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Abstract

Non-thermal plasmas are currently being studied as a green alternative to the
Haber-Bosch process which is, today, the dominant industrial process allowing for
the fixation of nitrogen and, as such, a fundamental component for the production
of nitrogen-based industrial fertilizers. In this context, the gliding arc plasma (GAP)

is considered a promising choice among non-thermal plasma options. However, its



stability is still a key parameter to ensure the industrial transfer of the technology.
Nowadays, the conventional approach to stabilize this plasma process is to use exter-
nal resistors. Although this indeed allows for an enhancement of the plasma stability,
very little is reported about how it impacts the process efficiency, both in terms of
NO, yield and energy cost. In this work, this question is specifically addressed by
studying a DC-powered GAP utilized for nitrogen fixation into NO, at atmospheric
pressure stabilized by variable external resistors. Both the performance and the sta-
bility of the plasma are reported as a function of the utilization of the resistors. The
results confirm that while the use of a resistor indeed allows for a strong stabilization
of the plasma without impacting the NO, yield, especially at high plasma current, it
dramatically impacts the energy cost of the process, which increases from 2.82 M.J/mol
to 7.9 MJ/mol. As an alternative approach, we demonstrate that the replacement of
the resistor by an inductor is promising since it allows to decently stabilize the plasma

while it does not affect either the energy cost of the process or the NO,, yield.

Introduction

Nitrogen is an essential element for any living organism: as an example, daily, an average
person constumes almost 11 g of nitrogen.! In nature, nitrogen is mostly found in its molecular
form as Ny, which makes up for 78% of the atmosphere. However, due to the high energy
needed to break its strong triple bond (9.756eV bond dissociation energy?), it cannot be
directly accessible to most of living organisms and must be converted into more reactive N-
containing compounds, such as nitric oxide (NO), nitrogen dioxide (NO;), ammonia (NHj),
etc. in a process known as "nitrogen fixation”. For this reason, nitrogen fixation is also
a mandatory step in the synthesis of N-based artificial fertilizers.® Today, the demand for
industrially fixated nitrogen is mostly addressed by the Haber-Bosch (H-B) process, which
allows for the catalytic synthesis of NH3 at high temperatures (650K - 750K) and high

pressures of around 100 bars.* In addition, in order to make the process economically viable,



large centralized H-B facilities are necessary.® Given the large scale in which it is globally used
and despite its good energy efficiency, the H-B process currently consumes approximately
1% of the world energy production and emits around 300 million tons of carbon dioxide
(COy) each year,® which corresponds to approximately 1% of the CO, emissions in 2019.7
It is therefore necessary to develop alternative nitrogen fixation processes that would allow
for a lower energy consumption and a reduced environmental impact.

In this context, plasma-based nitrogen fixation approaches are gaining a lot of interest as
a complementary method for the production of reactive nitrogen-based molecules, thanks to
the possibility of selectively channeling energy to the most efficient pathway, allowing for an
energy cost-effective production of nitrogen compounds, especially nitrogen oxides (NO,,).®
The chemistry leading to NO, formation in non-thermal plasmas is well known and widely
described.*®% The main net contributor to the NO, formation is the Zeldovich mechanism,
which consists of breaking of the triple bond of Ny, either in the ground state or vibrationally

excited, with an O atom.

Ny(g,v) + O — NO + N (1)

where ¢ stands for the ground state and v indicates a vibrationally excited state. It
should be noted that the Zeldovich reaction can occur from both Ny(g) and No(v). In the
first case, it is defined as the thermal Zeldovich mechanism, while in the second case, it is
called the ”vibrationally-enhanced Zeldovich mechanism”.® In warm plasmas, such as the
GAP, the thermal Zeldovich mechanism is expected to be dominant, because of the high gas
temperature of several 1000 K.

The N atom is further involved in a reaction with O, in either ground state or vibrationally

excited

Os(g.v) + N — NO + O 2)



NOs is then mainly formed in either the discharge region as the NO reacts with the O atoms

or, as the gas cools down, in the post-discharge region through NO oxidation

2NO + 0, — 2NO, (4)

