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Abstract

This review examines the current status and future potential of plasma-induced acidifi-
cation (PIA) as a sustainable method for managing nitrogen-rich organic waste streams
such as livestock slurry and digestate. Conventional acidification using sulfuric or nitric
acid reduces ammonia (NHj3) emissions but raises concerns related to safety, cost, and
environmental impacts. Plasma-assisted systems offer an alternative by generating reactive
nitrogen and oxygen species (RNS/ROS) in situ, lowering pH and stabilizing ammonia
(NH3), as ammonium (NH4 ™), thereby enhancing fertiliser value and reducing emissions
of NH3, methane (CH,), and odours. Key technologies such as dielectric barrier discharge
(DBD), corona discharge, and gliding arc reactors show promise in laboratory-scale studies,
but barriers like energy consumption, scalability, and N,O trade-offs limit commercial
adoption. The paper reviews the mechanisms behind PIA, compares it to conventional
approaches, and assesses its agronomic and environmental benefits. Valorisation opportu-
nities, including the recovery of nitrate-rich fractions and integration with biogas systems,
align plasma treatment with circular economy goals. However, challenges remain, includ-
ing reactor design, energy efficiency, and lack of recognition as a Best Available Technique
(BAT). A roadmap is proposed for transitioning from lab to farm-scale application, in-
volving cross-sector collaboration, lifecycle assessments, and policy support to accelerate
adoption and realise environmental and economic gains.

Keywords: plasma; acidification; valorisation effect; organic fertilisers; ammonia mitigation;
sustainable agriculture; nitrogen fixation; reactive nitrogen species

1. Introduction

The global push for more sustainable food production systems has intensified the
spotlight on the environmental impacts of livestock farming, particularly the management
of slurry and digestates. Collectively, these organic fertilisers are increasingly produced
and applied across agriculture, horticulture, forestry, and land restoration, valued for their
capacity to complement mineral fertilisers and improve soil fertility [1]. For instance, in
the UK alone, it is estimated that close to 2 million tonnes of digestate are produced each
year, equivalent to approximately 92,000 tonnes of nitrogen entering agricultural soils [2].
Studies show that these renewable fertilisers can raise the mineral fertiliser equivalent
(MFE) by about 26 kg fertiliser N, equating to an average increase in nitrogen supply of
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around 43% [3-5]. The MFE metric allows comparison of the nutrient performance of
bio-based fertilisers relative to standard mineral fertilisers [6].

Despite these clear benefits, the management of ammonia (NHj3) emissions from
animal slurry and digestates remain a significant challenge. Uncontrolled volatilisation
not only reduces fertiliser value but also contributes to air pollution, ecosystem acidifica-
tion, and indirect greenhouse gas formation [7]. Conventional acidification using strong
acids, such as sulphuric acid, has been widely applied to lower slurry pH and stabilize
ammonia [8]. While proven effective, these approaches raise concerns about operational
safety, potential risks of foaming, slurry quality degradation, and downstream soil or
water acidification [8].

An alternative mitigation system involves introducing reactive nitrogen species (RNS)
such as nitric oxide (NO) and nitrogen dioxide (NO;) directly into the slurry. Research by
Ingels [8] and Nyvold and Dorsch [9] shows that RNS can lower slurry pH and promote
the formation of ammonium nitrate (NH4 NOj3), thereby enhancing the proportion of stable
ammonium ions relative to volatile ammonia. Chen et al. [10] report that this equilibrium
shift can result in NHj3 emission reductions ranging from 15% to 98%, depending on
factors like additive pH, slurry type, and treatment timing. Moreover, RNS pathways
may enhance the fertiliser value of slurry by boosting nutrient accessibility, including
nitrogen and phosphorus, while potentially influencing microbial communities involved in
nutrient cycling [11,12].

Building on this concept, plasma-assisted nitrogen fixation and acidification have
emerged as promising innovations in sustainable nitrogen management. Non-thermal
plasma systems—including Radio Frequency (RF) discharge, Dielectric Barrier Discharge
(DBD), Corona Discharge, and DC Glow Discharge—generate reactive nitrogen species
(RNS) and reactive oxygen species (ROS) in situ. Originally explored as decentralised
alternatives to the Haber—Bosch process [13,14], these plasma technologies are now being
adapted for direct environmental applications, particularly for the treatment of ammonia-
rich agricultural effluents [15].

Consequently, Plasma-Induced Acidification (PIA) has emerged as a key derivative
application of these plasma systems, utilising plasma-generated RNS and ROS to achieve
controlled acidification of livestock slurry and digestate. In PIA, nitrogen oxides formed
in the plasma phase dissolve into the liquid matrix to produce nitric (HNOj3) and nitrous
(HNOy) acids, leading to a reduction in pH, stabilisation of nitrogen, and suppression of
gaseous ammonia (NH3) and methane (CHy4) emissions during storage. By leveraging
the acid-forming potential of plasma-activated species, PIA enables on-site acidification
without reliance on externally produced mineral acids, offering a decentralised, low-
carbon approach to nutrient preservation and emission control. Accordingly, recent studies
have demonstrated that introducing plasma-derived RNS into slurry through PIA can
substantially reduce volatile losses while improving the mineral fertiliser efficiency of
organic fertilisers [9].

However, these benefits are tempered by well-known challenges, chiefly the energy
demands associated with plasma processes [9,15]. As Tripathi et al. [16] point out, the
growing availability of renewable energy sources may help mitigate these costs, but it
remains critical to understand the reaction kinetics, energy requirements, and system-level
life cycle impacts. Practical upscaling pathways must consider reactor design, maintenance
needs, integration with biogas plants, and the environmental trade-offs of shifting from
chemical reagents to electrical power [17,18].

Detailed research is therefore needed to establish robust techno-economic and envi-
ronmental benchmarks for PIA. This includes a clearer understanding of how RNS interact
with the heterogeneous chemical and microbial composition of slurry and digestate, the
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impact on heavy metals, and pathogen loads, when these treated materials are applied
as bio-fertilisers [19,20].

Against this backdrop, this review aims to critically evaluates the status of PIA, its
mechanistic underpinnings, environmental performance, potential for enhancing the value
of organic fertilisers, and its integration into circular nutrient management frameworks.
It highlights the opportunities and the unresolved questions that must be addressed to
advance this innovation from laboratory studies to farm-scale application supporting a
more productive, and climate-smart agricultural future.

2. Problem Definition and Current Mitigation Landscape
2.1. Ammonia Emission Sources and Current Mitigation Techniques

One of the proposed benefits of PIA is its potential to mitigate ammonia emissions.
To appreciate this benefit, it is worthwhile evaluating the scale of the problem and the
current practices and techniques employed to mitigate the ammonia emissions. Table 1
below provides a general overview of the various sources of ammonia emissions partic-
ularly within the agriculture sector, probable mitigation techniques and their respective
challenges and contribution. Ammonia (NH3) emissions from agricultural practices remain
a significant environmental challenge, contributing to air pollution, eutrophication, and
biodiversity loss while also resulting in substantial nitrogen losses that reduce fertiliser
efficiency and farm profitability. As summarized in Table 1, multiple mitigation techniques
have been trialled to reduce NHj3 emissions across various stages of livestock and crop
production each with distinct effectiveness, operational barriers, and practical opportunities
for adoption.

For example, dietary manipulation can cut emissions by up to 74% [21] but demands
precise feed management and higher input costs. Physical covers for slurry storage and
closed-slot injection into soils have shown reductions ranging from 70% to over 90% [22,23],
yet these approaches are often limited by high capital or maintenance costs and site-specific
feasibility. Slurry acidification, a well-established technique, consistently achieves up to
95% NHj; emission reduction [23,24] but introduces risks related to acid handling, potential
corrosion, and soil acidification when not properly managed.

In parallel, technologies like urease inhibitors and coating-based fertilisers offer mod-
erate emission reductions (50-70%) but can vary widely in performance depending on local
conditions [25,26]. More advanced options, like air scrubbers and biofilters, deliver high
removal efficiencies for ventilation air but come with substantial installation, maintenance,
and energy demands [27].

PIA may offer a multi-functional pathway with the potential to complement or
even outperform conventional acidification methods. However, the feasibility of any
mitigation option depends on cost-effectiveness, practical constraints, and farmer accep-
tance. Plasma systems currently face challenges of high energy demand like the persis-
tent hurdles in plasma-based nitrogen fixation pathways and require further innovation
to match the simplicity and affordability of traditional acidification, storage covers, or
mechanical injections.
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Table 1. Overview of ammonia emissions sources in agriculture, mitigation techniques and their respective challenges and opportunities.
Emission Source/Stage Current Mitigation Technique(s) Typical Challenges Opportunities/Effectiveness References
- Dietary manipulation (lower
crude protein, amino acid . .
. . supplementation)—Urine—faeces ngh f.eed. CO_SF’ infrastructure Reduces NH3 emissions by 10-74%;
Feed and Animal Housing . modification; increased labour . . .
. segregation—Improved floor . s improves feed efficiency, animal [20,26-28]
(Cattle, Pigs, Poultry) . and equipment needs; limited ) . .
design and frequent slurry s a4 welfare, and indoor air quality
. retrofitting feasibility
removal—Ventilation and
humidity control
- Physical covers (solid, flexible, or oil
layers)—Slurry acidification High capital and maintenance Achieves 40-95% NHj reduction;
Slurry Storage (e.g., sulphuric acid)—Solid-liquid cost; acid safety and corrosion reduces odours and conserves N;
. : e . . . : [21,23,26,29,30]
and Handling separation—Anaerobic digestion for issues; potential foaming; potential for renewable
biogas recovery—Air scrubbers energy demand energy recovery
and biofilters
Field Application of - Closed-slot or deep injection—Band Requlres °P gqghzed machme.r yf Reduie? N Hs Volatlhsatlon. by
] . . . limited feasibility on some soils; 22-99%; improves N retention and [21,22,29]
Slurry /Digestate spreading and soil incorporation hi .
igher operational cost crop uptake
- Urease inhibitors—Controlled-release High cost; variable effectiveness 50-90% NHj3 reduction; improved
Synthetic Fertiliser Use or coated fertilisers—Deep placement under different soils and climates; ~ nitrogen use efficiency and [24,27]
of urea or ammonium fertilisers user training required reduced losses
Poultry Litter and - Littgr amendments galum, C(-)st. (?f af:ldit.ives.; risk pf s:oil . Reduces NH3 emissions by 40-73%;
Solid Manure zeolites)—Composting under acidification if misapplied; potential ~ odour control and [31-33]

controlled conditions

N loss during composting

pathogen reduction
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The question remains whether to address the challenges associated with the already
implemented techniques or to introduce newer techniques such as PIA, which is at its
infancy and likely to present its own challenges. In light of the persistent challenge of
ammonia emissions and the varied effectiveness of existing mitigation strategies, it is in-
creasingly evident that aligning both current and emerging technologies will be essential to
achieving sustained, system-wide reductions in nitrogen losses. While established methods
have delivered measurable benefits, their limitations, whether technical, economic, or
environmental—highlight the need for continued innovation. PIA, though still in early
development, offers a mechanistically distinct and potentially transformative pathway.
By enabling in situ generation of reactive species without reliance on corrosive acids, it
introduces new possibilities for safer, more controllable, and environmentally compatible
nitrogen stabilization. Realizing its full potential will require sustained research and devel-
opment, pilot deployment, and techno-economic validation. However, its forward-looking
capabilities suggest that it could become a cornerstone technology in next-generation
nitrogen management systems.

2.2. Fundamentals of Slurry and Digestate Management

The composition and characteristics of slurry and digestate may vary widely depend-
ing on animal type, feed regime, slurry handling practices, and subsequent treatment steps.
Livestock slurry typically contains a large fraction of nitrogen in the ammonium form,
which is highly susceptible to volatilisation if not properly stabilised [34]. Digestate, the
residue left after anaerobic digestion generally has a higher concentration of mineralised
ammonium nitrogen due to the breakdown of organic nitrogen, alongside residual organic
matter and trace contaminants [3].

These properties affect storage, transport, and land application strategies. As Zielinska
and Bulkowska [33] noted, the physical state (solid and liquid fractions), pH, dry matter
content, and macro- and micronutrient profiles all influence how effectively nutrients can be
recycled and what environmental risks must be mitigated. For example, elevated ammonia
concentrations mean that significant nitrogen can be lost to the atmosphere if emission
control measures are not employed, undermining the fertiliser value and contributing to
regional air quality problems.

To address these challenges, a combination of current treatment and valorisation meth-
ods is widely used. Anaerobic Digestion (AD) remains the principal approach for organic
waste stabilisation and renewable energy recovery through biogas production [35,36]. How-
ever, the process also increases the proportion of nitrogen in ammonium form, exacerbating
the risk of NH3 emissions during post-digestion handling and storage if not properly treated.

Beyond AD, composting is often used to further stabilise the digestate, reduce moisture
content, and suppress pathogens and odours [33]. Nevertheless, if not tightly controlled,
composting can inadvertently result in additional nitrogen losses, offsetting the intended
environmental benefits. Similarly, chemical amendments, including acidification and
nutrient recovery technologies such as struvite precipitation, have gained traction for
capturing valuable nutrients and minimising emissions [37,38].

Regulatory and policy drivers add further complexity to slurry and digestate man-
agement decisions. EU frameworks like the Nitrates Directive and the National Emission
Ceilings (NEC) Directive as well as the UK’s Environment Land Management Scheme
strongly encourage technologies that mitigate ammonia losses and nitrate pollution [39].
At the same time, policy inconsistencies and gaps in standardisation for digestate quality
particularly in relation to heavy metals and pathogen thresholds create uncertainties that
can deter investment in advanced treatment solutions [33,40].



Nitrogen 2025, 6, 97

6 of 28

Despite technical advances, critical gaps remain. Nutrient recovery technologies have
yet to achieve significant commercial scale, hindered by high energy requirements, complex
integration needs, and limited market support for recovered nutrient products. Many
farms lack the infrastructure to combine AD, composting, and chemical recovery processes
efficiently, leading to fragmented systems that fall short of realising a closed nutrient loop.
Recent work emphasises the importance of robust Life Cycle Analysis (LCA) to quantify
the net environmental benefits and trade-offs of these technologies, as energy demands and
operational complexity can offset gains in emissions reductions if not properly managed [41].

