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Plasma-assisted nitrogen fixation is seen as the unconventional candidate for energy
storage in the future. It may just prove to be beneficial for global expansion of wind and
solar, due to its benefits for remote and isolated households.

ith the escalating effects of global
warming worldwide transition to
green energy sources is imminent,
with the aim of reaching zero carbon
emissions in the near future. For instance, in the EU
the share of renewable sources in total energy pro-
duction has already reached 46% in 2023, with an ex-
pected increasing trend internationally [1]. However,
green energy sources are infamous for their intermit-
tency and unpredictability, which is especially true for
the most promising: wind and solar. To make things
worse, intermittent sources can cause various technical
problems in the electrical grid, requiring a constant
balance between supply and demand. The problem
of excess energy at certain times and almost no pro-
duction at other, poses a challenge that can be solved
only through effective energy storage.

Despite the aforementioned drawbacks, wind and

solar have become increasingly popular among indi-
vidual customers, such as farmers, since they offer cost
savings, energy independence, and environmental sus-
tainability. However, challenges such as unpredictable
generation, storage costs, and land use must be carefully
managed. Since energy storage is crucial for managing
the intermittent nature of renewable energy sources,

technologies are being developed and deployed to store
excess energy when production is high and release it
when production is low. For individual owners, the best
energy storage solutions depend on factors such as cost,
scalability, reliability. For the self-consumption, farmers
can use energy storage techniques that could be short-
term (lithium-ion batteries, lead-acid batteries) or long-
term (thermal storage, hydrogen production, nitrogen
fixation). Here we will focus on one of the unconven-
tional long-term energy storage methods - nitrogen fix-
ation. This promising method uses the excess energy to
produce useful chemicals instead of storing energy which
can be directly utilized at a later time. In other words, this
method is deemed energy storage even though the energy
is stored in chemical bonds of the produced compounds,
like ammonia (NHj3) or nitrous oxides (NO,) and not in
a battery-like source. The most appealing advantage of
nitrogen fixation is its local use in the mentioned small
farms, or remote households, where induvial consumers
would be able to use their locally produced excess en-
ergy for ammonia based fertilizer production - thereby
"storing" the energy. As always, when applying new
approaches, practical feasibility will depend on scale,
cost, and type of technology. We should note that while
technically possible, small-scale ammoniaor NO, e e e
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Scheme of the
plasma technology
implementation for
the on-sight fertilizer
production from
water and air using
renewable, solar

and wind, energy.
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e ¢ o production is not yet cost-effective for individual
renewable energy owners.

But, the increasing demand for reduced carbon foot-
print, smaller and more flexible distributed processes,
and environmental protection is driving the need to
expand the scope of oxidative and reductive nitrogen
transformations based on the use of electricity. The
possible alternative methods include electrochemical
process and nonthermal plasmas. The use of plasma
avoids the generation of contaminated bulk electrolyte
waste typical of electrochemical processes and can be
designed to recycle byproducts like NOx. Plasma is the
ionized gas simultaneously containing free electrons
and atomic and molecular ions, a state of matter com-
monly found at high temperatures in nature or in some
special laboratory conditions. However, the low-tem-
perature non-equilibrium plasma can be obtained as
an electrical discharge at atmospheric pressure. This
type of plasma is characterized by a special feature:
atoms and molecules are at just above the room tem-
perature, while electrons are drastically hotter, typically
reaching ~20000 K, hence the designation. Also, the
fraction of electrons and ions in the total gas particles
is very small ~0.01% i.e. the ionization level is low.
These characteristics, along with UV radiation, make
low-temperature plasma an ideal environment for pro-
duction and/or destruction of chemical compounds. The
maintenance requirements for such plasma reactors are
relatively simple, while the operation conditions can be
fine-tunned for a specific application. For these reasons
low-temperature atmospheric pressure plasma is al-
ready applied in bio-medicine, material treatment and

Plasma assisted nitrogen fixation system
for the on-field fertilizer production

purification of air and water. Plasma can be used for
creating new pathways for nitrogen transformation but
it will require a molecular-level understanding of the
underlying reaction mechanisms in plasma. Next step
would be to translate these fundamental insights into
the development of practical methods in order to opti-
mize energy consumption. Such research should com-
bine experimental and theoretical approaches across
diverse fields of molecular and plasma physics, gas
and plasma chemistry, including homogeneous and
heterogeneous catalysis, photon and electron-driven
processes. One of the directions to follow is applying
atmospheric pressure plasma for green, small-scale,
fertilizer production. This is especially important, since
ammonia is presently produced on an industrial-scale
using Haber-Bosch process, a system which consumes
enormous amounts of water and energy, accounting
for ~2% of global carbon emissions [2]. Contrary to
Haber-Bosch, the new method would enable on-demand
local synthesis of fertilizers using only air and water as
feedstocks. The concept of the plasma driven nitrogen
fixation into NO, and NH3, and ultimately into the ferti-
lizer NH,NO; was tested in the last five years, attracting
the highest-level funding from ERC and DOE [3, 4].
Additionally, plasma produced green ammonia has been
considered as the hydrogen carrier or directly as a fuel
[5]. While the energy consumption for a modern Haber-
Bosch plant is 0.5-0.7 MJ/mol NH,, emerging renew-
able-driven processes can have a higher energy cost
while still being considered acceptable if they drasti-
cally cut emissions. For instance, plasma-based nitrogen
fixation coupled with catalytic reduction to ammonia



has achieved an energy consumption of 2.1 MJ/mol
NH; [6]. Although this is higher, it is potentially viable
because it can reduce associated CO, emissions by up
to 90% compared to the Haber-Bosch process.

