, and EL is the
applied Laplacian electric field, with corresponding potential
difference �VLs along the streamer length. Neglecting the ion
drift velocity vi, as compared to that of the electrons, it is seen
that the integrand in expression (5) includes many of the factors
in the integrand in (4). In fact, as in the streamer channel the
electric field is practically equal to the applied field [17], one
can write EL = E, and so, also assuming uniform densities of
the total gas n0, and of the reacting molecules nm, and replacing
Gq by an effective, constant value G

q

eff (to be determined
latter), we can write (4) as

dNq

dt

)
s

= G
q

eff

100

nm

n0e

Nst∑
s=1

�VLs is. (6)

As only the streamers that cross the entire gap are considered,
they all have the same �VLs , the absolute value of the
interelectrode potential difference: �V , so that

dNq

dt

)
s

= G
q

eff

100

nm

n0e
Ist�V, (7)

where Ist is the instantaneous electric current due to all the
streamers present, which can be determined directly from the
electrical measurements.

Consider now that the species q generated in the
reaction (1) destroys the species p, through the reaction

dnp

dt
= −kpqnpnq, (8)

so that, assuming uniform concentration of species p, the
integration of (8) in the volume of the reactor indicates that
the number of destroyed molecules of species p (and also of
species q) in the time unit is

dNp

dt
= kpqnpNq. (9)

In this way, the number of q molecules in the reactor is
given by the equation (the fraction of q molecules leaving
the reactor chamber can be neglected for the usual condition
kpqnp � Q/Vch, Vch being the chamber reactor volume, and
Q the volumetric flow rate through the reactor)

dNq

dt
= dNq

dt

)
s

− kpqnpNq. (10)

On the other hand, the efficiency for the destruction of p, can
be defined as the ratio of the average number of p molecules
destroyed per unit time, to the number of p molecules entering
the device in the same time unit:

εp =
〈
dNp/dt

〉
Qnp

, (11)

where the brackets denote a time average. Using expressions
(7), (9), and (10) for the stationary regime (dNq/dt = 0) in

equation (11) the contribution from the streamers channels εc
p

to the reactor efficiency can be expressed as

εc
p = nm

〈
G

q

effIst�V
〉

100eQn0np

. (12)

Finally, to specify G
q

eff we must consider that Gq is in general a
function of the electric field (actually, of the reduced field) [13],
so that, formally, G

q

eff is, by definition,

G
q

eff ≡
∫ Ls

0 Gq(E)EnevDA(x) dx∫ Ls

0 EnevDA(x) dx
. (13)

If one considers the evaluation of (13) for the case of
a stationary streamer channel, for which electron number
conservation implies nevDA(x) = const, the effective G value
is evaluated as

G
q

eff =
∫ Ls

0 Gq(E)E dx∫ Ls

0 E dx
=

∫ Ls

0 Gq(E)E dx

�V
, (14)

and (12) is finally written as

εc
p =

nm

〈
Ist

∫ Ls

0 Gq(E)E dx
〉

100eQn0np

. (15)

In the case that multiple reactions of the type represented
by equation (1) generate different species q that lead to the
destruction of molecules of species p by reactions of the type
in equation (8), the number of molecules of species p destroyed
in a time unit is given by the generalization of equation (9)

dNp

dt
=

∑
q

kpqnpNq, (16)

while the number of molecules of species q is still determined
by equation (10), and so the direct generalization of
equation (15), obtained for the stationary regime (dNq/dt =
0), is

εc
p =

〈
Ist

∑
q

n
q
m

∫ Ls

0 Gq(E)E dx

〉

100eQn0np

, (17)

where we have generalized the reaction (1) to allow for the
speciesm to be different for eachq, and so have added the upper
index q to denote the molecules reacting with the electrons in
equation (1) to generate species q.

Note that the time average in equations (15) and (17)
can be explicitly done as to each instantaneous value of Ist

corresponds a measured value �V , which in turn, given the
electrode geometry, determines the instantaneous electric field
distribution needed in relation (14).

