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Abstract

While global decarbonization and low-temperature engines curb nitrogen oxides, they risk
significant N, O emissions, which is also one of the greenhouse gases. This review evaluates
N,O monitoring strategies across maritime and industrial combustion environments. Fur-
thermore, this paper provides a rigorous comparative assessment of analytical monitoring
methodologies. We evaluate the adaptability of established agricultural techniques. In
parallel, advanced spectroscopic and non-spectroscopic sensor technologies (DAS, NDIR,
TDLAS, PAS, CRDS, CEAS, FTIR, GC, and electrochemical/chemiresistive sensors) are
critically analyzed regarding their sensitivity, response time, cross-interference vulnerabili-
ties, and suitability for harsh industrial stacks and maritime settings. Finally, the levels of
N,O above background from individual sources are estimated using wind-tunnel modeling
studies. Emissions from ships, truck lines, and industrial turbines typically cause urban
ambient concentrations ranging from hundreds down to tens of ppb, whereas individual
trucks and rural ship levels are significantly lower, from below 1 ppb up to about 70 ppb
depending on engine optimization. For industrial and combustion sources, real-time N,O
analysis can be performed using FTIR, which allows for multi-gas mixture measurement,
or TDLAS for targeted N,O detection. For distributed screening and monitoring around
industrial plants, NDIR is a technically viable option under specific conditions. For mobile
sources, TDLAS, FTIR, and highly sensitive cavity-enhanced methods (CRDS, CEAS) are
suitable, provided they are optimized for harsh conditions. NDIR is applicable here only in
dense urban areas. In all scenarios, gas chromatography can be used, though it requires
physical sample collection and does not offer real-time analysis. As we will show, electro-
chemical and chemiresistive sensors cannot currently be used. Similarly, PAS is unsuitable
for ambient enhancement detection, despite its applicability to stack sampling.

7

1. Introduction

Nitrous oxide (N,O) represents a less conspicuous, yet extremely dangerous green-
house gas in the context of the current climate crisis. Its globally averaged atmospheric
concentration was 339.9 ppb in June 2026 (NOAA global monthly mean), with an annual
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growth rate of 1.0-1.3 ppb per year in 2020-2025 according to the same source [1]; this
long-term rise is driven mainly by anthropogenic emissions [2]. While global political and
scientific efforts are currently focused primarily on reducing carbon dioxide (CO,) as the
main culprit behind global warming, the specific properties of nitrous oxide often remain in
the background of interest. However, in terms of its ability to trap heat in the atmosphere,
N,O is a greenhouse gas with a 100-year global warming potential (GWP100) of 273 relative
to CO, [3], which makes it a critical threat to climate stability [2,4]. Paradoxically, the risk
of its massive release into the atmosphere increases as humanity attempts to transition to
so-called carbon-free fuels.

1.1. Background and Problem Statement

One of the main pillars of this decarbonization is intended to be ammonia (NHj),
considered an alternative fuel for energy and heavy transport [5-7]. However, if power
plants or large cargo vessels in maritime transport were to switch to ammonia combustion,
we encounter a fundamental technological limit: the process of incomplete combustion.
During this process, nitrous oxide is produced as an undesirable byproduct [8,9]. If there
is a failure to optimize combustion processes on such a massive scale, there is a risk that
we will merely replace CO, emissions with a gas that is carbon-free but climatically much
more destructive.

The automotive industry is dealing with a similar technological contradiction. In an
effort to meet strict limits for toxic nitrogen oxides (NO, ), low-temperature combustion has
begun to be used in modern engines [10,11]. Although this method successfully reduces the
concentration of health-harmful NO, in exhaust gases, lower temperatures in the reaction
zone create ideal conditions for the unwanted synthesis of stable nitrous oxide. This problem
could deepen dramatically in the future, as there is consideration of introducing ammonia
combustion for trucks as well [12]. Finding a balance between eliminating local toxicity
(NO,) and the global ecological footprint (N,O) is thus becoming one of the greatest
challenges for contemporary engine engineering.

1.2. Objective of the Review

The primary objective of this paper is to conduct a comprehensive review of the current
technological landscape regarding nitrous oxide monitoring, while specifically addressing
the critical gap between existing sensor reviews and real-world industrial and maritime
requirements. While general overviews of gas-sensing technologies or agricultural N,O
measurements are widely available in the literature, this study distinctly moves beyond
purely instrumental descriptions by directly linking analytical capabilities with specific
emission scenarios anticipated in the transition toward carbon-free fuels—particularly am-
monia combustion in maritime shipping, industry, and heavy-duty transport. By integrating
atmospheric dispersion modeling, this paper bridges the gap between source emission rates
and ground-level ambient concentrations, providing a practical framework for identifying
localized emission ‘hotspots’ that necessitate targeted ground-based monitoring solutions.
Consequently, satellite-based remote sensing falls outside the scope of this work, as our
focus remains strictly on localized, actionable compliance and emission control.

1.3. Review Methodology

The study adopts a semi-systematic review approach. The review is based on peer-
reviewed scientific studies and data indexed in major international academic databases:

e  Scopus and Web of Science (for comprehensive multidisciplinary coverage of peer-
reviewed journals).
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e  Google Scholar (for tracking the grey literature, conference proceedings, and broader
academic outputs).

The search strategy relied on specific combinations of measurement techniques, emis-
sion sources, and target gases to capture relevant data. The literature was carefully chosen
to directly connect the analytical performance of sensors—such as detection limits, response
time, and cross-interference—with real-world emission scenarios. The selected sources
range from foundational historical milestones to cutting-edge contemporary studies and
official reports published up to 2026.

(Note: Throughout this review, ppm and ppb denote mole fractions (ymol mol™!
and nmol mol~}, respectively); values reported as ppmv or ppbv in the cited studies are
equivalent and are given here as ppm or ppb.)