Considering this formation mechanism, the theoretical limit for the energy consumption for
N, oxidative fixation with non-thermal plasmas is stated to be lower than the current energy
consumption reached with the H-B process (0.48 MJ/mol) and than the theoretical limit of
the H-B process (0.35MJ/mol).* Tt should be realized that we can in fact not directly compare
the process of plasma-based NO, production to the H-B process; NH3 synthesis from N, and
H;. Indeed, although NH3 and NO, are both molecules relevant for nitrogen fixation, they
are very different. The energy cost of NH3 production is intrinsically high, because the energy
content is much higher. Indeed, NH3 production through H-B makes necessary the use of
Hs which is currently still mainly produced through steam reforming of methane consuming
huge quantity of energy and generating strong CO5 emissions. Furthermore, the H-B process,
also requires energy because of the reaction conditions (high temperature to overcome the
energy barrier), although this is only a fraction of what is needed for Hy production, and
the energy requirement is further reduced thanks to heat integration. Subsequently, NO, is
being produced in the classical process via oxidation of NH3 in the highly exothermic Ostwald
process (NH3 + Oy — NO,, + H,0). In contrast, plasma-based NO, production directly from
air (Ny + Oy — NO,) is endergonic. This is made possible by the plasma power, while in
the classical process, it is possible by using NHj3 instead of Ny, hence by making use of the
downhill (exothermic and exergonic) oxidation of the H atoms. Therefore, it is not easy
to directly compare plasma-based NO, production with the classical process (three steps),

in terms of thermodynamics. That’s why in plasma-based NO, production literature, the



energy cost is always defined in terms of moles of fixated nitrogen. An additional advantage is
that the plasma-based process facilities would be easier to implement compared to the ones
required for the H-B process, allowing the implementation of smaller-scale local fertiliser
production facilities compatible with the usage of renewable energy sources allowing for
a strong reduction of the distribution costs.'® In this context, encouraging results have
been achieved with microwave (MW) plasmas where a yield of 7% of NO was obtained at
reduced pressures between 0.5 to 15 Torr. The energy cost (EC) was, however, estimated
to be around 8 MJ/mol without taking into account the energy dissipated in the pumping
system. ! Recently, very good results were also obtained in a MW plasma at atmospheric
pressure, at relatively high power (1 kW) and flow rates (up to 20slm), yielding 3.8% NO,,
an EC as low as 2.0 MJ/mol, and quite high NO, production rates of 0.77 slm.'? From an
energy efficiency perspective, the current best result of 0.42 MJ/mol has been obtained with
a pulsed plasma jet,® which, despite the relatively low yield of 0.02 %, shows a lower energy
consumption than the H-B process. Catalysts have also been used to further improve the
performance of the plasma processes. As an example, a DC glow discharge, operated with
an Al,O3 powder of about 75 pm diameter showed a total NO,, yield of 0.7 % and an EC of
2.8 MJ/mol. 1

Gliding arc plasmatrons (GAPs) are among the most promising plasma reactor types for
gas conversion. The reason is that they operate at atmospheric pressure, making them easy
to implement on an industrial scale and provide reduced electric fields below 100 Td, which
is beneficial for the production of fixated nitrogen as it favors the vibrational excitation
over more energetic processes such as electronic excitation or ionization.!®® Recent studies
focusing on the understanding of the fundamental plasma chemistry in a GAP have been
published, and a thoughtful explanation of the arc dynamics'” and the flux behavior in
between the electrodes'® offer valuable insight in the importance of increasing the gas fraction
interacting with the arc for more efficient gas conversion. Concerning its application for

nitrogen fixation, a maximum NO, yield of 1.5% at an EC of 3.6 MJ/mol was obtained



with a GAP.? However, the best results so far have been obtained with a rotating gliding
arc (RGA), a slightly different configuration of the GAP discussed in this work, showing
a NO, yield of 5.5% and a corresponding EC of 2.5 MJ/mol without the presence of any
catalysts. 6 The performance can be further improved by favoring NO, formation (equation
3) over the Zeldovich back-reaction that would cause the dissociation of the produced NO,
which at atmospheric pressure is dominant with a gas temperature above approximately
2700 K. This was done, (i) by adding an effusion nozzle, which enhanced the cooling of the
gas temperature, improving the RGA performance to a NO,, yield of almost 6 %, and an EC
down to 2.1 MJ/mol,?° and (ii) by increasing the pressure up to 4 bar, which increases the
rate coefficient for equation 3, and resulted in a NO,, yield up to 6 % (being 94% NO., hence
beneficial for fertilizer applications), with an EC down to 1.8 MJ/mol and a NO,, production
rate of 69 g/h.1® Despite these promising initial results for nitrogen fixation, in order to be
up-scaled at an industrial level, it will still be necessary, not only to improve the values for the
EC and NO, yield but also to improve the electrical stability and the reproducibility of the
technology. For this reason, studies on the electrical characterization have been performed
on different gliding arc designs.?'??> Most of the times, the electrical stability in a GAP is
successfully achieved through the utilization of external resistors.?16:20:23-26 Nevertheless, the
impact of these resistors on the NO, yield and the EC is poorly discussed in the literature.
Indeed, most of the time, the reported values of the EC are calculated by considering the
power directly injected in the plasma as an input value, without estimation of the loss of
power into the resistors by the Joule effect. Therefore, in the present paper, a variable resistor
has been implemented in series of our DC power supply to stabilize the plasma and the impact
of the resistance has been systematically evaluated on both the NO, yield and energy cost
of the process. In a second step and because of the obtained results, an alternative approach
has been implemented to efficiently stabilize the discharge by using an inductor instead of
an external resistor. Again, a complete characterization of the stabilization efficiency but