Streamer head contribution. To estimate the streamer head
contribution we can start with the generic expression (4),
where now the electric field is that generated by the streamer
head alone, assumed a sphere of radius rh, so that the spatial
coordinate is taken as the distance r to the streamer head centre,

dNq

dt

)
s

= 1

100

Nst∑
s=1

∫ ∞

rh

GqEh

n0
vDne nmAs(r) dr. (18)
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The integral is formally extended to infinity since the electric
field decays rapidly as the inverse of the square of r

Eh = Eh max
r2

h

r2
, (19)

where Eh max is the maximum electric field of the streamer
head.

We further assume that all streamer heads have the same
characteristics so that the field distribution in all them can be
considered equal, and taking vDne As(r) ≈ is/e we obtain, as
in the case of the streamer channels,

dNq

dt

)
s

= Ist

100

nm

n0

∫ ∞

rh

Gq (Eh ) Eh dr, (20)

in which the integral can be explicitly done using expression
(19) for the electric field. Using (20) the contribution to the
efficiency by the streamer heads can be estimated as was done
to derive expression (17) resulting in

εh
p =

〈Ist〉
∑
q

n
q
m

∫ ∞
rh

Gq (Eh) Eh dr

100eQn0np

, (21)

which can be evaluated from the measured current, with the
head radius rh and the maximum electric field value Eh max

as parameters of the model. Alternatively, as the ratio n
q
m/n0

has generally a known value, proportional to the number of
resultant species per unit of intervening molecules, the sum
in expression (21) has a unique value depending only on the
streamer head parameters, so that it can be determined from a
single measurement of the efficiency.

4. Application to the three-electrode reactor

For the case of the particular experiment studied in this
work, the reaction of interest in the streamer channels is
the generation of atomic nitrogen N by electron impact
dissociation of molecular nitrogen N2, (type of reaction given
by equation (1))

e + N2 → e + N + N, (R22)

leading to the removal of NO by the reaction (type of reaction
given by equation (8))

N + NO → N2 + O. (R23)

We thus have, corresponding to equation (1),

dnN

dt
= 2kdissocnenN2 , (24)

where kdissoc is the rate coefficient for electron impact
dissociation of N2 and, corresponding to equation (8),

dnNO

dt
= −k1nNnNO, (25)

where k1 is the rate coefficient for the reaction (R23). Thus, if
only reactions (R22) and (R23) are considered in the removal

of NO, the contribution from the streamer channels to the
efficiency is given by expression (15) as

εc =
〈
Ist

∫ Ls

0 2Gdissoc(E)E dx
〉

100eQnNO
, (26)

where it was further considered that the concentration of NO
in the background gas of N2 is small (below 500 ppm), so that
the total gas density n0 is practically equal to the concentration
of the reacting molecules nm (= nN2).

One could further include additional reactions such as
removal of NO by the reaction

N∗
2(a

′ 1�−
u ) + NO → N2 + N + O, (R27)

in which the excited molecular nitrogen N∗
2 is generated in the

streamer channels by electron impact as

e + N2 → e + N∗
2(a

′ 1�−
u ), (R28)

with rate equation

dnN∗
2

dt
= kexcitnenN2 . (29)

In such case the contribution of the streamer channels to the
efficiency is given by expression (17) as

εc =
〈
Ist

∫ Ls

0 [2Gdissoc(E) + Gexcit(E)] E dx
〉

100eQnNO
. (30)

To evaluate expressions (26) and (30) the G values are
calculated as functions of the electric field using the Bolsig
software.

The electric field was evaluated using the analytical
expression of the potential of a point charge inside a cylinder
at a fixed potential [18] from which one has for the potential
of an azimuthally symmetric surface charge distribution σ(r),
depending on the radial cylindrical coordinate r ,

ϕ(r, z) = 1

πε0

∫ ∞

0

[∫ ad

0
σ(r ′)r ′I0(kr ′) dr ′

]
cos [k(z − zd)]

×
[
K0(kr) − I0(kr)

K0(ka)

I0(ka)

]
dk, (31)

where a is the radius of the external electrode, ad is the radius of
the surface charge distribution, located at the axial position zd,
ε0 is the permittivity of the vacuum, and K0 and I0 the modified
Bessel functions of order 0. Expression (31) is valid for any
axial coordinate z, and for radial coordinates ad � r � a.