The remainder of the paper is structured as follows: Section 2 provides information
about N,O formation and combustion hotspots. Section 3 contains a critical overview
of current methods employed in agricultural contexts. Section 4 presents an analysis of
available sensor technologies suitable for N,O detection. Subsequently, the discussion
contains a comparative assessment of sensor technologies, then evaluates characteristic
emission levels in various scenarios and identifies the most promising monitoring strategies
tailored to the identified industrial needs. Finally, the concluding section synthesizes our
main findings and offers perspectives on future research directions in this critical area.

2. N,O Formation, Climate-Relevant Thresholds, and Source-Term
Implications for Ammonia Combustion Hotspots

Nitrous oxide formation during ammonia combustion is governed primarily by the
homogeneous gas-phase reaction NH + NO < N,O + H, whereas its destruction proceeds
mainly through N,O + H < N, + OH and the third-body dissociation pathway N,O(+M)
— N, + O(+M) [13-16]. However, numerical analysis of the oxidation of ammonia and
methane mixtures in an idealized (plug-flow) reactor shows that at relatively low temper-
atures below 1300 K, N,O is produced mainly through the reaction of NH, with NO, as
represented by NH, + NO, < N,O + H,0 [16-19].

Mechanistic chemical kinetic studies (usually assuming idealized reactors and laminar
flames) are indispensable because they identify the dominant chemistry and confirm that
N,O is favored in cooler, ammonia-rich regions, while hotter zones promote its decomposi-
tion [18,19]. However, these studies can underrepresent practical emissions because real
combustors contain turbulent recirculation, cold-wall effects, local quenching, and nonuni-
form mixing. This is consistent with experimental swirl-burner data, where N,O remained
modest at lower ammonia shares but rose sharply above about 80 vol.% NHj, reaching
hundreds to thousands of ppm [18], whereas a pure NH; flame could still produce around
240 ppm N,O with a global warming effect comparable to the CO, from an equivalent
methane flame [20].

Across nitrogen-containing fuels including ammonia, the highest N,O formation is
generally associated with intermediate temperatures (800-1200 K), while above roughly
1200 K thermal decomposition becomes dominant [15]; this makes post-flame cooling, wall
heat loss, and residence time central control variables for ammonia systems [21,22].

Bertagni et al. [23], whose study serves as the key reference for the thresholds used in
this review, estimated that the ammonia economy would have the same climate impact as
the fossil-fuel energy system (the “climate-parity threshold”) in the case of a 0.4% nitrogen
conversion from NH; to N,O when considering only emissions from the combustion devices
themselves, without considering all upstream emissions related to ammonia production. Their
estimate is based on GWP-100 = 265 and an NH; lower heating value (LHV) of 19 GJ/t.
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The literature becomes ambiguous as soon as such a threshold is translated into engi-
neering units, because authors alternate among %N-to-N,O conversion, ppm, g/kg fuel,
g/kWh (of fuel energy or of output), g/MJ, and, in some cases, indirect nitrogen-to-N,O
conversion in the environment rather than direct combustion emissions. A second ambi-
guity is methodological: older and newer studies do not use the same 100-year GWP for
N,O, with values of 298, 265 (used by Bertagni et al. [23]), and 273, all appearing in current
practice depending on whether AR4, AR5, or AR6 conventions are followed.

To avoid these ambiguities, this review uses the AR6 values GWP-100 = 273 £ 130
and LHV = 18.6 MJ/kg, which were calculated from the Active Thermochemical Tables
(ATcT). This changes the parity threshold of Bertagni et al. by only about 5% (to 0.38%),
well within the uncertainty of GWP-100 (a range of = 0.3-0.8%); it is therefore retained as
the original value, i.e., 0.4%, for the sake of simplicity and consistency. A similar value was
obtained independently by Wolfram et al. for the shipping sector (about 1 g N,O per kWh
of NH; fuel energy, with GWP-100 = 298 and LHV = 18.8 M]/kg). In energy-based units,
0.4% corresponds to 0.28 g N,O per MJ of NH; fuel energy (1.0 g/kWh of fuel energy),
i.e., about 1.7 g/kWh of output at 60% (electrical conversion) and about 2.5 g/kWh at 40%
(engine-like) efficiency, respectively (Table 1).

Table 1. Conversion of the N,O climate-parity threshold to engineering units: GWP version, NH;
lower heating value, and efficiency assumed for each value.

Source GWP 100 (Version) ¢ LHV (MJ/kg) 1 Conversion (%) N,O (g/kWh of Output)
Bertagni et al., [23] o 1 1n0

parity threshold 265 (AR5) 19.0 60%/40% 0.4 1.63/2.45

Wolfram et al. [24], R 1.0 (per kWh of fuel
parity threshold 298 (AR4) 188 n/a 04 energy) ©

This review, parity o o

threshold 273 (AR®6) 18.6 60%/40% 0.4 1.7/2.5

This review, 273 (AR6) 18.6 60%/40% 1.0 42/63

high-loss case

Notes: (a) e_out = (M_N/M_NH;) (M_N,O/M_N,) e 10°x ¢ 3.6/(LHV e 1]), with M_N = 14.0,
M_NH; = 17.0, M_N,O = 44.0, and M_N, = 28.0 g/mol; for x = 0.4% and 11 = 40%: 0.822 x 1.571 x 4
x 3.6/(18.6 x 0.4) = 2.5 g/kWh. In energy-based units, this is 0.28 g N,O per MJ of NH; fuel energy
(1.0 g/kWh of fuel energy), where “fuel energy” is the NH; energy on an LHV basis. (c) The parity
threshold scales as LHV/GWP; rescaling the value of Bertagni et al. to the three GWP conventions
with LHV = 18.6 MJ/kg gives 0.35-0.39%, which is small compared with the uncertainty of GWP-100
(273 £ 130, a range of ~0.3-0.8% or 1.7-4.8 g/kWh at 1} = 40%). The threshold is therefore quoted to
one significant figure and other derived values to two significant figures. (d) The GWP-100 value
does not enter any of the g/kWh values, which depend only on the conversion x, the LHV and 1 (note
a); GWP-100 acts only through the derivation of the 0.4% parity threshold (note c). (e) The value of
Wolfram et al. is expressed per kWh of NHj; fuel energy (LHV basis), i.e., without an efficiency, and
is therefore not directly comparable with the values per kWh of output.