also of the process performance in terms of NO, yield and EC has been realized.



Experimental Setup

Gliding Arc Reactor

Figure 1 shows the schematic view of the experimental setup. The reactor body is grounded
and electrically connected to the anode. The cathode of the reactor is connected to a DC
power supply (Technix SR12KV-15KW) through either a resistor R which can be set to
assume equivalent resistance values between 1k and 19k} (configuration shown in figure

2a) or a 100 mH inductance L (figure 2b).

5

Figure 1: Scheme of the experimental setup highlighting the electrical circuit and the FTIR
position. The cathode is located inside the highlighted yellow cylinder. The gas cell is
connected to the exhaust of the GAP.

The power supply has a negative polarity, providing an output voltage and current up
to 12kV and 1.25 A, respectively. The cathode voltage V¢ is measured with a high voltage
probe (Picotech TA044 1000:1) and the arc current I is measured with a current probe
(Tektronix TCP303) and a signal amplifier (Tektronix TCPA300). Both signals are recorded



Figure 2: Electrical diagram of the setup with the configuration using the variable R (a) and
L (b). V¢ and I are highlighted.

on a Tektronix TDS 2012B oscilloscope.

The details of the stainless steel electrodes in the gliding arc reactor are schematized in
figure 3. The inner diameters of the electrodes are 17.5mm and 14.2mm for the cathode
and the anode, respectively. The cathode is insulated from the body of the reactor through
a Teflon fit and is separated from the anode, which is directly screwed on the rector body,
leaving 2 mm between the two electrodes. A high voltage is applied to the cathode until the
dielectric breakdown of the gas in between the two electrodes occurs. The current provided
by the power supply is then increased to sustain a stable arc between the electrodes.

The gas is injected between the two electrodes through six tangential inlets, which are
schematized in figure 4 generating a vortex-like shape. Having a cathode wider than the
anode forces the flow to operate in the reverse vortex flow (RVF) regime. This configuration
ensures a better heat insulation on the cathode walls, the confinement of the arc in the
center of the electrodes, and an improvement in the fraction of the gas flowing through the
arc.'”18 The gas then flows into the body of the reactor, where the pressure is monitored

with a manometer and, subsequently, is safely expelled through an exhaust. The GAP
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Figure 3: Scheme of the electrodes in which some of the most significant dimensions are

reported.
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Figure 4: Scheme of the horizontal section indicating the six tangential inlets. The gas is
directly injected between the electrodes.

reactor operates at atmospheric pressure. A 20 cm diameter industrial fan pointed towards

the reactor is used to cool the reactor walls down in a controlled way.



FTIR Absorption Analysis

The exhaust of the reactor is connected to an external gas cell where the NO and NO,
concentrations are measured with a Vertex 80v FTIR (Bruker) spectrometer. The internal
RT-DLaTGS (Deuterated Lanthanum a-alanine-doped Triglycine Sulfate) detector in the
mid-IR region is used for absorbance measurement. The gas cell length is approximately
125mm and is equipped with two ZnSe windows. A 2mm aperture is used, which gives

a resolution of 1cem™1!.

For each measurement, 20 spectra acquired in the range between
1000 cm ™t and 3500 cm ™! were averaged. In order to obtain the absolute densities for the
produced NO, species, a calibration was performed using gas mixtures of 1% NO mixed
in Ar and 2% NOy in Ar. The statistical error associated with the absorbance value is

determined by repeating measurements for the same experimental conditions and estimated

to be of the order of 1% of the measured values.