While slurry acidification with conventional acids primarily sulphuric acid—remains
an effective mitigation practice, it is not without drawbacks. Issues such as foaming,
equipment corrosion, soil acidification, and worker safety underline the need for innovative
pathways that can retain nitrogen, reduce greenhouse gases, and improve overall system
sustainability. It is therefore not surprising that PIA is being explored as an alternative.

3. Fundamentals and Mechanistic Insights into Plasma Systems for
Plasma-Induced Acidification

PIA leverages the unique reactivity of non-thermal plasma technologies to generate
reactive nitrogen and oxygen species (RNS, ROS) that interact with volatile ammonia and
carbonate species in livestock slurry and digestate, driving pH reduction and enhancing
nutrient retention.

In non-thermal plasma environments, energetic electrons collide with N, and O,
molecules, promoting them to vibrationally excited states (denoted N(v), O,(v)) or dissociating
them into atomic radicals (N and O). These vibrationally excited species act as pre-activated
intermediates, lowering the effective activation barrier for nitrogen bond cleavage and subse-
quent NO formation. The dominant reaction route follows a vibrationally enhanced Zeldovich
mechanism, wherein excited N, reacts with atomic oxygen to form nitric oxide:

N>(v) + O - NO + N
The nascent nitrogen atom then participates in secondary oxidation Via:
N+ Oy(v) = NO+O

These reactions are strongly promoted by the vibrational excitation of N, which
reduces the activation barrier for dissociation by up to an order of magnitude relative
to ground-state reactions [12,42]. Once formed, NO is further oxidized to NO, Via a
termolecular recombination reaction:

NO+O+M — NO, + M
while partial reduction to NO may occur through:
NO; +O =+ NO + 0O,

These interconversions establish a dynamic equilibrium between NO and NO, de-
pending on plasma energy density and residence time. The resulting NOy species dissolve
into the liquid phase, producing nitrous (HNO;) and nitric (HNO3) acids, which acidify the
slurry and shift the equilibrium toward ammonium (NH4") rather than volatile ammonia
(NHj3), thereby enhancing nitrogen retention and minimizing gaseous losses [43].

Non-thermal plasma systems including microwave discharges, gliding-arc plasmas,
dielectric-barrier discharge (DBD) reactors, corona discharges, and radiofrequency (RF) dis-
charges have shown significant promise for decentralized NOy synthesis and ammonia emis-
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sion control [9,44]. Unlike historical thermal plasma approaches such as the Birkeland-Eyde
(B-E) arc process—which suffered from high energy penalties of 2.4-3.1 MJ mol ! N [11]—modern
non-thermal plasmas sustain high-energy electrons at near-ambient bulk gas temperatures.
This enables the selective excitation and oxidation of N, without degrading the sensitive
biological and chemical integrity of slurry or digestate. DBD and corona-discharge reactors
are among the most scalable and practical configurations for pilot- or farm-scale use, offering
operational simplicity, modularity, and proven capacity for treating gaseous exhausts or
open slurry storage systems [45,46].

3.1. Mechanisms and Kinetic Constraints of Plasma-Induced Acidification

In non-thermal plasma, energetic electrons initiate a coupled network of RNS and ROS re-
actions. Vibrationally and electronically excited N, and O, species form NO and NO, through
the reactions outlined above, after which these gas-phase products dissolve into the aqueous
phase. Their uptake and hydrolysis yield HNO, and HNO3 (2 NO, + H,O — HNO; + HNO3;
NO + NO; + H,O — 2 HNO,), which dissociate to NO, ~ /NO3~ and H* (HNO, = NO, ™ + H*;
HNO; = NO3~ + HY), driving acidification.

Concurrently, electronic and photolytic processes activate water and oxygen to form oxidiz-
ing species including ozone (O3), hydroxyl radicals (¢OH), superoxide (O,e ™), hydroperoxyl
(HOye), and hydrogen peroxide (H,O,). Radical recombination (2 ¢OH — H,O,) and peroxone
reactions (HyO; + O3 — ¢OH + HO, e + O,) regenerate #OH, sustaining oxidation potential.
The coupled NOx/Ox chemistry further produces peroxynitrite (NOe + Oy~ — ONOO™)
and its conjugate acid (ONOOH), which decomposes to ¢OH and eNO,. In acidic media,
ONOOH can also form via NO,~ + H,O, + H* — ONOOH + H,O. Over seconds to minutes,
short-lived radicals decay while HyO,, NO3;~, O3, and excess H" accumulate, establishing the
sustained acidification and oxidizing character of plasma-activated liquids.

3.2. Physico-Chemical Processes and Reactor Configurations

The physico-chemical processes underlying PIA are strongly influenced by plasma
type, discharge geometry, and operational parameters. PIA involves the generation of NOx
and oxidizing agents like ozone (O3) and hydroxyl radicals (¢OH). These species, produced
through electron-impact reactions, interact with ammonia either in the gaseous phase or at
the liquid-gas interface [46]. In humid conditions, O3 and eOH enhance the breakdown of
carbonates and organic buffering agents, further contributing to the observed pH reduction.

Different non-thermal plasma configurations—including DBD, corona discharge, glid-
ing arc, and RF reactors—offer distinct advantages for decentralized treatment. Their
modularity and scalability make them well suited for farm-level integration, allowing
effective treatment of gaseous emissions or open slurry systems without external acid
dosing. The cascade of radical-driven reactions differentiates plasma treatment from direct
acid addition, yielding self-sustaining acidification governed by plasma chemistry and
gas-liquid transfer dynamics.

3.3. Plasma-Activated Liquids (PAL): Composition and Function

The nitrogen oxides (NOx) generated by air plasma undergo a series of aqueous-phase
reactions upon entering plasma-activated water (PAW), forming a mixture rich in reactive
oxygen and nitrogen species (RONS) such as nitrate (NO3 ™), nitrite (NO, ™), hydrogen per-
oxide (H,0O;), and peroxynitrite (ONOO™). When this plasma treatment is extended beyond
pure water to more complex matrices—such as slurries, digestates, or wastewater—the
resulting medium is referred to as plasma-activated liquid (PAL). PAL therefore represents a
broader category of plasma-treated liquids that include organic and nutrient-rich substrates,
where plasma-generated oxidants and nitrogen species interact with ammonia, carbon
compounds, and buffering agents to yield nitrate-enriched, acidified products [10,47].
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While PAW and PAL differ mainly in chemical complexity and matrix composition,
both provide the reactive nitrogen and acid-forming basis that underpins PIA. In agricul-
tural contexts, PAL produced through air plasma exposure drives the same acidification
mechanisms that are intentionally exploited in PIA—namely, the conversion of plasma-
derived nitrogen oxides into nitric acid species that stabilise nitrogen, suppress ammonia
volatilisation, and mitigate methane emissions. The reaction pathways linking these pro-
cesses particularly the transformation of NO and NO, into HNO; and HNOj3 and their
equilibrium with transient radicals are summarised in Figure 1, illustrating how PAW and
PAL chemistry collectively form the mechanistic foundation of PIA [48,49].

PAL provides a platform for nitrogen fixation from waste streams such as soil residues
and livestock effluent. As demonstrated by Graves et al. [50], NOy species in PAL can react
with ammonia (NH3) to form ammonium nitrate (NH4 NOs), a valuable nitrogen fertiliser,
thereby reducing dependency on industrial nitrogen production.

The behaviour of reactive nitrogen and oxygen species in environmental systems is
profoundly influenced by the physical context in which they occur, with significant differ-
ences emerging between clean aqueous systems and heterogeneous slurry conditions. In the
context of selective non-catalytic reduction (SNCR) of NOx, computational and experimental
studies have shown that while reactions such as the conversion of NH; with NO proceed
efficiently in controlled, well-mixed environments, the use of aqueous urea or cyanuric
acid under slurry-based or non-uniform injection conditions introduces rate limitations
driven by poor mixing, delayed vaporization, and localized temperature gradients. These
physical constraints shift the rate-limiting steps from intrinsic chemical kinetics to transport
phenomena, resulting in elevated ammonia slip and incomplete NO reduction [51].

Similarly, phosphorus adsorption onto waste alum sludge has been demonstrated
to depend on a concentration-driven interplay between film diffusion and intraparticle
pore diffusion, where surface exchange reactions occur rapidly but deeper diffusion be-
comes limiting at higher phosphate levels [52]. These findings parallel the observations
that nitrification intermediates such as NH,OH and NO, ™ in soil slurries undergo redox
transformations governed primarily by microscale oxygen availability, pH heterogeneity,
and surface-catalysed reactions involving iron and manganese oxides, rather than by their
intrinsic aqueous reactivity [53].

Extending this understanding to reactive oxygen species (ROS), it has been shown that
interfacial domains—such as soil-water or air-water boundaries—act as hotspots for ROS
generation and transformation due to light exposure, catalytic surface effects, and diffusion
barriers, which represent rate-limiting processes absent in clean homogeneous systems [54].
Complementing this view, molecular-level analyses reveal that even in pure water, the pres-
ence of under-coordinated hydroxyl groups and unpaired lone-pair sites controls reactivity,
and that in slurry systems such structured microenvironments are amplified by mineral
surfaces and hydration shells that stabilize or sequester these reactive species [55].

Collectively, these studies indicate that while clean aqueous systems are dominated by
intrinsic chemical kinetics, heterogeneous slurry systems are constrained by physical trans-
port, interfacial effects, and spatial heterogeneity, requiring kinetic models and engineering
strategies that explicitly account for these complex, rate-limiting dynamics [51-55].

The efficiency of these plasma-activated transformations is governed by physical and
operational factors. Due to the higher density of liquids, mass-transport limitations often
necessitate gas injection (e.g., air or N) between electrodes to sustain discharge [56]. Param-
eters such as electrode configuration, voltage, pulse width, plasma energy, temperature, pH,
and initial composition must be precisely controlled to optimise reactive-species generation
and stability [57,58].
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Plasma-Activated Water (PAW): Core Reaction Network

Legend

Gas phase species
Long-lived (accumulate)

Transient radicals

Peroxynitrite pair

Acids (molecular)

orD) O(D) + H;0 — 2:0H

peroxone: H;0, + O3 — <OH + ...

—+OH + H: + e (aq)

NO + NO, + H20 — 2 HNO,
+H;0 — HNO;

NO + NO + H,0 — 2 HNO,

+H;0 — HNOs

2:0H — H;0,;
NO2™ + H202 + H* — ONOOH + H,0 i

NO" + 02+~ — ONOO™

peroxone: H;0; + Oz — *OH + ...

NO,™ + Hz0; + H* — ONOOH + H,0

NO,™ + H0; + H* — ONOOH + H,0

NO- + 0+~ — ONOO~

Figure 1. Diagram of the major reactive species and reactions in Plasma Activated Water (and by extension in Plasma Activated Liquids) Inspired by Graves et al. [50].



Nitrogen 2025, 6, 97

10 of 28

3.4. Plasma-Induced Acidification as an Intervention in the Nitrogen Cycle

According to Galloway et al. [59], four key interventions can mitigate nitrogen losses
and restore balance to the global nitrogen cycle: reducing NOx emissions from fossil fuel
combustion, improving nitrogen use efficiency (NUE) in crop production, optimizing
animal systems through better feed and manure management, and expanding advanced
wastewater treatment to convert reactive nitrogen to Nj.

PIA aligns with these goals as a sustainable technology capable of both reducing
emissions and improving nutrient recycling. It can operate as a decentralized, on-farm
alternative to conventional Haber—Bosch fertiliser inputs, contributing directly to im-
proved NUE. The oxidizing plasma environment also offers co-benefits including pathogen
suppression, odour control, and partial methane (CH,) mitigation through inhibition of
methanogenic pathways [60].

Current research remains at the proof-of-concept stage, with small-scale NTP systems
demonstrating reliable generation of reactive species for ammonia protonation [61]. Com-
parative studies indicate that such systems can match or exceed the ammonia-reduction
efficiency of conventional sulphuric-acid acidification under controlled conditions [14].
Scaling up to treat continuous slurry flows under farm conditions requires improvements
in energy efficiency, system integration, and reaction control. Pilot-scale concepts coupling
plasma reactors with barn ventilation or recirculation loops have been proposed, though
field-validated data remain limited [62].

Computational models and early life-cycle assessments suggest that plasma pathways
could outperform chemical acidification in nitrogen retention and sustainability metrics.
While presently largely pre-commercial, PIA holds strong potential to transform manure
management and reduce reactive nitrogen emissions. With further optimization, integration
into circular agricultural systems, and supportive policy frameworks, it may evolve into a
scalable tool for sustainable nitrogen stewardship.

3.5. Environmental & Agronomic Impacts of Plasma-Based Treatments in Agriculture

Plasma-based treatments in agriculture are increasingly recognized for their capacity
to improve nutrient retention and mitigate greenhouse gas emissions. These treatments not
only suppress ammonia (NHj3) and methane (CHy) losses [9,63,64] but also enrich slurry
and digestate with nitrate (NO3; ~) and nitrite (NO; 7), enhancing their fertiliser value [65].
Table 2 summarises representative plasma-based treatments and their reported agronomic
and environmental outcomes, alongside operational considerations such as scalability and
energy demand. This integrative view highlights how plasma processes influence nutrient
retention, emission control, and plant growth performance across different configurations.

However, these agronomic benefits are accompanied by important environmental
trade-offs. Elevated nitrous oxide (N,O) emissions have been observed in some plasma-
treated systems, particularly when excess NO3;~ or NO, ™ accumulates in acidic or oxygen-
limited soils [66,67]. The enhanced availability of oxidised nitrogen species can stimulate
both nitrification and denitrification pathways, potentially leading to higher N,O fluxes
under suboptimal soil aeration. These emissions are highly sensitive to soil moisture, pH,
and microbial community structure, highlighting the need to balance nitrogen enrichment
with controlled application timing and dose.