A further caveat is physical rather than accounting-based, because laminar or low-
dimensional kinetic studies isolate chemistry, whereas turbulent combustors introduce
wall quenching, mixing inhomogeneity, and broader residence-time distributions that can
strongly amplify device-scale N,O relative to idealized flames.

In addition to the direct N,O released at the point of combustion itself, ammonia use
as a fuel carries a second, indirect emission pathway: unburnt NH; and NOx that escape
the combustor are deposited on land and in water, where soil and aquatic microorganisms
responsible for the natural nitrogen cycle convert part of this deposited reactive nitrogen
into secondary N,O, distinct from and additive to what is measured directly at the stack
or exhaust. For ammonia combustion systems, this cascade effect means that monitoring
and regulating only tailpipe/stack N,O captures only part of the true climate and ozone-
depletion footprint of the fuel’s nitrogen chemistry. This matters because other authors
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express the same underlying concern in different terms: Esquivel-Elizondo et al. [25]
report that combustion emissions above 0.28 g/M], equivalent to about 1 g/kWh of fuel
energy, would by themselves nearly match the well-to-wake greenhouse-gas intensity of
conventional marine fuels. The same value has been considered in the specific analysis of
shipping emissions [24].

It is worth noting that beyond its greenhouse effect, once N,O reaches the stratosphere,
it is broken down by ultraviolet radiation, forming NOx as byproducts that catalytically
deplete stratospheric ozone. Global N,O emissions are now considered the most significant
remaining ozone-depleting emission source overall [23].

The gap appears in engines, where the literature consistently links higher ammonia
energy share, partial-load operation, and delayed or incomplete combustion to higher N,O. A
marine case summarized for IMO/MEPC (https://www.imo.org) reported 297 ppm N,O
at 83% NHj; share, 75% load, and 1200 rpm, equivalent to roughly 1.5 g N,O per kg NH;
consumed. For ammonia—diesel dual-fuel engines, a recent review [26] reports N,O emissions
of 0.1-3 g/kWh for low-pressure port injection (LPDF) and 0.5-10 g/kWh for high-pressure
direct injection (HPDF) (Table 2). Optimized HPDF operation at an ammonia energy ratio
(AER) of up to about 60% yields < 0.1 g/kWh, far below the parity threshold of about
2.5 g/kWh (Table 1), and most data at intermediate AER lie between 0.4 and 1.5 g/kWh.
At AER of 80-95%, however, the worst cases reach about 3-10 g/kWh, which exceeds the
parity threshold by up to about fourfold, and the 1% high-loss case (~6.3 g/kWh) by up
to about 1.6-fold. For the same fuel pair, the best and worst operating points thus differ by
more than two orders of magnitude. This confirms the key mechanistic pattern: N,O forms
primarily in local low-temperature zones during incomplete combustion and flame quenching,
rather than during stable, fully burned-out operation, and its control depends on injection
strategy, airflow organization, and combustion-chamber design rather than on the choice of
LPDF or HPDF [26]. This is a key finding for monitoring purposes, as it shows that N,O
emissions are not a fixed property of “the NH; engine” but depend strongly on the specific
operating point—load, AER, and injection timing—which requires continuous, rather than
one-off, monitoring under real-world operation to capture excursions into high-risk regimes.

Table 2. Representative ranges of N,O emissions of ammonia-diesel dual-fuel engines for optimized
and worst-case operation, compiled from [26] (values read from Figure 21 of [26], rounded), compared
with the thresholds in Table 1 () = 40%). The bounding cases are based on the primary studies of
Nyongesa et al. [27] and Guo et al. [28] (optimized operation) and of Dong et al. [29], Cui et al. [30]
and Zuo et al. [31] (worst case).

. Injection o N-to-N,O x Euro 7 Limit  x Parity Threshold
Scenario Mode Load AER (%) N0 (g/kWh) Conversion (%) 2 (0.2) (2.5) ¢
Optimized HPDF 75-100% <60 ~0-0.1 <0.02 <05 <0.04
HPDF (LPDF

Worst case at the upper ~50% 80-95 ~3-10 0.5-1.6 15-50 1.2-4
end)

Reported

. LPDF/HPDF - 0-95 0.1-3/0.5-10 0.02-0.5/0.08-1.6 - -

ranges in [26]

Conventional

Euro V/VI - - - 0.045-0.15 n/ab 0.2-0.8 0.02-0.06
diesel and

CNG [32,33]