For a single metallic disc of radius ad lying on the surface
of a dielectric of relative permittivity εr , the total surface
distribution of electric charge, including the charge on the disc
plus the polarization charges on the dielectric surface, is given
by [19]

σ(r) = qd

2πεra
2
d

√
1 − r2/a2

d

, (32)

5



J. Phys. D: Appl. Phys. 47 (2014) 205202 J L Gallego et al

where qd is the electric charge in the disc only. Use of the
expression (32) in (31) results in the analytical expression for
the potential due to a disc on a dielectric surface as

ϕ(r, z) = qd

2π2εrε0

∫ ∞

0
cos [k(z − zd)]

sinh(kad)

kad

×
[
K0(kr) − I0(kr)

K0(ka)

I0(ka)

]
dk, (33)

in which the k integral is to be done numerically. The actual
potential distribution is determined as the superposition of an
expression (33) for each disc. This expression, when evaluated
at each disc position, allows to relate the disc charges with the
disc voltages (which are the actual inputs), and the electric field
is finally obtained by numerical spatial derivation.

To evaluate the spatial integrals at each measured instant
in expressions (26) and (30) we have considered the radial
electric field in the plane of the active electrode disc, in the
region between the disc border and the external electrode.
This evaluation was done for each measured instantaneous
value of the disc voltage, during an integer number of time
periods of this periodic voltage. The value of this integral is
then multiplied by the corresponding instantaneous streamer
current, Ist, and the time average evaluated as the arithmetic
average of all these products.

For the contribution of the steamer heads the expression
corresponding to equation (30) is, from equation (21),

εh = 〈Ist〉
∫ ∞
rh

[2Gdissoc(Eh) + Gexcit(Eh)] Eh dr

100eQnNO
, (34)

where Eh is given by expression (19).

5. Results and discussions

Typical signals of the voltage Vac, the DBD current (IDBD),
and the interelectrode current (I ) for Vac peak-to-peak value
V

p
ac = 11 kV and Vdc = −12 kV are shown in figure 2. The

presence of streamers crossing the electrode gap is appreciated
as a series of pulses superposed on the capacitive current.

The time evolution of the NO concentration is shown
in figure 3 for different values of V

p
acand Vdc. Cases a) and

b) correspond to Vdc = −10 kV, with V
p

ac = 10 kV and
11 kV, respectively and cases (c), (d) and (e) correspond
to a Vdc = −12 kV, with V

p
ac = 9 kV, 10 kV and 11 kV,

respectively. For all cases, the initial NO concentration (NOi )

was about 490 ppm, and after the discharge ignition, the NO
concentration reached a constant value (NOf ). It can be seen
from figure 3 that when the voltage difference applied across
the electrode gap (Vac–Vdc) increases, the final concentration
of NO decreases. The lowest final concentration achieved was
270 ppm for V

p
ac = 11 kV and Vdc = −12 kV. It is worth

noting that the characteristic time of NO concentration decay,
apparent in figure 3, is associated to the delay in the arrival of
the treated portion of the gas to the gas analyser, and not to any
reaction time. In fact, the theoretical model assumes that the
reactions are instantaneous compared to the permanence time
of the gas in the reactor.
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Figure 2. Typical signals of the voltage Vac (a), DBD current (b),
and interelectrode current (c).
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Figure 3. NO concentration as function of time for different
electrode potential. (a)Vdc = −10 kV, V

p
ac = 10 kV,

(b)Vdc = −10 kV, V
p

ac = 11 kV, (c)Vdc = −12 kV, V
p

ac = 9 kV,
(d)Vdc = −12 kV, V

p
ac = 10 kV, (e)Vdc = −12 kV, V

p
ac = 11 kV.