Methodology

The GAP presented in this work is always operated with a gas mixture of 5slm (standard
liters per minute) of Ny and 5slm of Os. The mean arc current < I > is evaluated as the
statistical average of all the I measured with the oscilloscope during one acquisition and
varies between 50 mA and 200 mA when the resistor is used (figure 2a) and between 275 mA
and 500 mA when the inductor is employed (figure 2b). Indeed, in the latter case, it was not
possible to ignite a plasma for < I > < 250mA. The mean cathode voltage < Vi > is also

evaluated as the statistical average of all the Vo measured during an oscilloscope acquisition.

Electrical Characterization

Figure 5 shows, as an example, for R = 19kOhm, the evolution of the time-resolved signal
of Ve and I for two values of the mean arc current < I > in the GAP. The signal oscillation

from < I > and the mean cathode voltage < Vo > (< I > and < V¢ > correspond to the
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Figure 5: Temporal behavior of V& (top) and I (bottom), where only the AC component is
shown. R was set at 19kQ2. The spectra were acquired with < I > equal to 50 mA (left)
and 200 mA (right). The same curve also represents the relative variation, expressed as a
percentage of the DC component of the signal (< Vo > and < I >), with the corresponding
numbers given at the right y-axis.

DC components of V¢ and [) is shown both in terms of absolute and relative variations. V¢
(corresponding to the voltage difference between the electrodes as the anode is grounded)
describes the length of the arc as a function of time.?! At lower < I >, the V- and [ signals
show the typical "re-strike” regime, characterized by intense spikes. These are caused by the
arc, which rapidly elongates, until the voltage difference between two points of the column is

high enough to cause an electric breakdown, shortening the arc?!%7

. With a constant input
gas flow rate, the fluctuations of V¢ decrease as < I > is increased, moving to a ”steadier”
state, where the arc elongations are milder. Indeed, an increase of < I > is reported to

decrease the boundary layer of the arc,?"?” thus decreasing the drag effect applied by the
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Figure 6: Temporal behavior of V¢ (top) and I (bottom), where only the AC component
is shown. L was set at 100mH. The spectra were acquired with < I > of 275mA (left)
and 500mA (right). The same curve also represents the relative variation, expressed as a
percentage of the DC component of the signal (< Vo > and < I >), with the corresponding
numbers given at the right y-axis.

gas flow. Despite the difference in the < I > range used for the measurements with R and
L not allowing for a direct comparison, a milder effect is observed with L, as shown in figure
6, where the relative variations of Vo and I are comparable for the two values of < I > and
are, overall, stronger than what was observed with the resistance at < I > equal to 200 mA.
The steep I and V¢ variations typical of the "re-strike” mode are not present and the signal
is dominated by Helmholtz resonance (typically reported to be of several kHz?!), which are
suppressed with the external resistor. The difference in the timescales should be noted.

It is important to mention that without a resistor or an inductor, it is not possible to

sustain the plasma in the studied conditions because the discharge is too unstable. In this
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configuration, arcing occurs, however, due to the high current and voltage fluctuations, the
arc extinguishes before it can be extended. This rapidly results in the electrodes being
damaged. When adding such elements to the electrical circuit, the plasma can be sustained.
As discussed in detail by Fridman et al.,?® for an arc discharge to be stable, the differential
resistance, defined as the derivative on < I > of the open circuit voltage (< Vj >) provided
by the power supply of a resistive circuit (as is the case for the configuration in figure 2a),

should be positive, as in the following equation:2®

d<Vy> < V>
- - " —9R—
d<1> I <I>>0 (5)
which is true if:
< Vo>
I
<I>>— (6)

as a consequence, a higher value of R allows the arc to be sustained at lower < I >.

In order to strictly evaluate the instability level as a function of the studied conditions
in this work, the standard deviations associated with the mean cathode voltage < Vi >
and the mean arc current < / > values measured on the oscilloscope signals, normalized by
< Ve > and < I >, are considered representative of the instability level. Consequently, a
larger relative variation can be associated with a higher instability level of the system. Using
this definition, it can be observed in figure 5 that the instability level decreases as < I >
increases and that, overall, the use of resistors seems to better stabilize the plasma.

The power provided to the plasma Pp through the arc is evaluated as the integral over
an arbitrary period of time ty of the product of V- multiplied by the arc current I.

O Ve(t)I(t)dt

pp— » (7)

This has to be distinguished from the total power Pr provided by the power supply, which

takes into account the dissipation through the Joule effect on the resistor R. With the
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assumption that the losses due to parasitic capacities and inductances are negligible, Pr can

be evaluated with the following equation.