(a) Calculated with the formula in Table 1 (note a) for 1) = 40%, assuming that the whole fuel energy
is supplied by NHj3; at an ammonia energy ratio (AER) of 50-95%, the actual conversion of the fuel
nitrogen is higher than shown by a factor of about 1/AER. (b) Not applicable: diesel and CNG contain
no fuel nitrogen. (c) The comparison with the parity threshold is indicative only: in dual-fuel engines,
part of the climate burden remains fossil CO, from the diesel fuel, whereas the threshold is defined
for a pure ammonia economy.
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Regulatory benchmarks add a further layer to this picture, since the newly adopted
Euro 7 standard introduces the first gravimetric N,O limit for heavy-duty vehicles, set at
0.200 g/kWh ~ (Regulation (EU) 2024/1257, Table 2) [34]. By contrast, Euro VI, in force
until 2028, contained no N,O limit at all and regulated only NO, at 0.40 g/kWh, so the new
ceiling is a direct response to the growing use of low-temperature combustion strategies
and, prospectively, ammonia as a heavy-duty fuel, both of which generate N,O through the
same NH + NO < N,O + H pathway seen in marine and stationary combustion. When
ammonia—diesel dual-fuel engines are evaluated against this benchmark rather than against
conventional diesel baselines, a clear regime-dependent pattern emerges (Table 2): only the
best HPDF cases (<0.1 g/kWh) are comparable to conventional Euro V/VI diesel and CNG
heavy-duty engines (about 0.045-0.15 g/kWh), whereas typical operation at intermediate
AER (about 0.4-1.5 g/kWh) exceeds the Euro 7 limit severalfold while remaining below
the parity threshold. At AER > 80%, the worst cases exceed the Euro 7 limit by a factor
of 15-50 and the parity threshold by a factor of 1.2—4. Yet this comparison also exposes
a striking asymmetry: if heavy-duty NH; trucks become subject to a 0.20 g N,O/kWh
ceiling, marine engines, gas turbines, and industrial boilers burning NH; currently face
no comparable stack-level N,O limit or measurement requirement, even though these are
exactly the sectors expected to carry the largest future volumes of ammonia fuel demand.
For shipping, N,O is covered in the well-to-wake greenhouse-gas intensity of FuelEU
Maritime [35] and the IMO 2024 LCA Guidelines [36], but through default emission factors
and CO,-equivalent accounting rather than through measured emissions. As a result, the
sectors with the greatest absolute N,O source-term potential remain the least regulated in
terms of measured N,O emissions, which should directly shape how monitoring resources
are prioritized across the ammonia value chain.

3. Ambient Methods and Flux

N,O was discovered in 1772, but its role as a greenhouse gas and its measurement in
agricultural soils only became a major research focus in recent decades, as fertilizer use and
climate concerns grew [37]. Initial methods covered simple soil chambers, which have been
used since the 1970s. Since the 1990s, micrometeorology (flux-gradient, eddy covariance)
methods have started to be used [38,39]. The measurements evolved using advanced lasers,
FTIR, high-precision chambers or isotope techniques [40-42].

In this chapter, the common methods used in agriculture for N,O measurements
are introduced. Moreover, we show if and how these methods could be used for N,O
measurements coming from combustion processes. Special sensors (e.g., NDIR sensors,
FTIR) as part of advanced measurement systems are discussed in the next separate chapter.

3.1. Chamber Methods

Traditionally, the low-cost solution for agricultural measurements is a static chamber
method. This method allows for the increase of the small N,O signal for in situ measure-
ments. The principle lies in enclosing a known surface area, typically a low metal cylinder
enclosed with a cover. The sample is then taken by injection, and this sample is analyzed
in a laboratory, e.g., by chromatography. The alternative is to connect the chamber to a
photoacoustic analyzer; the air is recirculated between the analyzer and the instrument,
and the increase in N,O concentration is measured once a defined time [43].

Static chambers, however, are unsuitable for combustion processes because the high flow
rates and exhaust pressure would cause a dangerous pressure buildup or stifle the engine.
They might be used to measure emissions at component levels (e.g., vents, leakages in tubes
or specific small infrastructures). In this method, the static chamber is placed over a leaking
component to create a seal. Such a method is described for methane measurements in [44].
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3.2. Diffusion Tubes

The alternative could be diffusion tubes. They are, however, currently used for nitrogen
dioxide, not nitrous oxide. They look like small tubes with a cap, under which is a steel
mesh disc that is coated, e.g., with triethanolamine (TEA), a chemical that absorbs nitrogen
dioxide. The tubes are placed in ambient air. They operate on the principle of molecular dif-
fusion and do not require a pump; they are left on-site for several days to weeks, after which
the average concentration of pollutants is analyzed in a laboratory [45]. Diffusion tubes are
nowadays not used for nitrous oxide. This methodological gap could possibly be bridged
in the future using materials and methods that are tested e.g., in indoor environments. For
example, [46] developed a passive sampling method for the quantitative measurement
of exposure to nitrous oxide for occupational exposure assessment. The passive sampler
consists of a small glass tube filled with molecular sieve 5A. Nitrous oxide naturally diffuses
into it from the surrounding air. After sampling, the tube is sealed in a vial and heated to
100 °C to achieve solid-gas equilibrium. The headspace air is subsequently analyzed using
a gas chromatograph with an electron capture detector.

In contrast to static chambers, this method could be used for analyzing combustion
processes. Researchers often employ a method where samplers are placed upwind of the
farm to determine background levels and downwind to capture the emission plume; the
difference in concentrations then indicates the total emissions contributed by the farm to
the atmosphere. Hence, similarly, the tube might be placed in front of the factory in the
prevailing wind direction or near the harbor and behind the factory/ in the harbor. The
difference in N,O measurements between these two tubes would be the estimated N,O
produced by the factory or ships in the harbor.

The disadvantage of this method lies in the measurement of only mean values over
a chosen time. One cannot see peaks of emissions during the day. In the combustion
problems, the harbor would not be able to distinguish whether the emissions of N,O from
ships are more or less similar across all ships or whether a ship or a type of ship would be
the origin of the majority of the seen pollution. Only a method enabling such a separation
would enable harbor management to have the possibility, eventually, not to let in a ship
with unsuitable emission parameters to their location.

An alternative would be to place the diffusion tubes on the individual ships them-
selves and have mandatory records of emissions from their voyage. The experiments with
diffusion tubes on ships were up to date done with polyurethane foam passive samplers to
measure PAHs in indoor occupational air for seafarers, before and after fuel changes, not
for stack emissions [47]. Diffusion tubes give time-averaged concentrations at a point, with
known biases near strong, fluctuating sources and in windy conditions. Translating such
point concentrations into mass emissions from a moving source would require additional
modeling [48-50]. Such methodology, however, always brings another uncertainty that
could, in extreme cases, lead to unreliable results.