The experimental removal efficiency (εexp%) was
calculated as:

εexp% = 〈NOi−NOf〉
NOi

× 100.

Also, the theoretical evaluation of the efficiency, equation (30),
was done using the inputs of two time periods of Vac and
The I streamer current was determined by simply taking the
current values above the maximum of the capacitive current,
and subtracting this last value. The G values as functions of
reduced electric field were obtained using the Bolsig software.
In figure 4 the G values for dissociation and excitation of N2

are shown. It can be seen that there is a strong dependence of G

on the reduced field for the values below 100 Td. The reduced
electric field in the streamer channel of the discharge for all
the cases studied is below 120 Td, using the air number density
corresponding to normal conditions N = 2.45 × 1025 m−3.

Concerning the evaluation of the streamer heads
contribution to the efficiency, we have first verified that,
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Figure 4. G-values for dissociation and excitation of N2 molecules
by electron impact, as functions of the reduced electric field in
Townsend units (Td), used in the theoretical evaluation of the
efficiency.

rewriting equation (34) as,∫ ∞

rh

[2Gdissoc(Eh) + Gexcit(Eh)] Eh dr = εh 〈Ist〉
100eQnNO

(35)

and evaluating εh as the difference between the measured total
efficiency and the calculated streamer channel efficiency,

εh = εexp − εc

similar values of the right-hand side in (35) were obtained
for all cases studied, as it should if the assumption of similar
electric field distributions of the streamer heads is valid. The
average value obtained was 1.23 × 104C−1, with all values
differing in at most 13%. In this way, the streamer heads
contribution to the efficiency was evaluated using expression
(34) with this average value for the integral.

Note that the integral depends on two parameters, rh and
Eh max. In this way, for each possible rh there is a corresponding
Eh max that fits the obtained average value of the integral. For
instance, for rh = 5 × 10−4m the corresponding reduced
maximum field is 103 Td, while to rh = 10−3m corresponds
700 Td, which are reasonable values, within the range of
reported magnitudes [12, 20–23].

On the other hand, for the evaluation of the separate
contribution of each reaction (dissociation and excitation) to
the efficiency we must use particular values of rh and Eh max.
In our case, we have chosen for reference Eh max corresponding
to a reduced field of 700 Td and corresponding rh = 10−3 m.

In table 1 the experimental and theoretical efficiencies for
all cases studied are presented. Moreover, the contribution to
the theoretical efficiency through reaction (R23) by the atomic
N generated by the dissociation reaction (R22) (εdiss), and by
the atomic N resulting from reaction (R27) (εexc) are presented
separately, and also separated by the contributions from the
channels and heads. As can be appreciated, the total theoretical
efficiency follows the same trend of the experimental one and
both agree reasonable well.

An important point is that the relative contributions from
the dissociation and excitation reactions to the theoretical

efficiency vary in the different cases. This is due to the highly
non-linear dependence of the G values on the electric field,
apparent in figure 4. Moreover, in all cases, the streamer
head contribution to the efficiency related to the dissociation is
greater than that related to the excitation, due to the large values
of the reduced field in the streamer heads and the corresponding
larger G values for dissociation in this region, as shown in
figure 4.

From the electrical signal, the average power (P ) input to
the discharge was calculated as:

P =
〈∫ T

0 [(Vac − Vdc)I + VacIDBD] dt
〉

T

where T is the period of the Vac signal and IDBD is the current
across the discs. For a technological application it is important
to evaluate the energy cost per removed NO molecule (Ec).
The parameter Ec in (eV/molecule) was calculated using the
following formula [24, 25]

Ec
[
eV/moleculeNO

] =
[
P [W] 6.25 × 1018

[
eV J−1

]]
×

[
Q

[
l min−1] 1

60

[
min s−1

]
εexp%NOi

[
ppm

]
10−8

2.45 × 1022
[
molecules l−1

]]
.

Another widely used parameter is the energy yield EY in
(mol/kWh) which was calculated as the reciprocal of the energy
cost multiplied by a factor for conversion of units [26]. In
table 2 the power input to the discharge, the energy cost and
the energy yield for all the cases studied are presented.