Pr=Ppt+<I>*R (8)

At last, an important parameter for the characterization of the reactor performance is the

energy cost EC', expressed in MJ/mol, representing the energy used per mole of fixated Nj.

Pr

EC =
nNOIF

(9)

where F' is the input gas flow rate in the reactor and nyo, is the NO, density.

Different versions of bi-dimensional gliding arc discharges exist and have been studied in
the past, focusing on the thermal stability of the arc itself.?® Notably, it is reported that
the power dissipated by the arc per unit of length plays an important role in defining the
dynamics of the arc and its stability. Nevertheless, because of the specific geometry of the
GAP, probing the region between the electrodes (where the arc develops) was not possible,
making measurements of the arc length and radius or of the local gas temperature not

possible.

Results and Discussion

Resistor

Figure 7 shows, on the top, the typical voltage-current characteristics for an arc discharge
and, on the bottom, the plasma power (Pp) as a function of < I > for two different values of
R and for L. According to the Steenbeck channel model for the column of an arc discharge,

Pp /1 presents a weak dependency on the arc current I, described by the following equation:

L (10)
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Figure 7: The mean cathode voltage (top) and the average Pp (bottom) as a function of the
mean arc current < I > for two different values of R and for L.

where k; and ks are constants, explaining both the trend observed for Pp in figure 7 and,
considering equation 7, for < Vi > in figure 7. It is observed that < Vi > as a function
of < I > is not affected by R and thus, only the results corresponding to the two extreme
values used (R = 2kQ and R = 19kQ2) are shown. Likewise, the same behavior is observed

for Pp. On average, it can be concluded that the arc elongation is not affected by any
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resistance in series with the reactor. The reported error bars correspond to the standard
deviation measured for < I > and < Vi > based on the results shown in figure 5 and are,
as explained, associated with the instability of the discharge. From the discussed results, it
appears that for a given value of < I >, the instability decreases when increasing R. This
highlights the importance of the resistance in order to improve the stability of the discharge
by limiting the < I > fluctuations. As previously discussed, a direct effect of increasing
the arc stability through the value of R is that the plasma can be sustained using lower
< I > and Pp when increasing R. In this work, for each value of R, the lowest applied
values of < I > and Pp correspond to the minimum value that allowed the plasma to be
sustained. The maximum < I > applied using R was instead limited by the power rating
of the resistors. The R value could also be set to 1kS2, however with this configuration the
plasma failed to ignite presenting a similar behavior as described at the beginning of section
in the absence of any resistor or inductor. These data confirm the previous reports revealing

the efficiency of an external resistor in order to stabilize GAP discharges.
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Figure 8: NO, yield as a function of Pp. The yield linearly increases with the plasma power.
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Concerning the effect of the resistor on the process in terms of yield and EC, the yield
of NO, (NO;y and NO) as a function of Pp was measured for the two extreme values of R
and is shown in figure 8. The error on the NO, yield is obtained by propagating the error
on the FTIR absorbance measurements. It is observed that the NO, yield linearly increases
with Pp, reaching a maximum of 2.08(2) % (R = 19kQ) and 2.42(2) % (R = 2k2). The
results are in line with the previous works reporting a linear dependency between the NO,
concentration and the specific energy input (i.e. Pp per liter of input gas).?® The yield is
therefore found to be independent on the choice of R. As previously discussed, the value of
R affects I and V¢ fluctuations of the arc rather than their mean value. Thus, the specific

energy input is, on average, not affected by the R value, explaining the obtained trend.
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Figure 9: Evolution of EC as a function of Pp, when calculated based on (a) Pr, hence
including the Joule dissipation by R, and (b) Pp, hence only due to the energy injected in
the plasma. The latter is reported with two different scales and only two sets of points (i.e.
R =2k and R = 19kQ) out of five are reported, to avoid excessive overlapping.

Figures 9a and 9b report the EC, evaluated according to equation 9, using as input power
Pr (9a) and Pp (9b), respectively. Focusing on figure 9b, considering the error bars, it is
shown that increasing Pp does not significantly impact the EC. In this case, the average value
of the EC evaluated from Pp is estimated to be 2.82(6) MJ/mol, close to the best-reported

results in literature.'?!%2% On the other hand, when Pr is used to calculate the EC (figure
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Figure 10: Fraction of Pr transferred to Pp, for different values of R, as a function of Pp.
At higher R, a larger fraction of the power is lost through Joule heating.