3.3. Eddy Covariance and Relaxed Eddy Accumulation Method

The Eddy Covariance method is based on the measurement of wind velocity and gas
concentrations on a mast at various heights above the ground. This method needs fast-
response laser instruments, tunable diode lasers—usually quantum cascade lasers—which
have high sensitivity. Hence, this method is not low-cost. In contrast, the relaxed eddy
covariance method does not use a fast-response analyzer. It collects air from up-drafts and
down-drafts into separate reservoirs over a specified duration. The reservoirs are analysed
by a slow response analyser enabling to estimate average fluxes [51].

This method belongs to the micrometeorological methods requiring homogeneous
terrain, such as expansive open fields. It faces significant limitations in industrial or port
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environments. Because the method relies on high-frequency measurements (10-20 Hz) of
vertical wind fluctuations, the mechanical turbulence and wake effects caused by buildings
and cranes violate the fundamental physical assumptions of the method, leading to highly
unreliable data in such complex terrains. However, corrections are used to be able to break
these assumptions. At a coastal site influenced by ship emissions, the eddy covariance
method was used to derive fluxes and fuel sulfur content, after correcting for flow distortion
and wave effects [52]. Moreover, for large industrial or urban areas, tall-tower eddy covari-
ance or the relaxed eddy covariance method can be used to capture aggregated emissions
from multiple factories within the footprint [53-55].

3.4. Aerodynamic Gradient Method

The aerodynamic gradient method is based on measurements of vertical profiles of
concentrations, wind and temperature. The wind and temperature measurements are used
for the calculation of the eddy exchange coefficient obtained with the use of similarity
theory. The flux is then obtained by multiplying the eddy exchange coefficient by the
vertical concentration gradient.

This method also belongs to the micrometeorological type, requiring situations where
air has passed over a homogeneous exchange surface for a sufficient distance, so profiles
are in equilibrium with local exchange. It was used on a coastal mast in the Baltic Sea by a
ship route to measure fluxes of various gases (but not N,O) and nanoparticle number, with
ship traffic clearly affecting the measured fluxes and allowing evaluation of ship impacts,
provided flow distortion by obstacles and waves is corrected (e.g., using mathematical
modeling) [52]. So, in principle, this method can be applied near harbors or factories
for N,O, but reliability depends on meeting micrometeorological assumptions (homoge-
neous, stationary flow) or correcting for disturbed wind fields and obstacles. Given these
conditions, the method is applicable for industrial purposes only in special cases.

3.5. Micrometeorological Mass Balance Method

The principle of the micrometeorological mass balance method lies in concentration
measurements at several heights on upwind and downwind boundaries, multiplied by
horizontal wind to get horizontal flux profiles. Then the upwind-downwind differences
are integrated to obtain the emission rate [55-57].

The method requires sufficient wind speed and relatively steady wind direction. Com-
plex urban or building-induced flows can distort gradients. For the vertical measurements,
towers, drones or aircraft are needed. The method is already used to measure N,O and CH,
emissions from defined area sources such as landfills or manure storage [55,58,59]. With
suitable geometry, wind characterization, and instrumentation, the same principles could
be applied to harbors and industrial facilities. However, applying this method to complex
industrial areas or harbors introduces severe challenges due to dense infrastructure, multi-
directional building-induced turbulence, and overlapping emission sources. Consequently,
isolating a specific facility’s contribution in a dynamic industrial environment remains
highly uncertain and technically demanding.

3.6. Plume Method

The plume method uses measurements and mathematical modeling in combination.
The method requires knowledge of wind speed and direction as well as turbulent parameters.
The concentrations are measured by sensors—e.g., opto-acoustic or gas chromatography
(GC). The data are used as input parameters for a mathematical model. Traditionally, one
can use a Gaussian model. The advantage of this method is its simplicity, the need for a
relatively small amount of meteorological data, and that different operators get the same
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results. Its disadvantages are that it very often overestimates concentrations and assumes
stationarity. The method does not work well in complex terrain, and the plume from the
source is straight according to the prevailing wind direction. It cannot see obstacles and
does not work well for positions very close to the gas source. A modern alternative is
to use a backward Lagrangian model. This method, however, requires an expert, much
more meteorological data as input, and different people can obtain different results. Hence,
without standardization, such a method cannot be used for legislative purposes.

Plume methods—especially Gaussian plume models—are routinely used to estimate
concentrations and emissions from factories and ships, including in harbors. They can, in
principle, be applied to N,O just as they are to NOx, SO,, CO, and other gases. Except
for a straightforward usage of the method, some advanced approaches can be found in
the literature. An improved Gaussian plume line-source model plus genetic algorithms
was used to invert measured concentrations and estimate ship emission source intensity
and even fuel sulfur content, with approx. 85% accuracy in identifying non-compliant
vessels [60]. Long-path differential optical absorption spectroscopy (DOAS) measurements
across a shipping lane, combined with a Gaussian plume model, enabled derivation of NOx
and SO, emission rates for individual ships without needing fuel-consumption data [61].
Reviews of port air-quality modeling highlight Gaussian plume/puff models as standard
tools for assessing port emissions and supporting decision-making [62].

A special method is plume-intercept measurement. The method is used to measure
real-world emissions from moving vehicles, ships, or aircraft without attaching equipment
directly to their exhaust. A mobile station, drone, or roadside sensor passes through the
exhaust plume to measure the ratio between a specific pollutant and CO,. Based on the
known carbon content of the fuel, it calculates the exact emission factor (e.g., g/kg fuel or
g/kWh) while operating under normal conditions [63].