Soil acidification and nutrient leaching are additional concerns, particularly under
repeated or high-frequency plasma treatments [68]. The acidifying action of PAL can
increase the solubility of base cations such as Ca?*, Mg?*, and K*, enhancing nutrient
mobility but also raising the risk of leaching losses in permeable soils. Over time, excessive
acid input may lower soil buffering capacity, alter cation exchange equilibria, and impact
long-term fertility if not counterbalanced by liming or organic amendments.
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Table 2. Agronomic, Environmental, and Operational Characteristics of Plasma-Based Treatments in Agriculture.
Treatment Agronomic/Environmental Outcome  Operational Notes (Energy & Scalability) Undesirable/Observed Effects Ref.
— ~)— -3
Plasma-activated liquid (PAL) for 1 Germination (15-20%), 1 root growth Operates at 50 W 1.5 kW (~2-3 kWh m Over-exposure causes oxidative stress;
o . . PAL); scalable with DBD reactors and L L. . [68]
seed treatment (23%), | NHj volatilisation potential L PAL acidity may injure seedlings
irrigation systems
Plasma catalytic systems for On-site NH3/NOx production Moderate energy input (~0.2 MJ mol~! N); Oj interference; catalyst degradation [10]
N fixation enhancing fertiliser availability modular, decentralised design for farm use  over time
. . o Low-input process noted for energy . . . C g
PAL for crop growth 0 Fo})lar Welght (~25%), 1 chlorgphyll efficiency; scalable on large farms High reactive species level.s may inhibit [69]
(~11%); improved N uptake efficiency o growth; nitrate accumulation
via irrigation
_ -1 .
Plasma catalysis with Enhanced N conversion yield; 200-250 GJ N chersy use,oheated Catalyst performance declines at high
. s catalyst raises efficiency ~20%; scalable [11]
heated catalyst improved fertiliser value 1 flow rates
with increased gas flow
DBD plasma reactor for Produces NO3 ~-rich solutions for Operates ~300 W (1.1 g-NOx kWh~1); PH f.lu-ctgatlon in treated water;
) o 1 . diminishing returns at long [70]
NOx generation liquid fertilisers continuous mode supports scale-up . ;
residence times
. o Generates ~15,500 ppm NOx; precursor  ~4.2 MJ mol~! NOx; energy drops 35% at . . - .
Nitrogen fixation plasma system for nitrate fertilisers high flow; suited to moderate throughputs Discharge instability at high O, levels  [10]
PAL for horticulture T Lea_f area (~75 /?) ; lower plant Operates at 125 W; low running cost; Redgced phenolic content; [71]
NO3~ accumulation adaptable to greenhouses species-dependent response
.1 . T Seed germination (12-13%) and N . . Water acidification possible;
Gliding arc discharge (GAD) system FGP (~17%) ~415 W low-input system; highly scalable crop-specific variation [72]
Improved germination and crop vigour ~Low-energy room-temperature discharge; 1 .
Cold plasma via ROS/RNS stimulation field applicable Repeated use may acidify soils [68]
. J NHj3 and CH4 emissions; enhanced ~60 kWh kg*l NOXx; scales with slurry Nitrite toxicity; possible NO3 ™
Plasma treatment of digestates N retention buffer capacity; renewable-compatible leaching or nitrification inhibition [14]
Plasma-treated pie shurr 4 CHy (>90%) but T N,O Moderate electric load for air ionisation; Higher GHG intensity than mineral [65]
Pis y after application farm-scale integration feasible fertilisers if NoO uncontrolled
Plasma elimination of CH. in slurr 100% CHy removal; microbial High-load operation; suited to renewables; Requires NO3;~/NO,™ control to [9]
4 y suppression of CHy & N,O avoids S-acid issues limit denitrification
Plasma-treated cattle slurry 9% 7T dry matter yield vs. untreated; |  Electrical discharge ionises air; renewable = Lower N uptake than mineral fertiliser; 73]

CH,4 emission

integration possible

clover content sensitivity
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Table 2. Cont.
Treatment Agronomic/Environmental Outcome  Operational Notes (Energy & Scalability) Undesirable/Observed Effects Ref.
. . - + . . ~ _1- . . . . . . . . . .
Decarbonising N fertiliser with NTP Efficient NQ3 + NHy* generation; 1 ~5.3 kWh mql N; modular, Risk .of N,O emissions; nitrite toxicity; [66]
NUE potential renewable-driven design monitor water quality
. —60%: . . ) Cep L h .
Plasma-fixated N for turf grass Blomass 1 ~60%; e@anced yield at 450 W.reac.:tor, deczentrahsed AC1d1flcat1c.)r} risk; potential [74]
optimal concentration irrigation integration run-off toxicity
. .. 5-25 kV DBD; scalable for Substrate sensitivity;
Plasma for gerbera plants Biomass gain in peat substrates controlled environments microbial reduction [67]
Plasma agriculture (lab — farm) T Gerrr}ma.tlon and biochemical 50—490 W systems; APP adaptable to Over—expf)a?u.re reduces germination; [62]
health indices field irrigation crop specificity
. S 1 Seed germination; 1 root/shoot High-voltage DBD; renewable Over-exposure reduces growth;
Plasma agriculture for sustainability growth (~2 min exposure) operation recommended nutrient (P, K, S) deficiency possible [75]
e s Produces 1-5% NH3, 6% NO; | GWP 1. . Low product yield; energy still
Plasma-assisted N fixation (~19%) for HNO; synthesis ~17 ¢ NHs kWh™"; modular plant design limiting factor [76]
Plasma-activated water (PAW) 1 Germination (50%), 1 dry weight 6-30 kW power range; easy integration ROS toxicity if overdosed; reactive [28]
in agriculture (6.6x), 61% disease control with irrigation species short-lived (<48 h)
o 1 ~ o
Plasma-fixed N for lettuce 250% 1 marketablg 1}’ ield; high NUE at 1.8 kW DBD reactor; farm scale adaptable Product pH ~1.5 = soil acidification [64]
low rate (8 1b acre™") risk; low P content
Plasma dinitrogen pentoxide Complete N,Os — NO; ™ conversion;  ~70 MJ mol~!-N; portable renewable High dose phytotoxicity; nodulation [77]
for plants efficient fertilisation devices emerging reduction in legumes
Plasma agriculture (advancements) 1 Yield and growth (spinach, Up to 30 kV DBD systems; modular Over—gxposgre 1.n}'11.blts. seedlings; (78]
sunflower); pathogen control and portable potential soil acidification
. . N Moderate-high energy use (~€2-3 kg~ ! N TS
Plasma-activated organic 4 VOC, CHy, NHj3 emissions; T N U 1T N,O after application; soil
o T . converted); distributed Ll . [50]
fertiliser (PAOF) retention in organic waste acidification risk
renewables scalable
Plasma agriculture and T Germination and growth at optimal =~ Generally, energy-efficient vs. traditional =~ Over-exposure damages seeds; [79]

ecosystem studies

(4-20 min) exposure

processes; irrigation integration possible

microbiome impacts at high RNS

Note: While several studies report lower short-term nitrogen use efficiency (NUE) for plasma-treated fertilizers compared to conventional mineral fertilizers, this difference primarily
reflects variations in nitrogen form and release dynamics. PIA produces more stabilized nitrogen compounds (e.g., NH4NO3) with lower volatilization and leaching potential, enhancing
long-term nitrogen retention and environmental performance. When broader sustainability and life-cycle factors—such as reduced chemical acid use, improved safety, and nutrient
recovery from waste streams—are considered, plasma-derived fertilizers demonstrate a higher overall fertilizer value (Nyvold & Dérsch [9]; Ingels & Graves [8]; Attri et al. [62]).
T-Increase, |-decrease
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Plasma-derived oxidants also influence the soil microbiome and organic matter dynam-
ics. Moderate concentrations of reactive oxygen and nitrogen species (RONS)—including
ozone, hydroxyl radicals, and peroxynitrite can suppress pathogenic microorganisms and
contribute to odour mitigation. Yet, at higher exposure levels, these same oxidants may
disrupt beneficial microbial populations involved in nutrient cycling or organic matter de-
composition. Shifts in microbial community composition could affect soil respiration rates,
carbon sequestration, and the turnover of humic substances, with downstream impacts on
soil health and greenhouse gas fluxes [9,14].

Managing this oxidation balance is therefore critical: an optimal plasma dose should
provide sufficient oxidative capacity for sanitization and ammonia stabilization without
impairing microbial function or accelerating organic matter mineralization.

Given these complexities, the environmental and agronomic outcomes of plasma-
based interventions must be assessed through long-term field trials and comprehensive
LCA that capture both direct and indirect effects on nitrogen retention, emission control,
and soil ecosystem function [28,69]. Overall, plasma-based systems present a promising
pathway for sustainable nutrient management, but their implementation should be guided
by robust agronomic evidence, site-specific calibration, and integration into precision
nutrient management frameworks.

Operational aspects, including energy use and scalability, are further examined
in Sections 5-7.

4. Evidence of Efficacy of Plasma-Induced Acidification

Efficient management of ammonia (NHj3) emissions constitutes a central component
of sustainable agricultural practice and enhanced nitrogen use efficiency. Numerous
mitigation strategies have been developed to address NHj volatilisation, including dietary
manipulation, urease inhibitors, slurry storage covers, and conventional acidification.
While these approaches demonstrate verifiable emission reductions, they vary considerably
in their economic feasibility, scalability, and environmental trade-offs. As shown in Table 3,
PIA has recently emerged as a promising alternative, offering the potential to overcome
many of the limitations inherent in existing methods, particularly when the associated
valorisation pathways are considered [14].

Table 3. Efficiency indicators of Plasma-Induced Acidification and other Mitigation Techniques.

Efficiency

Technique (NH; Reduction) Challenges Opportunities References
Dietary Up to 74% High precision in feed No infrastructure changes; [21]
Manipulation p ’ formulation; increased costs improves feed efficiency
Slurr Labor-intensive; Reduces other
Y Up to 95% . ! pollutants; suitable for [21,24]
Storage Covers maintenance of covers 1 .
arge-scale operations
Urease Inhibitors 53.7% Vanablg effectwengsg Ephances . [25]
depending on conditions nitrogen retention
o . Highly effective;
Slurry Acidification Up to 95% Sa.fety.rl.'.slfs, potentlal improves nitrogen [23,24]
soil acidification -
use efficiency
High energy use; Increases nitrogen content;
qusmg—lqdueed Over 99% for CHy;  increases N,O emissions reduces need for synthetic  [9]
Acidification L o o
post-application fertilisers; stabilises pH

From an economic perspective, PIA exhibits competitive potential owing to its capacity
for long-term nutrient preservation and decreased dependence on synthetic fertiliser inputs.
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In contrast to dietary manipulation—whose efficacy is contingent upon consistent feed
composition and stringent management practices—or urease inhibitors, which often display
variable performance under heterogeneous environmental conditions, plasma systems
provide direct electrochemical control over NHj conversion pathways. Although initial
capital and energy requirements are relatively high, these expenditures may be offset by the
dual environmental benefits of stabilised nitrogen retention and methane (CH4) emission
reductions exceeding 99% [9,65,66]. As indicated in Table 3, the variability in NH3 reduction
observed for PIA reflects differences in slurry composition, pH buffering capacity, and
plasma reactor configuration rather than a fundamental limitation of the process. While
NHj; abatement efficiency remains under optimisation, the near-complete suppression of
CH4 and enhanced nitrogen stabilisation demonstrate PIA’s broader potential for integrated
emission control and nutrient retention, warranting further refinement and scale-up studies.
Conventional slurry acidification remains both cost-effective and operationally mature,
achieving NHj3; emission reductions of up to 95%. However, its reliance on chemical acids
introduces occupational and environmental hazards, including risks of soil acidification
and corrosion, which plasma systems inherently circumvent.

In terms of scalability, PIA is most suitable for medium- to large-scale agricultural
enterprises capable of exploiting economies of scale and integrating with renewable energy
or biogas infrastructure. Such integration enables synergistic use of existing digestate
streams, biogas-derived electricity, and exhaust gas treatment systems, thereby facilitating
cost distribution across farm operations. Conversely, smaller-scale farms may find dietary
modification or conventional acidification approaches more practical due to their lower
capital intensity and reduced technical complexity.

From an environmental standpoint, plasma-based systems confer multiple co-benefits
that extend beyond NH; and CH,4 mitigation. The treatment process enhances fertiliser
quality by facilitating the conversion of ammonia into stable ammonium nitrate and pro-
ducing nitrate-enriched fractions that elevate the mineral fertiliser equivalent (MFE) of
organic fertilisers [9,65,66]. These improvements contribute to nutrient circularity within
agricultural systems by promoting the retention and recirculation of nitrogen, reducing
reliance on fossil-fuel-based fertiliser production, and eliminating hazards associated with
the storage and transport of corrosive acids.

Furthermore, PIA unlocks distinct valorisation opportunities. The generation and recov-
ery of nitrate-rich by-products can yield marketable fertiliser formulations, particularly when
integrated with membrane separation or crystallisation processes [20,33]. Coupling plasma
reactors with anaerobic digestion (AD) systems further enhances process efficiency by en-
abling the concurrent treatment of ammonia-rich exhaust gases and digestate effluents [14,80].
This integrated framework aligns with European Union nutrient recycling directives [81],
and contributes to broader net-zero agricultural strategies by combining emission abatement,
nutrient valorisation, and renewable energy utilisation within a single technological platform.

Key Parameters Affecting Process Efficiency

The optimisation of PIA for practical implementation necessitates meticulous control of
operational parameters governing plasma chemistry and reactor dynamics. As highlighted
by Zhou et al. [82], factors such as input gas composition, humidity, discharge voltage,
electrode configuration, and reactor geometry exert significant influence over the yield and
selectivity of nitrogen oxides (NOx) and reactive oxygen species (ROS). Among these, the
presence of water vapour is particularly critical, as it promotes the formation of hydroxyl
(OH) radicals that facilitate enhanced ammonia oxidation pathways [83].