The ideal conceptual solution for fertilizer production
near agricultural fields, utilizing plasma technology, is
illustrated in Figure 1. Historically, this approach can be
viewed as an evolution of the two-century-old renewa-
ble energy-based windmill water pump. By leveraging
plasma technology, the innovative use of intermittent
energy sources can be elevated to enable self-sufficient
agricultural systems. Such systems would autonomously
irrigate crops with fertilized water, reducing dependence
on external markets and geopolitical influences.

Intesertingly, the first industrial implementation of
plasma for nitrogen fixation was performed in 1900 by
Birkeland and Eyde using the same concept of nitrogen
fixation by oxidation. They mimicked nature's lightning
by developing thermal electric arc furnaces at ~3000°C
to split atmospheric nitrogen (N,) and oxygen (O,) mole-
cules, which would then react to form nitric oxide (NO).
This was then further oxidized and absorbed in water to
produce nitric acid (HNOs;). Based on the current state
of the art, the most attractive pathway for the nitrogen
fixation is likewise: initial plasma oxidation directly from

air and accumulation of the products in the liquid water
solution in the form of HNO,. Using subsequent elec-
trochemical or catalytic reduction, nitrogen can be fixed
in the form of NH;. Water can be used either as trapping
medium for species produced in a distant plasma or as
part of an electrical discharge where the plasma is in
contact with it, see Fig. 2.

One has to have in mind that plasma-liquid inter-
action is extremely complex as it involves gas phase
chemistry, multiphase species transport, mass and heat
transfer, interfacial reactions and liquid phase chemis-
try. Direct formation of NO, and NHj; in plasma with or
without catalyst, that implies N=N bond dissociation
(9.7 eV), is still energy inefficient with low throughput,
but it is attractive due to straightforward implementa-
tion and operation at ambient temperature that enables
one pot solution. To increase efficiency, it is necessary
to conduct in-depth studies of nitrogen oxidation and re-
duction by plasma. This study should aim to investigate
the time evolution of fundamental processes occurring
within a single discharge pulse or voltage cycle, with
the aim of optimizing plasma parameters to enhance de-
sired processes while minimizing the decomposition of
target species. This can be done by changing the plasma
discharge via alteration of the voltage amplitude, e o @
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» FIG 2: Three
discharge types: a)
Dielectric barrier
discharge with liquid
electrode; b) Gliding
arcwith aliquid
electrode; and ¢)
Pulsed discharge over
the liquid surface.
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pulse duration and frequency. Also, electrode geometry
and other nonelectrical variables can be modified, that
may influence discharge parameters, such as electric field
strength. As different types of the atmospheric pressure
discharge produce plasmas with different parameters,
the research should be focused on the characterization
and comparison of several discharges e.g. dielectric bar-
rier discharge (DBD), gliding arc discharge (GAD), and
pulsed discharge over a liquid surface, see Fig. 2. All
of the mentioned discharges consist of many microdis-
charges that represent the fundamental building blocks
of the plasma reactor to be utilized for nitrogen fixation
experiments.

From a physicist point of view, a comprehensive diag-
nostic approach must be employed to analyze the proper-
ties of these microdischarges, including: electron number
density, temperatures, electric field strength, followed by
the measurements of the excited species concentration.
The experimental data obtained from the diagnostics will
serve as essential input parameters for a numerical model
of plasma-chemical kinetics. This model has to simulate
the generation and decay of key species, providing in-
sights into the underlying mechanisms of nitrogen fix-
ation and enabling the optimization of plasma reactor
performance. The integration of experimental diagnos-
tics and numerical modeling is necessary to facilitate a
deeper understanding of the microdischarge behavior
and its role in the plasma-assisted nitrogen fixation pro-
cesses. In addition, plasma-surface interactions have to
be investigated by examining the interaction of a single
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microdischarge with liquid surfaces and heterogeneous
catalysts, both of which are critical for the nitrogen fix-
ation process. In plasma catalysis, the catalyst acts as a
physical mediator that locally enhances electric fields to
modify ionization and discharge characteristics, while si-
multaneously lowering activation barriers for key surface
reactions. The interaction with liquids should involve
quantifying the concentration of solvated electrons in
liquid and correlating this with plasma density above
the liquid. All this careful research, within present and
future projects will achieve an optimized and cost-effec-
tive nitrogen-fixation technology.

Though it seems like a very challenging task, in the
future, plasma-assisted nitrogen fixation may prove to
be one of the key elements for expansion of wind and
solar energy, due to its benefits for remote and isolated
households. If the world aims at completely replacing
fossil fuels, large number of consumers in the develop-
ing countries need to convert to green energy sources,
and plasma-assisted nitrogen fixation may be one of the
technologies to aid the process.
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