4. N,O Sensors Technologies
4.1. Spectroscopy Techniques
4.1.1. Spectroscopic Fingerprints of N,O

N,Ois a linear asymmetric molecule, which gives rise to a rich ro-vibrational spectrum.
Nitrous oxide has many infrared absorption bands from near-IR to mid-IR. For gas sensing,
most laser systems use strong mid-IR bands. However, other N,O bands also exist (Figure 1).

In the near-IR spectrum, N,O detection relies on weaker overtone and combination
bands. The spectrum is characterized by a few windows, mostly within the region 1.74
to 0.83 ym [64-66]. Two notable spectral windows for these measurements include the
7250-7653 cm™! (1.307-1.379 pm; [67]) and 8325-8622 cm™! (1.16-1.20 ym; [66]) ranges.
Bertin et al. [65] measured near 1.74 pm, Liu et al. [68] 1.56 pm, and Karlovets et al. [66]
1.18 ym. Due to the lower line intensities in these bands compared to the fundamental
transitions, standard absorption spectroscopy lacks the necessary detection limits for trace-
gas analysis. However, this limitation is effectively overcome by employing high-sensitivity
methods such as Cavity Ring-Down Spectroscopy (CRDS; [69]). The primary driver for
utilizing the near-IR region despite its weaker absorption features is technological: it aligns
perfectly with the mature, highly stable, and cost-effective laser diodes and fiber-optic
components developed for the telecommunications industry. This synergy enables the
development of robust, field-deployable, and relatively inexpensive instruments capable of
reaching parts-per-billion (ppb) sensitivity [70].
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Figure 1. N,O spectrum in the entire IR region. Redrawn based on data from the NIST Standard
Reference Database 69 (NIST Chemistry WebBook, Source: NIST Standard Reference Database).
(https://webbook.nist.gov/cgi/cbook.cgi?ID=C10024972&Type=IR-SPEC&Index=1#IR-SPEC
(accessed on 6 November 2026)).

In the mid-IR spectrum, N,O can be detected in a few regions:

The 4.4-4.6 pm region (21802295 cm™!) is widely considered the gold standard
for high-sensitivity, high-precision N,O monitoring. Because line intensities here are or-
ders of magnitude higher than in the near-IR, this window is extensively targeted by
sensors utilizing Quantum Cascade Lasers (QCLs) and Interband Cascade Lasers (ICLs)
to achieve sub-ppb (parts-per-billion) detection limits (Shao et al. [71]—4.54 ym; Yang
et al. [72]—4.56 ym). Furthermore, this region provides sufficient spectral resolution
and line separation to distinguish between different N, O isotopologues (e.g.,'*N°N*0O,
BNUNO, and “NMN!0O), which is vital for tracing agricultural and atmospheric
source fingerprints [73].

The 3.9 and 4.5 pm are Lidar Windows [74,75]. For remote sensing and open-path
atmospheric profiling, the focus shifts toward optimizing laser propagation through the
atmosphere. Simulation and modeling studies have identified specific “lidar bands” around
4.5 ym and 3.9 pm (secondary option with tighter stability requirements) as optimal
candidates for airborne Differential Absorption Lidar (DIAL) systems. These windows
balance the requirement for strong N, O absorption features with the necessity of minimizing
attenuation from background atmospheric gases, allowing for long-range vertical profiling
of greenhouse gas distributions.

The 7.3-8.9 um region [76] serves as a powerful fingerprint region for N,O. Prominent
doublets located at 7.69 ym and 7.88 um are frequently exploited. Beyond conventional
absorption spectroscopy, this highly distinct spectral structure has recently found util-
ity in advanced quantum optics, serving as a primary target in quantum interferometric
spectroscopy and non-linear optical frequency conversion techniques.

Far infrared-Long-wave infrared spectrum is at the 17 ym region [77]. While techni-
cally more challenging due to detector cooling requirements and background thermal noise,
this region features exceptionally narrow, well-isolated ro-vibrational lines. Consequently,
rather than being used for standard environmental trace gas sensing, these transitions
are primarily utilized as highly precise frequency references and calibration standards for
laboratory spectroscopy.
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4.1.2. Typical Sensor Architecture

Mostly absorption sensor for N,O follows the Beer-Lambert architecture (Figure 2):
light from a source passes through a gas region (with various optical geometries used),
and a detector measures the transmitted intensity to infer concentration [78-80]. The main
architectural changes are in the source type, the wavelength-selection method, and the cell
design rather than in the basic source—cell-detector logic [81-83].

Basic Principle
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Intensity 1, R —— Intensity 1
/ oy o Dispersion
Light g ° . Element Measure I(A)
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Figure 2. Typical sensor architecture. (Note: The authors declare that Al tools (ChatGPT) were used
to assist in the generation and layout of this figure, in accordance with the journal’s Al policy.).

This architecture is different for the FTIR technique, in which an interferometer and
Fourier transformation are used (see below).

4.1.3. Source Types

Two types of sensors—incoherent and coherent are used. Laser sources, which are
coherent, dominate high-sensitivity N,O sensing, while LED and broadband thermal-style
sources, the incoherent sources, are emerging for lower-cost, simpler, but generally less
sensitive devices.

Incoherent Sources
1. LED source

A mid-infrared LED source is a broadband, incoherent emitter in the spectral region
where N,O has strong fundamental absorption bands, especially around 4.0-4.6 pm [84].
For N,O sensing, LEDs are studied because they can enable compact, low-power, and
lower-cost optical sensors compared with laser-based systems [85,86].

2. Broadband thermal-style source

Broadband thermal emitters are used in mid-IR gas sensing because they provide
broad blackbody-like emission across molecular absorption bands, especially in MEMS
microheater and incandescent-style designs [87-89]. Broadband thermal sources are attrac-
tive because they are simple, low-cost, and broadband, but conventional bulb sources are
bulky, fragile, and inefficient beyond about 5 pm [87].
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Coherent Sources (Lasers)

The most commonly used are semiconductor lasers: QWDL (Quantum Well Diode
Laser), QCL (Quantum Cascade Laser), and ICL (Interband Cascade Laser). These lasers
differ in the way they generate light.