As highlighted previously, energy efficiency remains the principal constraint to
large-scale deployment. Recent advancements in plasma reactor design, including high-
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frequency spark discharge (HFSD), surface dielectric barrier discharges (DBDs), and gliding
arc configurations, have markedly improved energy performance. Laboratory studies have
reported energy costs as low as 0.28 M] mol 1 N [45,80,83], representing a substantial
enhancement in conversion efficiency. Nevertheless, translating these laboratory-scale
efficiencies to continuous, high-throughput slurry treatment systems remains challenging.
Achieving this transition requires precise flow regulation, real-time diagnostic monitor-
ing, and robust system integration to mitigate performance degradation under variable
operating conditions.

Catalytic enhancement offers an additional pathway for improving process efficiency.
The incorporation of catalysts such as tungsten trioxide (WOj3) and molybdenum trioxide
(MoO3) has been shown to increase NOx yields while simultaneously reducing energy
consumption [84]. Despite these promising results, the long-term economic viability and
structural stability of such catalysts under the harsh physicochemical conditions character-
istic of slurry treatment warrant further investigation.

Despite notable advancements in plasma reactor design and NOx synthesis efficiency,
the scaling of plasma acidification systems from laboratory to industrial settings presents
persistent technical and economic challenges. Key barriers include maintaining uniform
discharge characteristics across larger reactor volumes, mitigating by-product accumulation
(e.g., excess ozone or undesired nitrogen oxides), and ensuring consistent performance
under fluctuating feed compositions and environmental conditions [11,12,80].

Dynamic control strategies that employ feedback-based adjustments to input power,
flow rates, and reaction conditions in real time may provide a viable route toward improved
stability and energy efficiency [85]. Such adaptive systems could help sustain optimal
plasma states, ensuring high selectivity and reproducibility across operational cycles. More-
over, comprehensive life cycle assessments (LCAs) are required to evaluate whether gains
in nitrogen retention and emission mitigation sufficiently offset the additional electricity
demand of plasma systems. This consideration is particularly pertinent when assessing
system performance under renewable energy supply scenarios [17].

5. Economic and Environmental Assessment of Plasma—Induced Acidification

PIA represents a promising low-carbon approach for decentralised acid generation
and nutrient management, offering a sustainable alternative to conventional fossil-based
acidification methods. Unlike the Haber-Bosch-Ostwald route which relies on natural gas
and sulphur feedstocks, PIA operates without fossil hydrogen or sulphur inputs and can
be powered entirely by renewable electricity. Conventional acidification processes emit
between 1.9 and 3.6 t CO, per t NH3—-N and generate additional nitrous oxide (N,O) during
nitric acid oxidation, contributing significantly to the greenhouse gas footprint of industrial
nitrogen production [66,86]. By contrast, PIA eliminates direct CO, emissions and, when
supplied with renewable power, achieves near-zero life-cycle emissions [17,85,87].

From an economic perspective, however, the current performance of PIA remains
constrained by high specific energy demand. Modern plasma-based nitrogen fixation
systems consume approximately 2.0-2.4 MJ mol~! N (~100-200 GJ tN~1!), compared to
0.50-0.64 MJ mol ~! N (~25-35 GJ tN 1) for conventional ammonia and acid production [12,66].
This efficiency gap directly translates into higher operating costs, with present-day plasma-
based nitrate or acid production costing between USD 800 and 1200 per tonne of nitrogen
equivalent—two to four times the cost of conventional sulphuric or nitric acid routes [85,88].
Although significant advances have been made in plasma-catalytic integration and energy
recovery, PIA’s economic competitiveness still depends on further reductions in power
consumption and capital costs [76].
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Despite these limitations, PIA provides several advantages that improve its overall eco-
nomic and environmental feasibility, particularly in decentralised or renewable-intensive
contexts. PIA eliminates the need to transport, handle, or store hazardous mineral acids—
reducing safety risks, regulatory burdens, and logistical costs [50]. More importantly,
it enables on-site acidification of manure and digestate, directly preventing gaseous ni-
trogen losses. Empirical studies show that PIA can suppress methane (CHy) emissions
completely and reduce ammonia (NHj3) volatilisation by up to 100% during storage, while
enhancing nitrogen retention in the effluent [14,89]. These environmental gains, when
internalised under carbon pricing or emissions-trading schemes, substantially narrow the
economic gap between PIA and conventional systems. Assuming a carbon price of USD
50-100 t~! CO,, the avoidance of 2-3 t CO, per tonne N corresponds to a potential credit
of USD 100-300 t ! N, offsetting a significant portion of the cost difference [88].

PIA’s flexibility also enhances its competitiveness in renewable-rich grids. Unlike
the rigid, continuous operation of conventional chemical plants, plasma reactors can be
switched on and off to follow electricity price fluctuations, operating preferentially during
low or negative price periods—a growing feature in renewable-dominated markets such as
those in Northern Europe [12,85,88]. As renewable electricity costs continue to fall below
USD 0.03 kWh !, energy-related expenses become less prohibitive, enabling intermittent
or demand-responsive operation to significantly improve cost efficiency. In such energy
environments, decentralised plasma systems could offer a viable complement to centralised
acid production, particularly where grid flexibility and on-site energy use are valued [66,87].

Nevertheless, several technical and operational barriers continue to constrain PIA de-
ployment. The energy intensity of plasma-based nitric oxide (NO) formation remains high,
and system performance can be affected by electrode degradation, dielectric aging, and
plasma-liquid transfer inefficiencies [90]. In practical applications, the heterogeneous com-
position and high buffering capacity of livestock slurries reduce plasma discharge stability
and nitrate yield [14,91]. Furthermore, the need for corrosion-resistant materials adds to
capital costs, while limited long-term field data make it difficult to predict maintenance and
lifespan economics [85]. These issues highlight that while PIA is environmentally superior,
its short-term economic feasibility remains context-dependent, improving substantially
only in renewable-rich, carbon-priced, or cooperative deployment models [88].

From a policy standpoint, PIA aligns with European Union directives on ammonia
abatement and circular nutrient management but is not yet recognised as a Best Available
Technique (BAT), limiting its access to subsidies or compliance incentives [21,39,92]. How-
ever, as carbon pricing expands and fossil-based acid producers face increasing exposure
to emissions trading systems, PIA’s relative competitiveness is expected to improve [88].
When considered within a decarbonised energy framework, PIA can thus be viewed as a
transitional yet strategically important technology that integrates nutrient management,
renewable utilisation, and emission reduction [85].

Overall, PIA exemplifies the trade-off between higher immediate energy costs and
long-term environmental and operational benefits. It provides complete elimination of
direct CO, emissions, suppresses CH4 and NHj losses, and enhances nitrogen recycling
while improving safety and regulatory compliance through on-site acid production. Under
conditions of falling renewable electricity prices, rising carbon costs, and improved plasma
energy efficiency, PIA is expected to transition from a research-stage technology to a
commercially viable component of sustainable, decentralised nitrogen management [9].
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6. Integration of Full Lifecycle Costing in Techno-Economic Analyses of
Plasma Acidification Systems

Recent advances in techno-economic analyses (TEA) of plasma-assisted nitrogen fixa-
tion and related plasma processes have increasingly aimed to incorporate full lifecycle cost
(LCC) parameters, reflecting a shift from narrowly focused energy-efficiency assessments to
more comprehensive evaluations of sustainability and economic viability. As summarised
in Table 4, several studies—including Anastasopoulou [93], Anastasopoulou et al. [93], and
Osorio-Tejada et al. [88]—have progressively expanded TEA frameworks to capture the
interrelated cost dimensions of equipment depreciation, maintenance scheduling, electricity
consumption, and process monitoring. Through factorial cost-estimation methods and
advanced process simulations (e.g., ASPEN Plus), these works consistently demonstrated
that electricity demand is the dominant cost contributor, accounting for approximately
60-75% of total lifecycle costs, while maintenance and diagnostic monitoring constitute a
further 10-25% of operating expenditures [92,94].

Subsequent developments, such as geometry- and scale-dependent degradation mod-
els introduced by Anastasopoulou et al. [92], have enhanced understanding of reactor-
component wear and its influence on total system costs—particularly in decentralised
or modular plasma reactor configurations. Expanding on this, Osorio-Tejada et al. [88]
incorporated environmental externality internalisation, monetising the impacts of acid-
ification, eutrophication, and photochemical oxidant formation within a cradle-to-gate
techno-economic framework. That study explicitly included annualised equipment costs,
maintenance and replacement intervals, renewable electricity variability, and automation
systems, concluding that non-thermal plasma fertiliser systems could achieve cost competi-
tiveness under low-carbon electricity scenarios if reactor lifetimes exceeded ten years [85].

Despite these advancements, persistent methodological limitations continue to constrain
the robustness and transferability of existing full-lifecycle techno-economic assessments. Most
TEAs rely on static cost assumptions—such as linear depreciation and fixed maintenance
intervals—that fail to reflect the nonlinear degradation behaviour of key plasma components
(electrodes, catalysts, and dielectrics) under cyclic, high-voltage conditions [88,93]. Likewise,
monitoring and control subsystems, vital for process safety and plasma stability, are fre-
quently modelled as proportional overheads rather than dynamic, performance-linked
costs. Electricity-pricing models also remain temporally static, overlooking variability in
renewable energy supply and storage, which critically affects decentralised and intermit-
tently operated systems [85,94]. Furthermore, the geographical scope of most analyses
is limited, relying predominantly on European industrial cost data, reducing relevance
to developing or off-grid regions where decentralised plasma fertiliser production could
be most impactful [85]. The omission of end-of-life and recycling phases, particularly for
high-value reactor materials such as tungsten and advanced ceramics, further restricts
the completeness of lifecycle-cost representations [95]. These limitations collectively high-
light the need for dynamic, empirically grounded TEA-LCA-LCC models that integrate
real-time degradation, variable energy pricing, and regionalised cost datasets, ideally un-
derpinned by digital-twin technologies and predictive-maintenance frameworks [93,94].
Such innovations would provide a more accurate reflection of operational realities and
enable the commercial scaling of plasma-assisted nitrogen-fixation systems as sustainable,
renewable-integrated fertiliser technologies.
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Table 4. Recent Techno-Economic Analysis (TEA) and Life Cycle Cost (LCC) of Plasma Induced Acidfication Studies.

System Studied

Lifecycle Cost Parameters Considered

Key Findings/Contributions

Identified Shortfalls/Gaps

Reference

Plasma-assisted NHj3 and
HNOj; synthesis

High-power plasma reactors
for nitrogen fixation

Decentralised NH3 /nitrate
plasma fertiliser systems

Plasma-catalytic
CO, conversion

Plasma-assisted
syngas production

Electrolyser-Haber—
Bosch systems

Equipment: Factorial estimation of CAPEX (reactor, gas
feed, power supply)

Maintenance: Preventive and corrective scheduling costs
Electricity: Modelled for grid and renewable supply
Monitoring: Included as control and

diagnostic subsystem

Equipment: CAPEX scaling by geometry and reactor size
Maintenance: Reactor degradation model based on
electrode wear

Electricity: Detailed energy consumption model per
reactor design

Monitoring: Partial inclusion (diagnostic costs estimated
as % of CAPEX)

Equipment: Annualised CAPEX for reactors and storage
Maintenance: Included scheduled replacement intervals
Electricity: Dynamic renewable vs. grid cost integration
Monitoring: Included Via automation and control
system costs

Equipment: CAPEX and depreciation

Maintenance: Operating and downtime maintenance
Electricity: Regional grid-mix based consumption
Monitoring: Not explicitly modelled

Equipment: Industrial-scale CAPEX functions
Maintenance: Annual repair and replacement costs
Electricity: Dynamic time-varying pricing

Monitoring: Included as continuous control and
diagnostic module

Equipment: CAPEX

Maintenance: Generic fixed O&M factor

Electricity: Renewable vs. grid scenario analysis
Monitoring: Not included

Integrated TEA-LCA-LCC assessment
for plasma nitrogen fixation;
electricity consumption dominated
(=70% of total LCC); maintenance and
monitoring 10-15%.

Developed geometry-dependent cost
model showing monitoring and
degradation can increase OPEX by 25%;
underscored need for durability data.

Conducted cradle-to-gate TEA-LCA
integrating environmental externalities;
predicted cost competitiveness for NTP
systems under renewable electricity.

Combined TEA-LCA for plasma
catalysis; identified electricity intensity
and maintenance as main

economic burdens.

Integrated dynamic TEA-LCA model;
found maintenance + monitoring
contribute 18% of total OPEX; electricity
variability strongly influences LCC.

Showed future cost parity of renewable
ammonia under CO, taxation;
benchmark for plasma comparisons.

Static depreciation and linear
maintenance assumptions; no
end-of-life or recycling costs; limited
regional cost calibration.

Empirical maintenance data limited;
simplified treatment of monitoring;
constant energy cost assumptions.

Monitoring and degradation data
remain low-resolution; regional
monetisation uncertainty; end-of-life
impacts omitted.

No explicit monitoring inclusion; lacks
time-resolved degradation data.

End-of-life excluded; model limited to
energy systems (not fertiliser context).

Oversimplified O&M costs; monitoring
and replacement phases not modelled.

[93]

[76]

[88]

[95]

[94]

[87]
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A similar methodological gap is evident in the techno-economic literature on slurry
acidification as an ammonia-mitigation and nutrient-retention strategy. As outlined
in Table 4, studies such as Tan et al. [96], Chadwick et al. [97], and Aghdam et al. [98] provide
valuable cost estimates for reagents, labour, and basic equipment, and demonstrate that
conventional acidification methods (e.g., using H,SO4 or HNO3) are both environmentally
effective and economically feasible, especially under large-scale operations or favourable
policy incentives. These analyses also highlight co-benefits such as enhanced nitrogen-
use efficiency, reduced PMj; 5 formation, and improved fertiliser-nutrient balance [29,99].
However, none of these studies offer a complete cradle-to-grave lifecycle-cost model that
accounts for capital depreciation, scheduled and unscheduled maintenance, electricity con-
sumption, pH-monitoring systems, or regulatory-compliance and safety costs. Moreover,
health and occupational risks associated with acid handling and emissions monitoring
remain largely unquantified, despite their potential influence on long-term economic and
environmental performance [21].