9a), a strong dependence of the EC as a function of Pp, which is strongly affected by R, is
observed. Indeed the EC asymptotically increases with Pp, especially for high values of R
for which, in the worst case, EC = 7.9(2) MJ/mol. The difference in EC between the two
situations obviously originates from the power dissipated on the resistor by the Joule effect.
In order to better visualize this effect, figure 10 shows the percentage of power effectively
injected into the plasma as a function of Pp for different values of R. It clearly appears that
for the worst conditions (R = 19 kOhm and Pp = 450 W), only 35 % of Py is utilized by the
plasma, while the rest is lost by the Joule effect. This clearly demonstrates that even if the
utilization of an external resistor to stabilize the plasma is successful, the price to pay is a
sometimes very strong decrease in the energy efficiency of the process when considering the

applied power, which is indeed required for evaluating the industrial applicability.
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Inductor

In order to avoid the loss in energy efficiency, this work suggests, as an alternative, the use
of an inductor instead of external resistors. Therefore, it has been evaluated how this new
approach allows for a stabilization of the plasma and how it affects the process performance.
In terms of plasma stabilization, a first observation is that it was not possible to ignite the
plasma for < I > lower or equal to 250 mA because of the instabilities at low < I >. On the
other hand, it can be observed in figures 7 and 8 that the results obtained when utilizing the
inductor are consistent with the ones obtained in the conventional setup (utilizing R), but
reveal bigger standard deviations on the < I >, < V. > and therefore < Pp > values. In
terms of relative instabilities, the measurements obtained with L. show an average standard
deviation of 12 % for < I > and of 13 % for < V.. >, which is comparable to what was observed
for the measurements with R when the lower possible < I > was approached. It can therefore
be concluded that the stabilization effect when utilizing the inductor approach is lower than
when utilizing the external resistor. Nevertheless, this does not prevent the ignition of
the plasma for electrical conditions that are compatible with industrial applications (high
current, high power i.e., higher than with the resistors). Overall a positive effect was observed
on both NO, yield (figure 8) and EC (figure 9). Indeed, figure 8 clearly shows a higher NO,
yield (up to 3%) when using an inductor, due to the higher Pp. Figure 9 illustrates that
the EC based on Pp is only slightly higher (3 MJ/mol, again due to the higher Pp), but
importantly, the EC based on Py is also limited to this 3 MJ/mol, hence much lower than
when using resistors, where the EC went up to 7.9 MJ/mol. This is very striking and shows
that, in combination with the clearly higher NO, yield, using an inductor is really promising

for industrial applications, where the EC based on the total power should be considered.
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Conclusions

This work discussed the impact of passive electric components used to stabilize a GAP
discharge on the stability level and on the process performance (NO, yield and EC). Resistors
are the dominant choice in literature, as they enhance the stability of the arc discharge by
limiting the fluctuations of the arc itself. However, the impact on the overall EC due to
external resistors should not be neglected since, as reported, it can dramatically increase
the total power consumption of the system. The GAP presented in this work achieved the
lowest energy cost, based on the energy provided to the plasma (Pp), of 2.82(6) MJ/mol,
which is quite close to the most recent best results in literature, i.e., 2.1-2.5 MJ/mol for
a RGA,'20 2.0 MJ/mol for atmospheric pressure MW plasma,'? and 1.8 MJ/mol for an
enhanced pressure RGA. 'Y However, after considering the power lost due to Joule dissipation,
this translates to an overall energy cost up to 7.9 MJ/mol according to the choice of the
resistance. It has been demonstrated that replacing the resistor with an inductor also allows
for a decent stabilization of the discharge and, most importantly, allows to avoid the loss
of power through Joule dissipation. Both the passive electric components tested in this
work generally seem to play a negligible role in the chemistry of the plasma. Both with the
resistor and with the inductor, the NO, yield showed a linear dependence with Pp, with a
best-measured value of 2.85(2) % corresponding to the highest Pp. By increasing it further,
higher NO,, yields could be achieved with little repercussions on the EC due to Pp alone if
the highlighted trend is valid for higher Pp. Furthermore, when using an inductor, also the
EC based on total (applied) power remains constant upon increasing power, being as low as
3MJ/mol. This is in contrast to the case when using external resistors, where the EC based
on total power rises with power. To conclude, this work strongly suggests that an inductor
should be preferred for discharge stabilization in order to achieve a competitive overall EC

(i.e., based on applied power) for plasma nitrogen fixation with a GAP.
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Synopsis: Optimizing energy consumption is
crucial for developing a plasma-based sustain-
able alternative to the current environmentally
impacting nitrogen fixation technologies.
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