Note that for fixed Vdc the energy cost Ec decreases
(and Ey increases) as V

p
ac increases, indicating a more

efficient production of streamers by a more intense DBD. For
Vdc = −12 kV the values of Ey are close to those in pulsed
CDs, while the Ey for Vdc = −10 kV are similar to those
obtained in nano-second pulsed discharges [26], indicating a
good performance of the reactor for NO removal comparable
to those energetically most efficient discharge methods.

6. Conclusions

We have presented an experimental and theoretical study of
a three-electrode discharge configuration for the removal of
NO. This particular reactor has a region of low impedance to
the gas flow, with long streamers permeating its cross section.
Experimentally, it is found that the discharge configuration can
be as efficient energetically as reactors employing nano-second
discharge methods, probably because the reactive species
generated in the streamer are effectively entrained in the flow,
due to the mentioned good pervasion of the streamers into
the gas region. The increase of the energy yield Ey as the
DBD voltage increases indicates also a possible way to further
optimize the energetic performance of the reactor. From the
theoretical side, the model allows to quantify the contribution
of the different processes to the pollutant removal efficiency,
and has the advantage of reducing the inputs needed to only
the bias voltages and electric current of the discharge, together
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Table 1. Experimental and theoretical efficiencies for different applied voltages. Theoretical values are given as streamer head + channel
contributions.

Case εexp% εtheo% εdiss% εexc%

a (Vdc = −10 kV, V
p

ac = 10 kV) 30 25.7 + 1.0 20.4 + 0.5 5.3 + 0.5
b (Vdc = −10 kV, V

p
ac = 11 kV) 30 27.2 + 1.0 21.5 + 0.5 5.7 + 0.5

c (Vdc = −12 kV, V
p

ac = 9 kV) 34 33.3 + 1.5 26.3 + 0.5 7.0 + 1.0
d (Vdc = −12 kV, V

p
ac = 10 kV) 38 40.8 + 2.5 32.3 + 1.0 8.5 + 1.5

e (Vdc = −12 kV, V
p

ac = 11 kV) 45 43.8 + 3.0 34.6 + 1.0 9.2 + 2.0

Table 2. Power input to the discharge, energy cost and energy yield for different applied voltage. The power input indicated between
brackets corresponds to that associated to the streamers crossing the interelectrode gas, plus that associated to the DBD, respectively.

Case P (W) Ec (eV/moleculeNO) Ey (mol kWh-1)

a (Vdc = −10 kV, V
p

ac = 10 kV) 1.33 (1.04 + 0.29) 69.2 0.54
b (Vdc = −10 kV, V

p
ac = 11 kV) 1.49 (1.19 + 0.30) 63.3 0.59

c (Vdc = −12 kV, V
p

ac = 9 kV) 1.94 (1.64 + 0.30) 111.5 0.33
d (Vdc = −12 kV, V

p
ac = 10 kV) 2.54 (2.24 + 0.30) 104.2 0.36

e (Vdc = −12 kV, V
p

ac = 11 kV) 2.65 (2.33 + 0.32) 89.1 0.42

with a simple parameterization of the streamer head. In case
that these inputs can be assumed as given, independently of
the pollutant type and concentration, the model can be used in
a predictive way to evaluate the efficiency of the given reactor
for the removal of different pollutants. Also, it was verified,
in agreement with recent studies [12, 15], that the streamer
heads contribute to most of the production of reactive species
generated by electron impact in these particularly high energy-
threshold reactions.

In this work we considered only the case of NO reduction
by N radicals. In other gas mixtures other reactions should be
included, for example, in air, the generation of atomic O by
dissociation of O2 by electron impact, and by the reaction of O2

with N2 excited by electron impact, as the main ones [12]. The
contribution to the removal efficiency of reactions involving
NO with the generated O can be taken into account using the
general formulas (17) and (21). In particular, as the G-values
of the processes just mentioned are relatively high at lower
values of the reduced field, as compared with those related to
N, the contribution of the streamers channels is expected to be
significant.
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