Emerging concepts such as PIA show promise for reducing chemical reagent use and
leveraging renewable electricity for on-site fertiliser acidification. Nevertheless, no exist-
ing techno-economic study comprehensively evaluates system integration, infrastructure-
retrofitting requirements, or indirect environmental impacts—including greenhouse-gas
mitigation, soil-acidification feedback, and water-quality outcomes—associated with such
systems. The absence of standardised, engineering-grade lifecycle-economic models for
both plasma-based and chemical acidification technologies thus represent a major gap
in current research. To facilitate accurate cross-comparison and policy evaluation, future
research should prioritise the development of integrated, dynamic lifecycle frameworks ca-
pable of capturing true operational complexity, accounting for regional and scale-dependent
variables, and evaluating long-term sustainability trade-offs across technology pathways
and farm typologies.

7. Path to Deployment of Plasma Induce Acidification Technology

The deployment of PIA technologies will depend on coordinated advances in en-
ergy efficiency, reactor engineering, systems integration, and enabling policy frameworks.
Achieving economic and environmental viability requires not only technical optimisa-
tion but also social acceptance and regulatory alignment to ensure scalability beyond
pilot settings.

A key technical priority is enhancing reactor energy efficiency. Future research should
focus on hybrid catalytic plasma systems capable of exploiting vibrational excitation and
warm plasma regimes to reduce the specific energy consumption of nitrogen fixation
reactions [12]. Advances in electrode materials, dielectric configurations, and reactor
geometry are essential for improving discharge stability, reducing fouling, and extending
reactor lifetime under humid, high-load agricultural conditions [85]. Integration of real-
time sensors and adaptive control algorithms will further enable dynamic optimisation of
plasma power input and nitrogen conversion rates [94,100].

In parallel, integration with renewable energy systems represents a critical pathway for
cost reduction and decarbonisation. Modular, decentralised plasma units powered by on-
farm photovoltaics or wind energy can operate flexibly with intermittent electricity supply,
converting surplus renewable energy into storable nitrogen compounds such as ammonium
nitrate [86,101]. These distributed systems offer an opportunity to close nutrient loops
locally, reduce reliance on fossil-based fertilisers, and strengthen energy self-sufficiency
in rural regions. Co-integration with anaerobic digestion (AD) or waste-to-energy (WtE)
plants can further improve process synergies by linking plasma nitrogen fixation with
existing carbon recovery, gas upgrading, and bioenergy infrastructures [18,102].
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Complementary approaches such as membrane separations, biochar-assisted adsorp-
tion, and controlled nitrification inhibition could enhance nutrient recovery and overall
process efficiency. These hybrid configurations should be validated under realistic operat-
ing conditions, including diverse slurry compositions and variable feed rates, to develop
reliable techno-economic models.

From a sustainability perspective, comprehensive life-cycle assessments (LCAs) and
techno-economic analyses (TEAs) are essential to quantify net greenhouse gas mitiga-
tion, resource use, and economic competitiveness relative to conventional acidification
systems. Standardising LCA methodologies across research groups and publishing open-
access datasets will promote transparency, comparability, and faster progress toward
industrial benchmarking [18].

Equally crucial is the institutional and policy framework underpinning deployment.
Establishing regional demonstration hubs where farmers, engineers, and policymakers
collaborate on pilot projects will facilitate real-world validation, operational learning, and
trust-building among end-users [20]. Policymakers should prioritise inclusion of plasma
acidification within BAT reference frameworks [92] and develop financial mechanisms—
such as innovation grants, tax incentives, and carbon credits—to reduce the investment risk
that often stalls promising agri-environmental technologies at the pre-commercial stage.

Ultimately, the path to deployment requires a systems-level approach that aligns
plasma reactor innovation with renewable energy integration, circular nutrient manage-
ment, and supportive regulation. Through sustained interdisciplinary research, collabo-
rative pilot programs, and targeted policy incentives, PIA can evolve from a promising
research concept into a practical, scalable solution for carbon-neutral nutrient recovery and
sustainable agricultural transformation.

7.1. Market Outlook and Enabling Conditions for Plasma Acidification

Assuming steady progress in research, development, and pilot-scale validation over
the next three to five years, PIA could plausibly attain limited adoption—on the order
of 1% market share—by 2030, consistent with general trajectories for emerging clean
technologies [101]. This projection is supported by techno-environmental assessments
of plasma treatment of digestates showing modest scaleup potential under favourable
conditions [14,73]. Plasma acidification remains highly energy-intensive, with reported
energy consumptions in plasma treatment of digestates on the order of 110-150 kWh per
tonne of liquid material (~0.40-0.54 GJ t~!), which scales to roughly 110-150 GJ per tonne
of nitrogen when applied to N-rich slurries [14,85]. Thus, the commercial viability of
plasma acidification is strongly tied to availability and cost of renewable electricity. The
2030 horizon also coincides with anticipated increases in renewable generation capacity
across the EU, particularly wind and solar, which are expected to drive down electricity
costs and associated carbon intensity [86,103]. These shifts would directly enhance the
techno-economic and environmental credentials of plasma-based mitigation technologies.

Initial deployment is most plausible in regions with high livestock densities, strin-
gent air quality regulation, and elevated marginal abatement costs for conventional
acidification—such as the Netherlands, Germany, and Denmark (as seen in EU ammonia
hotspot analyses) [104]. However, achieving even minimal market penetration requires
coordinated advances across multiple fronts: (1) development of robust, field-proven high
technology readiness level (TRL) systems [14,73]; (2) independent validation Via integrated
LCA and marginal abatement cost curve (MACC) analyses to confirm cost competitiveness
and greenhouse gas co-benefits [85,88]; (3) regulatory recognition through inclusion in
national ammonia mitigation plans or EU compliance frameworks; (4) policy instruments
to de-risk capital-intensive innovation (e.g., Horizon Europe, CAP eco-schemes, LIFE
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Programme) [18,20]; and (5) sustained growth in renewable electricity deployment to
ensure alignment with agricultural decarbonization goals [86,103].

Absent these enabling conditions especially inexpensive, low-carbon electricity—plasma
acidification is unlikely to scale commercially before 2030. In the near term, it should thus be
treated as a complementary, long-horizon innovation supporting, rather than supplanting,
conventional slurry acidification strategies in the EU’s ammonia mitigation portfolio [39].

7.2. Existing Pilot and Demonstration Projects for Plasma-Induced Acidification and
Nitrate Enrichment

The deployment of PIA technologies has decisively shifted from controlled laboratory
experiments toward real-world field demonstrations. As summarised in Table 5, a diverse
portfolio of pilot and demonstration projects is currently underway across Europe, North
America, and Asia. These initiatives range from containerised, on-farm nitrate production
systems to integrated plasma-aeration hybrids for raw slurry treatment.

A key observation from these projects is the strong emphasis on decentralisation
and renewable integration. Companies such as N2 Applied and Nitricity have focused
on compact, containerised units that operate directly on farms or within greenhouse
systems, often powered by local solar or wind energy—reducing transport and storage
costs while enabling nitrate-based fertiliser production on demand, in step with seasonal
crop needs [105,106]. For instance, N2 Applied’s Nitrogen Enriched Organic Fertiliser
(NEO) system has demonstrated ammonia emission reductions of 70-90% in storage
tests with biogas digestate, and field trials indicate very low field ammonia losses upon
application [105,107]. Performance metrics from pilot reactors (e.g., plasma reactors devel-
oped by Nitricity) report energy input efficiencies in the 3-10 kWh per kg N range while
maintaining competitive cost projections relative to conventional fertiliser routes—though
published peer-reviewed data remain limited [89,106].

Other innovative projects, such as the MAPS effort in Denmark, combine plasma treat-
ment with ventilation and acidification to achieve ammonia emission reductions of 65-85%
in slurry handling, illustrating the co-benefits of integrating PIA into established manure
management systems (108) while more experimental systems like electrodialysis—plasma
hybrids or microwave plasma nitric acid units illustrate the adaptability of plasma acidi-
fication across agricultural and wastewater contexts [94,102]. Several systems have now
reached Technology Readiness Levels (TRL) of 7-8, indicating a high degree of maturity
and readiness for integration into existing farm infrastructure [88,108]. Nonetheless, persis-
tent engineering challenges remain—particularly in achieving long-term electrode stability,
robust performance across variable humidity and temperature, and efficient coupling with
raw slurry matrices [85,93].

Opverall, the diversity of applications—from fertigation in protected cultivation to on-site
raw manure treatment—underscores the flexibility and scalability of plasma-based systems.
These field pilots provide strong empirical support that PLA may serve as a foundational
element of more sustainable, decentralised nitrogen management in agriculture [106,108].

Table 5. Plasma Induced Acidification Pilot Projects.

Project/Partner Location Technology Type Key Findings/Outcomes Application Ref.
Demonstrated substantial
Plasma-treated reduction in ammonia
NEO—Danish oreanic fertiliser (NH3) emissions from Sustainable
Studies Denmark (Ng Applied field application and agriculture, [105]
. 2 L pe _ .. .
(N2 Applied) NEO system) verified long-term emissions reduction

chemical stability of the
NEO-treated slurry.
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Table 5. Cont.
Project/Partner Location Technology Type Key Findings/Outcomes Application Ref.
Reduced ammonia losses
On-farm plasma during storage and
Snarum Lo .
. manure application of manure; Horticulture,
Gartneri Pilot Norway dep e . . . [109]
. acidification improved nitrogen fertigation
(N Applied) LI
system utilisation in
greenhouse fertigation.
Increased nitrogen
retention and reduced
Galavolden Gard Norwa Plasma reactor for ~ greenhouse gas emissions  Dairy farming, [110]
(N2 Applied) y manure treatment  in dairy farm trials; circular agriculture
improved
nutrient recovery.
. . Combined plasma
. Biogas-integrated . .
More Biogas technology with anaerobic .
. plasma L Biogas, renewable
Collaboration Norway el e digestion to enhance . . [111]
. acidification . energy integration
(N2 Applied) nutrient value and reduce
system o
odour emissions.
Field trials indicated
Van den Borne Plasma-treated nitrate-enriched slurry Arable farmin
Aardappelen Pilot ~ The Netherlands slurry improved potato crop recision a ric% lture [112]
(N, Applied) demonstration yields and reduced P &
nitrogen losses.
Renewable
electricity-driven plasma
process that converts air . -
Non-thermal and water into nitrate Sl:s::lircl’?izf fertilizer
Nitricity United States plasma nitrogen fertilizer, enabling on-site, Secentraliz; d [106]
fixation system carbon-free production aericulture
and reducing dependence &
on industrial ammonia
supply chains.
Converts air and water
. . . into plasma-activated Horticulture,
VitalFluid The Netherlands Atmospheric water for on-site fertiliser ~ fertigation, [113]
Plasma System plasma reactor . .
generation using greenhouse systems
renewable electricity.
Demonstrated renewable,
Plasma and CO,-free ammonia and Sustainable fertilizer
Plasma2X United Kingdom electrocz}talyhc fgrtlhzer prodt%ctlon production, [114]
ammonia directly from air and

synthesis system

water using low-energy
plasma technology.

green chemicals

8. Research Gaps

PIA represents a transformative advancement in sustainable nutrient management

and agricultural waste valorisation. Unlike conventional acidification methods reliant

on chemical acids such as sulphuric acid, plasma technologies utilise electrical energy to

produce reactive nitrogen species (RNS) and reactive oxygen species (ROS) directly from

air and water. This enables the stabilisation of nitrogen by converting volatile ammonia

(NH3) into stable ammonium nitrate (NH4NOj3), effectively doubling nitrogen retention,

reducing NHj3 emissions, and enriching slurry with nitrate-based nutrients [12].

Despite recent progress, several realistic barriers continue to prevent plasma-based

nitrogen systems from reaching the <30 GJ tN~! energy threshold required for economic
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competitiveness with the Haber-Bosch process. The most significant limitation remains
the intrinsic energy inefficiency of plasma-driven NOy synthesis, which typically oper-
ates between 100 and 200 GJ tN~! [12,101]. Although emerging innovations—such as
hybrid plasma—catalyst systems, vibrational excitation, and warm plasma configurations—
have shown potential to improve energy utilisation, these approaches have yet to achieve
stable performance outside controlled laboratory environments [11,85]. Under realistic
agricultural conditions, complex process variables introduce further inefficiencies: the het-
erogeneous composition of livestock slurry, its high solids and moisture content, and strong
buffering capacity all disrupt plasma discharge stability, lower ion transfer efficiency, and
reduce overall nitrogen conversion yield [20]. Additional engineering constraints, including
electrode degradation, dielectric ageing, and limited energy recovery from exhaust gases,
further erode efficiency gains [93]. Collectively, these technical and operational challenges
explain why current systems remain well above the desired energy benchmark, under-
scoring the need for integrated reactor optimisation, materials innovation, and process
adaptation to field conditions before PIA can become economically competitive.

Upscaling and system integration present further challenges. Pilot and demonstration
facilities must overcome engineering issues including electrode degradation, dielectric foul-
ing, discharge instability, and process control under field conditions [19]. The integration
of plasma reactors with existing anaerobic digestion (AD) or manure management systems
also raises operational and safety concerns, particularly regarding heat management and
high-voltage operation in moist environments.

Environmental assessment frameworks are also underdeveloped. To date, few life-
cycle assessments (LCAs) comprehensively evaluate PIA across emissions categories such
as avoided NHj3, CHy, and indirect N,O, alongside embodied energy and equipment
impacts [18,19]. Without these evaluations, the net environmental benefit of PIA relative to
conventional acidification remains uncertain.

Current research rarely investigates how conventional and plasma-based acidification
systems could be integrated—either sequentially or through hybrid configurations—to
optimise both operational performance and environmental outcomes. Furthermore, com-
parative techno-economic and context-specific evaluations remain limited, constraining
understanding of their practical feasibility across diverse agricultural settings. Advanc-
ing these studies is essential to guide the development of scalable, adaptable nitrogen
mitigation strategies that align environmental gains with agronomic effectiveness [88].

Finally, socioeconomic and policy barriers persist. The lack of standardised perfor-
mance metrics, limited farmer awareness, and absence of regulatory recognition as a Best
Available Technique (BAT) impede early adoption. Evidence from related ammonia mitiga-
tion technologies shows that perceived operational complexity and maintenance burdens
can deter farmers even when environmental benefits are clear [115].