1. Quantum Well Diode Laser (QWDL)

QWDL is a conventional diode laser. Light is generated when an electron jumps from
the conduction band to the valence band (an interband transition) and emits a photon
through recombination. In the Mid-IR range, it hits physical limits (efficiency drops sharply
with increasing wavelength due to so-called Auger recombination). Therefore, it is better
suited for lower power outputs and shorter Mid-IR wavelengths (strongest performance
< 3 ym; 3-3.5 pm already challenging) [90-97].

2. Quantum Cascade Laser (QCL)

Instead of jumping between two bands, the QCL is based on the movement of an electron
through a series of specially designed steps (quantum wells), utilizing intersubband transitions
within a multiple-quantum-well conduction-band structure. As the electron falls down these
steps, each step emits a photon. A single electron thus generates several to several tens of
photons per electron in a cascade. It features huge power output, a massive wavelength range
(roughly 3-24 ym demonstrated, and 3-12 ym widely used), and excellent tunability (e.g.,
6.1-9.2 ym from a single chip [98], 7.7-9.15 pm external-cavity at 8.9 ym [99]). On the other
hand, it tends to have relatively high power consumption [100-106].

3. Interband Cascade Laser (ICL)

The ICL is a hybrid between the previous two. It utilizes the cascade principle (like the
QCL), so an electron generates photons across multiple steps in a row. However, the actual
generation of the photon occurs via a jump between the conduction and valence bands (an
interband transition, like in the QWDL). It is ideal for wavelengths of 3-6 ym (with a sweet
spot around 3—4 um). It features extremely low power consumption and can operate in
continuous wave mode at room temperature. Ideal for portable sensors [107-113].

4.1.4. Optical Geometries

In the typical sensor architecture, the light beam passes through various optical ge-
ometries: single-pass cells, long path lengths using multipass cells or open-path geometries
and cavity techniques.

Singlepass Cells

Singlepass cells are an optical configuration in which the light beam traverses the
sample only once before reaching the detector.

Multipass Cells

Multipass cells (White, Herriott, astigmatic, circular) are optical cavities that force
a laser beam to reflect many times inside a small volume, making the effective optical
path much longer than the physical length. The set of reflection spots on the mirrors
forms a characteristic pattern (circle, ellipse, Lissajous, star polygon, matrix, etc.) that
determines path length and mirror utilization. It longer the path from a few-tens-cm into
tens—hundreds of meters, greatly amplifying absorption while keeping sample volume
small and responsive [114-118].
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Open-Path Geometries

In open-path geometries, a laser beam is sent from the instrument through open air to
a retroreflector (a special mirror that sends light back along the incoming path) placed tens
to hundreds of meters away. The beam travels out and back, so the effective path length is
twice the physical distance. This allows measurements in the field, over agricultural fields,
industrial sites, or urban areas, without sampling lines or pumps. These path-integrated
measurements, often combined with wind data and beam scanning, are then used to
estimate surface fluxes and to map and locate N,O plumes and emission sources [119-125].

Cavity Techniques

In the cavity techniques, the laser light is trapped inside a high-finesse optical cavity—a
chamber with two highly reflective mirrors (usually >99.99% reflective). Instead of passing
through the gas once, the light bounces back and forth thousands of times, effectively
turning a 20 cm cell into a multi-kilometer path length [126-135].

4.1.5. Detectors

The detector depends on the sensing method that is described below. Photoacoustic
and photothermal systems usually use quartz tuning forks, microphones or cantilevers,
while direct absorption and NDIR systems use infrared photodetectors such as InAsSb,
pyroelectric elements, thermopiles, bolometers, or photodiodes [22,85,136].

4.1.6. Overview of Mostly Used Spectroscopic Detection Methodologies
Direct Absorption Spectroscopy (DAS)

Direct absorption (DAS) is the “plain” way of doing laser absorption spectroscopy:
directly measure and fit the absorption line to get calibration-free concentrations.

On its own, it is accurate but noise-sensitive. Conventional DAS can struggle with baseline
determination when there is photoelectric drift or no clean non-absorbing region, motivating
baseline-free inverse-fitting DAS approaches [137]. Overlapped or incomplete absorbance
profiles can also distort concentration retrieval in conventional DAS, although tailored recon-
struction methods reduced relative errors from 25.55% to 2.64% in a study [138]. Sensitivity is
another reason to move beyond plain DAS. In a direct N,O comparison, WMS-2f achieved a
20-foldenhancement over DAS and a 15 ppbv detection limit in under 10 s [139].

Modulation-based variants (WM-DAS, TDM DAS + WMS, DAS-calibrated WMS) and
optimized DAS (ODAS), often combined with long multipass cells, advanced filtering,
and better frequency control, greatly improve sensitivity, dynamic range, and robustness,
enabling ppb-level and multi-order-of-magnitude gas sensing [140,141].

DAS is frequently implemented as QCLAS, which utilizes quantum cascade lasers.
Savage et al. [142] integrated an existing automated chamber system for CO, measurements
with a new QCLAS, which allows for real-time, high-frequency (1 Hz) measurements of
N,0O and CH, concentrations. This system achieves much lower minimum detectable fluxes
than the traditional manual static chamber method. The method was tested in two distinct
environments: a forested wetland in Maine and an agricultural field in North Dakota.

Cowan et al. [41] evaluate the use of the eddy covariance method for measuring
nitrous oxide (N,O) fluxes from agricultural land, utilizing a continuous wave QCLAS to
achieve high-frequency, near-continuous field-scale measurements. By combining this laser
instrumentation with a 3-axis ultrasonic anemometer, the researchers were able to quantify
N,O emissions through the covariance of vertical wind speed and gas concentration.