Author Contributions: Writing—original draft preparation, B.K.; writing—review and editing, B.K.,
S.W,, D.S. and R.S. Conceptualisation—B.K. and R.S.; Visualisation—B.K.; Funding acquisition—R.S.
All authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by Engineering and Physical Sciences Research Council (ESPRC)
Doctoral Training Program and N2 Applied. The APC was partly funded by Cranfield University.
The authors have reviewed and edited the output and take full responsibility for the content of
this publication.

Data Availability Statement: No new data were created or analysed during this study. Data sharing
is not applicable to this article).



Nitrogen 2025, 6, 97 24 of 28

Conflicts of Interest: The authors declare no conflicts of interest. The funders had no role in the design
of the study; in the collection, analyses, or interpretation of data; in the writing of the manuscript; or
in the decision to publish the results.

References

1.  WRAP (n.d.). The Global Environmental Action NGO—UK. Available online: https:/ /wrap.org.uk (accessed on 12 September 2025).

2. Shen, J.; Treu, R.; Wang, J.; Nicholson, F; Bhogal, A.; Thorman, R. Modeling nitrous oxide emissions from digestate and slurry applied
to three agricultural soils in the United Kingdom: Fluxes and emission factors. Environ. Pollut. 2018, 243, 1952-1965. [CrossRef]

3. Moller, K.; Miiller, T. Effects of anaerobic digestion on digestate nutrient availability and crop growth: A review. Eng. Life Sci.
2012, 12, 242-257. [CrossRef]

4. Kai, P; Pedersen, P; Jensen, ].E.; Hansen, M.N.; Sommer, S.G. A whole-farm assessment of the efficacy of slurry acidification in
reducing ammonia emissions. Eur. |. Agron. 2008, 28, 148-154. [CrossRef]

5. Case, S.D.C; Oelofse, M.; Hou, Y.; Oenema, O.; Jensen, L.S. Farmer perceptions and use of organic waste products as fertilisers—A
survey study of potential benefits and barriers. Agric. Syst. 2017, 151, 84-95. [CrossRef]

6.  Shi, W,; Healy, M.G.; Ashekuzzaman, S.M.; Daly, K.; Fenton, O. Mineral fertiliser equivalent value of dairy processing sludge and
derived biochar using ryegrass (Lolium perenne L.) and spring wheat (Triticum aestivum). J. Environ. Manag. 2022, 321, 116012. [CrossRef]

7. Murnane, ].G. Combined Zeolite and Chemical Amendments Mixed with Agricultural Wastes to Reduce Surface and Leaching
Losses of Nutrients and Greenhouse Gas Emissions, and Biofilter Treatment of Dairy Soiled Water. Ph.D. Thesis, National
University of Ireland Galway, Galway, Ireland, 2017. Available online: https:/ /www.universityofgalway.ie/media/gene/files/
John-Murnane{-}{-}-Thesis-%28final%29.pdf (accessed on 12 August 2025).

8.  Ingels, R,; Graves, D.B. Improving the efficiency of organic fertilizer and nitrogen use via air plasma and distributed renewable
energy. Plasma Med. 2015, 5, 257-270. [CrossRef]

9. Nyvold, M.; Dérsch, P. Complete elimination of methane formation in stored livestock manure using plasma technology. Front.
Sustain. Food Syst. 2024, 8, 1370542. [CrossRef]

10. Chen, H.; Yuan, D.; Wu, A,; Lin, X,; Li, X. Review of low-temperature plasma nitrogen fixation technology. Waste Dispos. Sustain.
Energy 2021, 3, 201-217. [CrossRef]

11.  Pei, X,; Gidon, D.; Yang, Y.-J.; Xiong, Z.; Graves, D.B. Reducing energy cost of NOx production in air plasmas. Chem. Eng. J. 2019,
362, 217-228. [CrossRef]

12. Rouwenhorst, K.H.; Jardali, F; Bogaerts, A.; Lefferts, L. From the Birkeland-Eyde process towards energy-efficient plasma-based
NOx synthesis: A techno-economic analysis. Energy Environ. Sci. 2021, 14, 2520-2534. [CrossRef]

13.  Rouwenhorst, K.H.; Engelmann, Y; van 't Veer, K.; Postma, R.S.; Bogaerts, A.; Lefferts, L. Plasma-driven catalysis: Green ammonia
synthesis with intermittent electricity. Green Chem. 2020, 22, 6258-6287. [CrossRef]

14. Nyang'au, ].O.; Serensen, P.; Meller, H.B. Effects of plasma treatment of digestates on pH, nitrification and nitrogen turnover
during storage and after soil application. Environ. Technol. Innov. 2024, 34, 103578. [CrossRef]

15. Jiang, B.; Zheng, J.; Qiu, S.; Wu, M.; Zhang, Q.; Yan, Z.; Xue, Q. Review on electrical discharge plasma technology for wastewater
remediation. Chem. Eng. . 2014, 236, 348-368. [CrossRef]

16. Tripathi, B.M.; Shukla, S.K.; Rathore, PX.S. A comprehensive review on solar to thermal energy conversion and storage using
phase change materials. J. Energy Storage 2023, 72, 108280. [CrossRef]

17.  Akay, G. Green ammonia, nitric acid, advanced fertilizer and electricity production with in situ CO, capture and utilization by
integrated intensified nonthermal plasma catalytic processes: A technology transfer review for distributed biorefineries. Catalysts
2025, 15, 105.

18. Jacob, S.; Kundu, D.; Chintagunta, A.D.; Samanta, P.; Mahata, C.; Dey, S.; Shibirathna, R.G.; Barathi, A.; Kumar, S.; Wang, Z.; et al.
Anaerobic digestion-derived digestate valorization: Green chemistry innovations for resource recovery and reutilization. Green
Chem. 2025, 27, 7472-7505. [CrossRef]

19. Speer, D. Optimization and Implementation of Continuous Liquid-Liquid Extraction and In-Situ Separation Processes for
Practical Recovery. Doctoral Dissertation, 2024. University of Michigan. Available online: https://hdl.handle.net/2027.42 /194447
(accessed on 21 October 2025).

20. Vaneeckhaute, C.; Belia, E.; Meers, E.; Tack, EM.G.; Vanrolleghem, P.A. Nutrient recovery from digested waste: Towards a generic
roadmap for setting up an optimal treatment train. Waste Manag. 2018, 78, 385-392. [CrossRef]

21. Ndegwa, PM.; Hristov, A.N.; Arogo, J.; Sheffield, R.E. A review of ammonia emission mitigation techniques for concentrated
animal feeding operations. Biosyst. Eng. 2008, 100, 453-469. [CrossRef]

22.  Webb, ].; Menzi, H.; Pain, B.F; Misselbrook, T.H.; Dammgen, U.; Hendriks, H.; Dohler, H. Managing ammonia emissions from
livestock production in Europe. Environ. Pollut. 2005, 135, 399—406. [CrossRef]

23. Finzi, A,; Riva, E.; Bicoku, A.; Guido, V.; Shallari, S.; Provolo, G. Comparison of techniques for ammonia emission mitigation during

storage of livestock manure and assessment of their effect in the management chain. J. Agric. Eng. 2019, 50, 12-19. [CrossRef]


https://wrap.org.uk
https://doi.org/10.1016/j.envpol.2018.08.102
https://doi.org/10.1002/elsc.201100085
https://doi.org/10.1016/j.eja.2007.06.004
https://doi.org/10.1016/j.agsy.2016.11.012
https://doi.org/10.1016/j.jenvman.2022.116012
https://www.universityofgalway.ie/media/gene/files/John-Murnane---Thesis-(final).pdf
https://www.universityofgalway.ie/media/gene/files/John-Murnane---Thesis-(final).pdf
https://doi.org/10.1615/PlasmaMed.2016015763
https://doi.org/10.3389/fsufs.2024.1370542
https://doi.org/10.1007/s42768-021-00074-z
https://doi.org/10.1016/j.cej.2019.01.011
https://doi.org/10.1039/D0EE03763J
https://doi.org/10.1039/D0GC02058C
https://doi.org/10.1016/j.eti.2024.103578
https://doi.org/10.1016/j.cej.2013.09.090
https://doi.org/10.1016/j.est.2023.108280
https://doi.org/10.1039/D5GC01053E
https://hdl.handle.net/2027.42/194447
https://doi.org/10.1016/j.wasman.2018.05.047
https://doi.org/10.1016/j.biosystemseng.2008.05.010
https://doi.org/10.1016/j.envpol.2004.11.013
https://doi.org/10.4081/jae.2019.881

Nitrogen 2025, 6, 97 25 of 28

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

Wang, Y,; Guo, H.; Wang, S.; Zhang, J.; Zhu, Z.; Li, X.; Dong, H. Sulfuric acid modified expanded vermiculite cover for reducing
ammonia emissions from animal slurry storage. J. Hazard. Mater. 2021, 403, 123954. [CrossRef]

Pan, B.; Lam, S.K.; Mosier, A.; Luo, Y.; Chen, D. Ammonia volatilization from synthetic fertilizers and its mitigation strategies: A
global synthesis. Agric. Ecosyst. Environ. 2016, 232, 283-289. [CrossRef]

Li, X.; Wen, Q.; Zhang, S.; Li, N.; Yang, J.; Romanya, J.; Han, X. Long-term changes in organic and inorganic phosphorus
compounds as affected by long-term synthetic fertilisers and pig manure in arable soils. Plant Soil 2022, 472, 239-255. [CrossRef]
Philippe, FX.; Laitat, M.; Wavreille, J.; Bartiaux-Thill, N.; Nicks, B.; Cabaraux, ].F. Ammonia and greenhouse gas emission from
group-housed gestating sows depends on floor type. Agric. Ecosyst. Environ. 2011, 140, 498-505. [CrossRef]

Guo, L.; Zhao, B, Jia, Y.; He, F.; Chen, W. Mitigation strategies of air pollutants for mechanical ventilated livestock and poultry
housing—A review. Atmosphere 2022, 13, 452. [CrossRef]

Wang, Y.; Dong, H.; Zhu, Z.; Gerber, PJ.; Xin, H.; Smith, P.; Opio, C.; Steinfeld, H.; Chadwick, D. Mitigating greenhouse gas and
ammonia emissions from swine manure management: A system analysis. Environ. Sci. Technol. 2017, 51, 4503-4511. [CrossRef]
Montes, E; Meinen, R.; Dell, C.; Rotz, A.; Hristov, A.N.; Oh, J.; Waghorn, G.; Gerber, PJ.; Henderson, B.; Makkar, H.P;
et al. SPECIAL TOPICS—Mitigation of methane and nitrous oxide emissions from animal operations: II. A review of manure
management mitigation options. J. Anim. Sci. 2013, 91, 5070-5094. [CrossRef]

Smith, D.R. Reducing Phosphorus Runoff Through Diet Modification and Treatment of Manure with Aluminum Amendments; University
of Arkansas: Fayetteville, AR, USA, 2002.

Karamanlis, X.; Fortomaris, P.; Arsenos, G.; Dosis, I.; Papaioannou, D.; Batzios, C.; Kamarianos, A. The effect of a natural
zeolite (clinoptilolite) on the performance of broiler chickens and the quality of their litter. Asian-Australas. ]. Anim. Sci. 2008,
21, 1642-1650. [CrossRef]

Zielifiska, M.; Butkowska, K. Sustainable management and advanced nutrient recovery from biogas energy sector effluents.
Energies 2024, 17, 3705. [CrossRef]

Sommer, S.G.; Hutchings, N.J. Ammonia emission from field applied manure and its reduction. Eur. J. Agron. 2001, 15, 1-15.
[CrossRef]

Ragazzi, M.; Maniscalco, M.; Torretta, V.; Ferronato, N.; Rada, E.C. Anaerobic digestion as sustainable source of energy: A
dynamic approach for improving the recovery of organic waste. Energy Procedia 2017, 119, 602-614. [CrossRef]

Obileke, K.; Nwokolo, N.; Makaka, G.; Mukumba, P.; Onyeaka, H. Anaerobic digestion: Technology for biogas production as a
source of renewable energy—A review. Energy Environ. 2021, 32, 191-225. [CrossRef]

Perera, M.K.; Englehardt, ].D.; Dvorak, A.C. Technologies for recovering nutrients from wastewater: A critical review. Environ.
Eng. Sci. 2019, 36, 511-529. [CrossRef]

Kumar, R.; Pal, P. Assessing the feasibility of N and P recovery by struvite precipitation from nutrient-rich wastewater: A review.
Environ. Sci. Pollut. Res. 2015, 22, 17453-17464. [CrossRef]

Van Grinsven, H.J.; Tiktak, A.; Rougoor, C.W. Evaluation of the Dutch implementation of the nitrates directive, the water
framework directive and the national emission ceilings directive. NJAS—Wagening. |. Life Sci. 2016, 78, 69-84. [CrossRef]
Suérez Valdés, M.A.; Soriano Disla, J.M.; Gambuzzi, E.; Castejéon Martinez, G. Innovative circular biowaste valorisation—State of
the art and guidance for cities and regions. Sustainability 2024, 16, 8963. [CrossRef]

Long, A.S.M. Multi-Objective Analysis of Nutrient Use and Recycling Under Consideration of Economic Conditions and Regional
Structures. Doctoral Dissertation, Technische Universitat Wien, Vienna, Austria, 2025.

Terraz, L.; Silva, T.; Morillo-Candas, A.; Guaitella, O.; Tejero-del-Caz, A.; Alves, L.L.; Guerra, V. Influence of N, on the CO, vibrational
distribution function and dissociation yield in non-equilibrium plasmas. J. Phys. D Appl. Phys. 2019, 53, 094002. [CrossRef]
Vervloessem, E.; Gorbanev, Y.; Nikiforov, A.; De Geyter, N.; Bogaerts, A. Sustainable NO x production from air in pulsed
plasma: Elucidating the chemistry behind the low energy consumption. Green Chem. 2022, 24, 916-929. [CrossRef]

Lamichhane, P; Paneru, R.; Nguyen, L.N.; Lim, J.S.; Bhartiya, P.; Adhikari, B.C.; Mumtaz, S.; Choi, E.H. Plasma-assisted nitrogen
fixation in water with various metals. React. Chem. Eng. 2020, 5, 2053—-2057. [CrossRef]

van 't Veer, K.; Engelmann, Y.; Reniers, F.; Bogaerts, A. Plasma-catalytic ammonia synthesis in a DBD plasma: Role of microdis-
charges and their afterglows. J. Phys. Chem. C 2020, 124, 22871-22883. [CrossRef]

Cai, Y.;; Lv, L.; Lu, X. The effects of inner electrode diameter on the performance of dielectric barrier discharge reactor for
desulfurization and denitrification. IEEE Trans. Plasma Sci. 2021, 49, 786-793. [CrossRef]

Mizoi, K.; Rodriguez-Gonzalez, V.; Sasaki, M.; Suzuki, S.; Honda, K,; Ishida, N.; Suzuki, N.; Kuchitsu, K.; Kondo, T.; Yuasa,
M.; et al. Interactions between pH, reactive species, and cells in plasma-activated water can remove algae. RSC Adv. 2022,
12,7626-7634. [CrossRef]

Wong, K.S.; Chew, N.S.; Low, M.; Tan, M.K. Plasma-activated water: Physicochemical properties, generation techniques, and
applications. Processes 2023, 11, 2213. [CrossRef]

Hu, X.; Zhang, Y.; Wu, R.A;; Liao, X.; Liu, D.; Cullen, PJ.; Zhou, RW.,; Ding, T. Diagnostic analysis of reactive species in
plasma-activated water (PAW): Current advances and outlooks. J. Phys. D Appl. Phys. 2021, 55, 023002. [CrossRef]


https://doi.org/10.1016/j.jhazmat.2020.123954
https://doi.org/10.1016/j.agee.2016.08.019
https://doi.org/10.1007/s11104-021-05225-z
https://doi.org/10.1016/j.agee.2011.01.018
https://doi.org/10.3390/atmos13030452
https://doi.org/10.1021/acs.est.6b06430
https://doi.org/10.2527/jas.2013-6584
https://doi.org/10.5713/ajas.2008.70652
https://doi.org/10.3390/en17153705
https://doi.org/10.1016/S1161-0301(01)00112-5
https://doi.org/10.1016/j.egypro.2017.07.086
https://doi.org/10.1177/0958305X20923117
https://doi.org/10.1089/ees.2018.0436
https://doi.org/10.1007/s11356-015-5450-2
https://doi.org/10.1016/j.njas.2016.03.010
https://doi.org/10.3390/su16208963
https://doi.org/10.1088/1361-6463/ab55fb
https://doi.org/10.1039/D1GC02762J
https://doi.org/10.1039/D0RE00248H
https://doi.org/10.1021/acs.jpcc.0c05110
https://doi.org/10.1109/TPS.2021.3049126
https://doi.org/10.1039/D1RA07774K
https://doi.org/10.3390/pr11072213
https://doi.org/10.1088/1361-6463/ac286a

Nitrogen 2025, 6, 97 26 of 28

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

Graves, D.B.; Bakken, L.B.; Jensen, M.B.; Ingels, R. Plasma activated organic fertilizer. Plasma Chem. Plasma Process. 2019, 39, 1-19.
[CrossRef]

Burstrom, P.E.C. CFD-Modelling of the SNCR Process in Iron Ore Grate-Kiln Plants; Luled University of Technology: Lulea, Sweden,
2012. Available online: https://www.diva-portal.org/smash/get/diva2:990041/FULLTEXT01.pdf (accessed on 10 October 2025).
Babatunde, A.O.; Zhao, Y.Q. Equilibrium and kinetic analysis of phosphorus adsorption from aqueous solution by alum sludge.
J. Hazard. Mater. 2010, 184, 746-752. [CrossRef]

Liu, S.; Berns, A.E.; Vereecken, H.; Wu, D.; Briiggemann, N. Interactive effects of MnOj,, organic matter and pH on abiotic
formation of N,O from hydroxylamine in artificial soil mixtures. Sci. Rep. 2017, 7, 39590. [CrossRef]

Anglada, ].M.; Martins-Costa, M.; Francisco, ].S.; Ruiz-Lopez, M.F. Interconnection of reactive oxygen species chemistry across
the interfaces of atmospheric, environmental, and biological processes. Acc. Chem. Res. 2015, 48, 575-583. [CrossRef]

Rumbach, P.; Bartels, D.M.; Go, D.B. The penetration and concentration of solvated electrons and hydroxyl radicals at a
plasma-liquid interface. Plasma Sources Sci. Technol. 2018, 27, 115013. [CrossRef]

Vanraes, P; Nikiforov, A.; Bogaerts, A.; Leys, C. Study of an AC dielectric barrier single micro-discharge filament over a water
film. Sci. Rep. 2018, 8, 10919. [CrossRef] [PubMed]

Snoeckx, R.; Bogaerts, A. Plasma technology—A novel solution for CO, conversion? Chem. Soc. Rev. 2017, 46, 5805-5863.
[CrossRef]

Kogelschatz, U. Dielectric-barrier discharges: Their history, discharge physics, and industrial applications. Plasma Chem. Plasma
Process. 2003, 23, 1-46. [CrossRef]

Galloway, ].N.; Townsend, A.R; Erisman, ].W.; Bekunda, M.; Cai, Z.; Freney, ].R.; Martinelli, L.A.; Seitzinger, S.P.; Sutton, M. A.
Transformation of the nitrogen cycle: Recent trends, questions, and potential solutions. Science 2008, 320, 889-892. [CrossRef]
Oehmigen, K.; Hihnel, M.; Brandenburg, R.; Wilke, C.; Weltmann, K.D.; Von Woedtke, T. The role of acidification for antimicrobial
activity of atmospheric pressure plasma in liquids. Plasma Process. Polym. 2010, 7, 250-257. [CrossRef]

Vaneeckhaute, C. Nutrient Recovery from Bio-Digestion Waste: From Field Experimentation to Model-Based Optimization.
Doctoral Dissertation, Université Laval, Québec, QC, Canada, 2015.

Attri, P; Ishikawa, K.; Okumura, T.; Koga, K.; Shiratani, M. Plasma agriculture from laboratory to farm: A review. Processes 2020,
8,1002. [CrossRef]

Li, M,; Xiong, Z.; Song, Z.; Wang, W.; Hou, Z.; Dai, Y. Inhibit ammonia volatilization from agriculture and livestock by air
plasma-activated water. J. Phys. D Appl. Phys. 2024, 57, 395205. [CrossRef]

Wang, B.; Hu, Q.; Castillo, B.F,; Simley, C.; Yates, A.; Sharbono, B.; Brasier, K.; Cappelli, M.A. Plasma-fixed nitrogen improves
lettuce field holding potential. HortTechnology 2024, 34, 187-189. [CrossRef]

Lloyd, LL.; Grayson, R.P; Galdos, M.V.; Morrison, R.; Chapman, P.J. Nitrous oxide and methane fluxes from plasma-treated pig
slurry applied to winter wheat. Nutr. Cycl. Agroecosyst. 2024, 129, 505-520. [CrossRef]

Ye, X.P. Decarbonizing nitrogen fertilizer for agriculture with nonthermal plasma technology. Engineering 2024, 5, 1823-1837.
[CrossRef]

Cannazzaro, S.; Traversari, S.; Cacini, S.; Di Lonardo, S.; Pane, C.; Burchi, G.; Massa, D. Non-thermal plasma treatment influences
shoot biomass, flower production and nutrition of gerbera plants depending on substrate composition and fertigation level.
Plants 2021, 10, 689. [CrossRef]

Kocira, S.; Pérez-Piz4, M.C.; Bohata, A.; Bartos, P.; Szparaga, A. Cold plasma as a potential activator of plant biostimulants.
Sustainability 2022, 14, 495. [CrossRef]

Stoleru, V.; Burlica, R.; Mihalache, G.; Dirlau, D.; Padureanu, S.; Teliban, G.C.; Astanei, D.; Cojocaru, A.; Beniuga, O.; Patras, A.
Plant growth promotion effect of plasma activated water on Lactuca sativa L. cultivated in two different volumes of substrate. Sci.
Rep. 2020, 10, 20920. [CrossRef] [PubMed]

Wu, S.; Thapa, B.; Rivera, C.; Yuan, Y. Nitrate and nitrite fertilizer production from air and water by continuous flow liquid-phase
plasma discharge. J. Environ. Chem. Eng. 2021, 9, 104761. [CrossRef]

Ruamrungsri, S.; Sawangrat, C.; Panjama, K.; Sojithamporn, P; Jaipinta, S.; Srisuwan, W.; Intanoo, M.; Inkham, C.; Thanaporn-
poonpong, S.N. Effects of using plasma-activated water as a nitrate source on the growth and nutritional quality of hydroponically
grown green oak lettuces. Horticulturae 2023, 9, 248. [CrossRef]

Sedhai, B.; Guragain, R.P; Shrestha, B.; Sedhai, S.; Baniya, H.B.; Subedi, D.P. Enhancement of seed germination of Daucus carota
sativus L. by non--thermal plasma treatment. Contrib. Plasma Phys. 2023, 63, €202200123. [CrossRef]

Cottis, T.; Mousavi, H.; Solberg, S.J. Plasma treated cattle slurry with modest fertilizer effect on grass. Eur. J. Agron. 2025,
168, 127649. [CrossRef]

Sze, C.; Wang, B.; Xu, J.; Rivas-Davila, J.; Cappelli, M.A. Plasma-fixated nitrogen as fertilizer for turf grass. RSC Adv. 2021,
11, 37886-37895. [CrossRef]

Malek, T.; Choudhary, M. Plasma Agriculture: A green technology to attain the sustainable agriculture goal. arXiv 2023,
arXiv:2302.02273. [CrossRef]


https://doi.org/10.1007/s11090-018-9944-9
https://www.diva-portal.org/smash/get/diva2:990041/FULLTEXT01.pdf
https://doi.org/10.1016/j.jhazmat.2010.08.102
https://doi.org/10.1038/srep39590
https://doi.org/10.1021/ar500412p
https://doi.org/10.1088/1361-6595/aaed07
https://doi.org/10.1038/s41598-018-29189-w
https://www.ncbi.nlm.nih.gov/pubmed/30026600
https://doi.org/10.1039/C6CS00066E
https://doi.org/10.1023/A:1022470901385
https://doi.org/10.1126/science.1136674
https://doi.org/10.1002/ppap.200900077
https://doi.org/10.3390/pr8081002
https://doi.org/10.1088/1361-6463/ad5d7a
https://doi.org/10.21273/HORTTECH05369-23
https://doi.org/10.1007/s10705-024-10363-8
https://doi.org/10.3390/eng5030097
https://doi.org/10.3390/plants10040689
https://doi.org/10.3390/su14010495
https://doi.org/10.1038/s41598-020-77355-w
https://www.ncbi.nlm.nih.gov/pubmed/33262393
https://doi.org/10.1016/j.jece.2020.104761
https://doi.org/10.3390/horticulturae9020248
https://doi.org/10.1002/ctpp.202200123
https://doi.org/10.1016/j.eja.2025.127649
https://doi.org/10.1039/D1RA07074F
https://doi.org/10.48550/arXiv.2302.02273

Nitrogen 2025, 6, 97 27 of 28

76.

77.

78.

79.

80.

81.

82.

83.

84.
85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

Anastasopoulou, A.; Keijzer, R.; Butala, S.; Lang, J.; Van Rooij, G.; Hessel, V. Eco-efficiency analysis of plasma-assisted nitrogen
fixation. J. Phys. D Appl. Phys. 2020, 53, 234001. [CrossRef]

Takeshi, S.; Takashima, K.; Sasaki, S.; Higashitani, A.; Kaneko, T. Plasma nitrogen fixation for plant cultivation with air-derived
dinitrogen pentoxide. Plasma Process. Polym. 2024, 21, €2400096. [CrossRef]

Konchekov, EM.; Krivtsov, I.V.; O’Connell, D.; Fridman, A. Advancements in Plasma Agriculture: A Review of Recent Studies.
Plasma Chem. Plasma Process. 2023, 43, 15093. [CrossRef]

Ranieri, P; Sponsel, N.; Kizer, J.; Rojas-Pierce, M.; Herndndez, R.; Gatiboni, L.; Grunden, A.; Stapelmann, K. Plasma agricul-
ture: Review from the perspective of the plant and its ecosystem. Plasma Process. Polym. 2021, 18, €2000162. [CrossRef]
Thirumdas, R.; Kothakota, A.; Annapure, U; Siliveru, K.; Blundell, R.; Gatt, R.; Valdramidis, V.P. Plasma-activated water (PAW): Chem-
istry, physico-chemical properties, applications in food and agriculture. Trends Food Sci. Technol. 2018, 77, 21-33. [CrossRef]
European Parliament and Council of the European Union (2019) Regulation (EU) 2019/1009 of 5 June 2019 Laying down Rules on
the Making Available on the Market of EU Fertilising Products and Amending Regulations (EC) No 1069/2009 and (EC) No
1107/2009 and Repealing Regulation (EC) No 2003 /2003. Official Journal of the European Union, L 170. pp. 1-114. Available
online: https:/ /eur-lex.europa.eu/legal-content/EN/TXT /?uri=CELEX%3A32019R1009 (accessed on 12 August 2024).

Zhou, R;; Wang, P;; Xian, Y.; Mai-Prochnow, A.; Lu, X.; Cullen, PJ.; Ostrikov, K.K.; Bazaka, K. Plasma-activated water: Generation,
origin of reactive species and biological applications. J. Phys. D Appl. Phys. 2020, 53, 303001. [CrossRef]

Abdelaziz, A.A.; Teramoto, Y.; Nozaki, T.; Kim, H.H. Performance of high-frequency spark discharge for efficient NOx production
with tunable selectivity. Chem. Eng. ]. 2023, 470, 144182. [CrossRef]

Patil, B.S.; Wang, Q.; Hessel, V.; Lang, J. Plasma Nj-fixation: 1900-2014. Catal. Today 2015, 256, 49-66. [CrossRef]

Klimek, A.; Piercey, D.G. Nitrogen fixation via plasma-assisted processes: Energy performance, scale-up challenges and techno-
economic perspectives. Processes 2024, 12, 786. [CrossRef]

International Energy Agency (IEA). World Energy Outlook 2024; OECD/IEA: Paris, France, 2024. Available online: https:
/ /www.iea.org/reports/world-energy-outlook-2024 (accessed on 12 October 2025).

Fasihi, M.; Weiss, R.; Savolainen, J.; Breyer, C. Global potential of green ammonia based on hybrid PV-wind power plants. Appl.
Energy 2021, 294, 116170. [CrossRef]

Osorio-Tejada, J.L.; Rebrov, E.V.; Hessel, V. Internalisation of environmental costs of decentralised nitrogen-fertiliser production.
Int. |. Life Cycle Assess. 2023, 28, 2213-2228. [CrossRef] [PubMed]

Nyvold, S.; Ingels, R. The Industrial Applications and Economic Viability of Plasma-Based Nitrogen Fixation. 2025. Available
online: https://www.researchgate.net/publication/387867891_The_industrial_applications_and_economic_viability_of_plasma-
based_nitrogen_fixation (accessed on 12 October 2025).

Pérez-Ramirez, J.; Kapteijn, E; Schoffel, K.; Moulijn, J].A. Formation and control of N>O in nitric acid production: Where do we
stand today? Appl. Catal. B Environ. 2003, 44, 117-151. [CrossRef]

Miller, V.V,; Clark, D.S.; Mesbah, A. Ammonia retention in biowaste via low-temperature-plasma-synthesized nitrogen oxyacids:
Toward sustainable upcycling of animal waste. ACS Sustain. Chem. Eng. 2024, 12, 2621-2631. [CrossRef]

Hermann, L.; Hermann, R. Report on Regulations Governing AD and NRR in EU Member States. SYSTEMIC Project. 2018.
Available online: https://systemicproject.eu/wp-content/uploads/2018/07/D-2.1_Reg_governing_ AD_and_NRR_in_EU_MS_
final_report.pdf (accessed on 10 September 2025).

Anastasopoulou, A. Conceptual Process Design of Plasma-Assisted Nitrogen Fixation Through Energy-Integration Paradigms; Eindhoven
University of Technology: Eindhoven, The Netherlands, 2018. Available online: https://research.tue.nl/files /105883898 /201809
19_CO_Anastasopoulou.pdf (accessed on 9 October 2025).

Escriba-Gelonch, M.; Osorio-Tejada, J.; Yu, L.; Wanten, B.; Bogaerts, A.; Hessel, V. Techno-economic and life-cycle assessment for syngas
production using sustainable plasma-assisted methane reforming technologies. Energy Environ. Sci. 2025, 18, 6043-6062. [CrossRef]
Lamberts-Van Assche, H. A Techno-Economic and Environmental Life Cycle Assessment of Plasma Catalysis for the Conversion of
CO;: Towards the Design of a Novel Carbon Capture and Utilization Technology in an Uncertain Future; University of Antwerp: Antwerp,
Belgium, 2023.

Tan, W.E.; Liew, PY,; Tan, L.S.; Woon, K.S.; Mohammad Rozali, N.E.; Ho, W.S.; NorRuwaida, ]. Life cycle assessment and
techno-economic analysis for anaerobic digestion as cow manure management system. Energies 2022, 15, 9586. [CrossRef]
Chadwick, D.; Sommer, S.; Thorman, R.; Fangueiro, D.; Cardenas, L.; Amon, B.; Misselbrook, T. Manure management: Implications
for greenhouse gas emissions. Anim. Feed Sci. Technol. 2011, 166, 514-531. [CrossRef]

Aghdam, S. Environmental Impact Assessment (LCA) and Techno-Economic Assessment (TEA) of Struvite Recovery in Swine Manure;
North Carolina State University: Raleigh, NC, USA, 2022.

Li, B.; Liao, H.; Li, K.; Wang, Y.; Zhang, L.; Guo, Y,; Liu, L.; Li, J; Jin, ].; Yang, Y.; et al. Unlocking nitrogen management potential
via large-scale farming for air quality and substantial co-benefits. Natl. Sci. Rev. 2024, 11, nwae324. [CrossRef]

Adamovich, I.; Agarwal, S.; Ahedo, E.; Alves, L.L.; Baalrud, S.; Babaeva, N.; Bogaerts, A.; Bourdon, A.; Bruggeman, PJ.; Canal, C; et al.
The 2022 Plasma Roadmap: Low temperature plasma science and technology. J. Phys. D Appl. Phys. 2022, 55, 373001. [CrossRef]


https://doi.org/10.1088/1361-6463/ab71a8
https://doi.org/10.1002/ppap.202400096
https://doi.org/10.3390/ijms242015093
https://doi.org/10.1002/ppap.202000162
https://doi.org/10.1016/j.tifs.2018.05.007
https://eur-lex.europa.eu/legal-content/EN/TXT/?uri=CELEX:32019R1009
https://doi.org/10.1088/1361-6463/ab81cf
https://doi.org/10.1016/j.cej.2023.144182
https://doi.org/10.1016/j.cattod.2015.05.005
https://doi.org/10.3390/pr12040786
https://www.iea.org/reports/world-energy-outlook-2024
https://www.iea.org/reports/world-energy-outlook-2024
https://doi.org/10.1016/j.apenergy.2020.116170
https://doi.org/10.1007/s11367-023-02187-5
https://www.ncbi.nlm.nih.gov/pubmed/37363085
https://www.researchgate.net/publication/387867891_The_industrial_applications_and_economic_viability_of_plasma-based_nitrogen_fixation
https://www.researchgate.net/publication/387867891_The_industrial_applications_and_economic_viability_of_plasma-based_nitrogen_fixation
https://doi.org/10.1016/S0926-3373(03)00026-2
https://doi.org/10.1021/acssuschemeng.3c06423
https://systemicproject.eu/wp-content/uploads/2018/07/D-2.1_Reg_governing_AD_and_NRR_in_EU_MS_final_report.pdf
https://systemicproject.eu/wp-content/uploads/2018/07/D-2.1_Reg_governing_AD_and_NRR_in_EU_MS_final_report.pdf
https://research.tue.nl/files/105883898/20180919_CO_Anastasopoulou.pdf
https://research.tue.nl/files/105883898/20180919_CO_Anastasopoulou.pdf
https://doi.org/10.1039/D4EE05129G
https://doi.org/10.3390/en15249586
https://doi.org/10.1016/j.anifeedsci.2011.04.036
https://doi.org/10.1093/nsr/nwae324
https://doi.org/10.1088/1361-6463/ac5e1c

Nitrogen 2025, 6, 97 28 of 28

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

International Energy Agency (IEA). Ammonia Technology Roadmap: Towards More Sustainable Nitrogen Fertilizer Production;
OECD/IEA: Paris, France, 2021. Available online: https:/ /www.iea.org/reports/ammonia-technology-roadmap (accessed on
11 October 2025).

Ayub, Y.; Zhou, J.; Ren, J.; Wang, Y.; Shen, W.; He, C.; Dong, L.; Toniolo, S. Plasma gasification-based monetization of poultry
litter: System optimization and comprehensive 5E analysis. Energy Convers. Manag. 2023, 282, 116878. [CrossRef]
Carmona-Martinez, A.A.; Rontogianni, A.; Zeneli, M.; Grammelis, P; Birgi, O.; Janssen, R.; Di Costanzo, B.; Vis, M.; Davidis, B.;
Reumerman, P; et al. Charting the course: Navigating decarbonisation pathways in Greece, Germany, The Netherlands, and
Spain’s industrial sectors. Sustainability 2024, 16, 6176. [CrossRef]

Tichy, O.; Eckhardt, S.; Balkanski, Y.; Hauglustaine, D.; Evangeliou, N. Decreasing trends of ammonia emissions over Europe
seen from remote sensing and inverse modelling. Atmos. Chem. Phys. 2023, 23, 15235-15252. [CrossRef]

N2 Applied. Danish Studies Demonstrate Substantial Reduction in Ammonia Emissions from Field Application and Long-
Term Stability of NEO Fertiliser. 2025. Available online: https://n2applied.com/2025/01/16/danish-studies-demonstrate-
substantial-reduction-in-ammonia-emissions-from-field-application-and-long-term-chemical-stability-of-neo-n2-applieds-
organic-fertiliser/ (accessed on 13 October 2025).

Nitricity. Non-Equilibrium Plasma for Energy-Efficient Nitrogen Fixation; U.S. Department of Energy: Washington, DC, USA, 2025.
Available online: https:/ /arpa-e.energy.gov/programs-and-initiatives/search-all-projects /non-equilibrium-plasma-energy-
efficient-nitrogen-fixation (accessed on 13 October 2025).

Heidner, Performance Report 2020 (N2 Applied Trial Data) 2020. N2 Applied—NEO Performance Data. Available online: https:
/ /heidner.no/wp-content/uploads/2021/04/N2- Applied-NEO-Performance-Report-2020-2.pdf (accessed on 12 October 2025).
N2 Applied. Desktop Study for Performance Potential of N2 Applied Plasma Technology. (Interim Report). 2022. Available online:
https:/ /arc-csg.cymru/wp-content/uploads /2022 /11/N2- Applied-interim-report-Tywi-Nutrient-Partnership.pdf (accessed on
12 October 2025).

N, Applied. Snarum Gartneri. N, Applied Case Studies. 2024. Available online: https://n2applied.com/2024/12/12/snarum-
gartneri/ (accessed on 12 October 2025).

N, Applied. Galdvolden Gérd. N; Applied Case Studies. 2021. Available online: https://n2applied.com/2021/11/24
/galavolden-gard/ (accessed on 12 October 2025).

N, Applied. More Biogas. Ny Applied Case Studies. 2021b. Available online: https://n2applied.com/2021/11/24/more-biogas/
(accessed on 13 October 2025).

N, Applied. Van den Borne Aardappelen Pilot. N, Applied Case Studies. 2021c. Available online: https://n2applied.com /2021
/11/22/van-den-borne-aardappelen-pilot/ (accessed on 13 October 2025).

VitalFluid. Harnessing the Power of Lightning into a Controlled, Scalable System. 2025. Available online: https://www.vitalfluid.
com/ (accessed on 13 October 2025).

Plasma2X. Plasma2X—Green Ammonia and Fertiliser Production from Air, Water, and Renewable Energy. 2025. Available online:
https:/ /www.plasma2x.com/ (accessed on 12 October 2025).

Thiermann, I.; Latacz-Lohmann, U. Incentivising ammonia emission abatement through in-house slurry acidification: Evidence
from a discrete choice experiment in Germany. J. Clean. Prod. 2022, 345, 131158. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual

author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to

people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://www.iea.org/reports/ammonia-technology-roadmap
https://doi.org/10.1016/j.enconman.2023.116878
https://doi.org/10.3390/su16146176
https://doi.org/10.5194/acp-23-15235-2023
https://n2applied.com/2025/01/16/danish-studies-demonstrate-substantial-reduction-in-ammonia-emissions-from-field-application-and-long-term-chemical-stability-of-neo-n2-applieds-organic-fertiliser/
https://n2applied.com/2025/01/16/danish-studies-demonstrate-substantial-reduction-in-ammonia-emissions-from-field-application-and-long-term-chemical-stability-of-neo-n2-applieds-organic-fertiliser/
https://n2applied.com/2025/01/16/danish-studies-demonstrate-substantial-reduction-in-ammonia-emissions-from-field-application-and-long-term-chemical-stability-of-neo-n2-applieds-organic-fertiliser/
https://arpa-e.energy.gov/programs-and-initiatives/search-all-projects/non-equilibrium-plasma-energy-efficient-nitrogen-fixation
https://arpa-e.energy.gov/programs-and-initiatives/search-all-projects/non-equilibrium-plasma-energy-efficient-nitrogen-fixation
https://heidner.no/wp-content/uploads/2021/04/N2-Applied-NEO-Performance-Report-2020-2.pdf
https://heidner.no/wp-content/uploads/2021/04/N2-Applied-NEO-Performance-Report-2020-2.pdf
https://arc-csg.cymru/wp-content/uploads/2022/11/N2-Applied-interim-report-Tywi-Nutrient-Partnership.pdf
https://n2applied.com/2024/12/12/snarum-gartneri/
https://n2applied.com/2024/12/12/snarum-gartneri/
https://n2applied.com/2021/11/24/galavolden-gard/
https://n2applied.com/2021/11/24/galavolden-gard/
https://n2applied.com/2021/11/24/more-biogas/
https://n2applied.com/2021/11/22/van-den-borne-aardappelen-pilot/
https://n2applied.com/2021/11/22/van-den-borne-aardappelen-pilot/
https://www.vitalfluid.com/
https://www.vitalfluid.com/
https://www.plasma2x.com/
https://doi.org/10.1016/j.jclepro.2022.131158

	Introduction 
	Problem Definition and Current Mitigation Landscape 
	Ammonia Emission Sources and Current Mitigation Techniques 
	Fundamentals of Slurry and Digestate Management 

	Fundamentals and Mechanistic Insights into Plasma Systems for Plasma-Induced Acidification 
	Mechanisms and Kinetic Constraints of Plasma-Induced Acidification 
	Physico-Chemical Processes and Reactor Configurations 
	Plasma-Activated Liquids (PAL): Composition and Function 
	Plasma-Induced Acidification as an Intervention in the Nitrogen Cycle 
	Environmental & Agronomic Impacts of Plasma-Based Treatments in Agriculture 

	Evidence of Efficacy of Plasma-Induced Acidification 
	Economic and Environmental Assessment of Plasma—Induced Acidification 
	Integration of Full Lifecycle Costing in Techno-Economic Analyses of Plasma Acidification Systems 
	Path to Deployment of Plasma Induce Acidification Technology 
	Market Outlook and Enabling Conditions for Plasma Acidification 
	Existing Pilot and Demonstration Projects for Plasma-Induced Acidification and Nitrate Enrichment 

	Research Gaps 
	References