Harris et al. [118] focus on the characterization and intercomparison of three com-
mercial laser spectrometers, specifically the OA-ICOS model N, OIA-30e-EP from ABB-Los
Gatos Research Inc., the CRDS model G5131-i from Picarro Inc., and QCLAS systems in-
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cluding the modified TREX-mini QCLAS from Aerodyne Research Inc. The primary goal
of this study was to assess the performance of these instruments in measuring the isotopic
composition of nitrous oxide in relation to changes in gas concentration, matrix effects, and
the presence of interfering trace gases. The results show that for long-term measurements
at atmospheric concentrations, CRDS instruments exhibit the best stability. In contrast,
QCLAS instruments excel in high short-term precision and significant flexibility in setting
experimental parameters, making them ideal for measurements at higher concentrations,
despite the observed susceptibility to instrumental drift. For all tested instruments, the
authors developed a specific calibration workflow and correction functions that allow for
high accuracy even in more demanding environments. In conclusion, the choice of the most
suitable instrument depends on the specific application, with the TREX-QCLAS system
representing a top-tier tool for isotopic measurements, provided that proper data correction
and calibration are ensured.

Non-Dispersive Infra-Red Sensors (NDIR)

The term “non-dispersive” denotes the use of fixed optical filters or narrowband
sources and detectors to select specific wavelength bands, rather than splitting the light
into a spectrum. A typical NDIR assembly comprises an IR source, a sample gas cell,
wavelength-selective filters, and an IR detector. Most conventional NDIR systems use a
broadband thermal source; newer designs increasingly use MEMS IR emitters or mid-IR
LEDs to reduce power and size. Conventional NDIR often uses a broadband, unfiltered
source and relies on filters at the detector side.

The advantage is usually a relatively low price. The primary limitations of non-
dispersive infrared (NDIR) sensors stem from spectral interference and cross-talk, particu-
larly caused by water vapor and overlapping gas absorption bands, alongside an inherent
trade-off between selectivity and sensitivity in fixed bandpass filters. To overcome these
challenges, recent research explores the integration of multi-peak emitters, tunable filters,
nanoantenna detectors, and advanced signal processing or machine learning algorithms,
aiming to enable precise, compact, and low-cost multi-gas NDIR detection [136,143].

Bandara et al. [144] aimed to create a robust and cost-effective instrument with a
MEMS-based infrared emitter (Micro-Hybrid JSIR 350-4) suitable for field monitoring. The
device is capable of monitoring a range of 1-2000 ppm for laboratory tests and 1-300 ppm
for agricultural field evaluations (detection limit: 1 ppm). The study confirms that the
device is well-suited for soil gas monitoring, as it maintains high precision and accuracy
(R® > 0.9995) even across fluctuating humidity levels.

Bevers et al. [145] focus on the development of a 3D-printed, subsurface soil sensing
probe designed to monitor nitrogen oxide gases (N,O and NO,)) produced by microbial
processes in agricultural soil. The device consists of a probe inserted into the soil and an
above-ground housing containing the sensor electronics. The device has a soda lime filter to
scrub CO, before the gas reaches the sensor. Under the tested conditions, the detection limit
was 5-10 ppm. The study validated the probe through laboratory experiments using soil
cores, where sensor performance was compared against a high-precision commercial Gasmet
FTIR analyzer. The results showed that the probe successfully tracked gas concentration
changes following fertilizer application and irrigation events.

Wastine et al. [146] introduce the K96 sensor that integrates three independent NDIR
channels with different optical path lengths into a single optical cell (White cell configura-
tion) with simultaneous detection of up to three gases. It uses a conventional incandescent
light source for multi-gas detection. The device features an integrated BME280 sensor
(Bosch) for measuring pressure, temperature, and humidity, which is used for measure-
ment compensation. The sensor achieves a resolution of <0.1 ppm N,O for integration time
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1 s and 0.01 s for the integration time 900 s and the range 0-1000 ppm. The system also
implements a calibration model to compensate for cross-sensitivity between the individual
NDIR channels (e.g., the influence of CO,, H,0O).

Hummelgard et al. [147] report on the development of a low-cost, mass-producible
NDIR sensor platform with White cell capable of sub-ppm gas detection. Regarding the spe-
cific detection of dinitrogen oxide, the platform achieves a detection limit of 0.02 ppm. This
level of sensitivity is reached with an integration time of less than five minutes. Furthermore,
the sensor is designed to maintain full accuracy for measurements within a concentration
range from its detection limit of 0.02 ppm up to 1000 ppm.

Li et al. [148] used a NDIR detector on a dairy farm with a 0-500 ppm N,O range. It
detects the greenhouse gases CH,, CO,, and N,O. It has a four-channel thermopile detector
(one channel for each gas plus a reference channel). Because different gases can have
overlapping absorption bands, the system uses the least-squares method to mathematically
correct the cross-interference between the three gas channels. The researchers conducted
tests directly at the Luoyang Shengsheng Ranch (Luoyang, China). During this field testing,
they compared the performance of their new device with a PTM600 portable gas analyzer
(manufactured by Eranntex, Shenzhen, China) to verify accuracy and functionality under
real-world conditions.

N,O is also not typically the target gas for the commercial sector of NDIR sensors. How-
ever, a few companies offer NDIR sensors for N,O measurements, but typically with not much
information about the product. Fresenius Instruments offers a NDIR N, O sensor for monitor-
ing, emissions control, and quality assurance. The resolution is reported to be 0.5 ppm, and
the range is up to 6000 ppm [149]. RKI Instruments offers model GD-70D for wall mount with
a measuring range of 0-500 ppm and a lower detection limit of 50 ppm [150]. Euro-gasman
offers FLOW MODEL-Infrared N,O Nitrous Oxide GasSense NDIR sensor with integrated
digital and analog output transmitter with a range of 0-100 ppm, 0-1000 ppm, 0-10,000 ppm,
0-20,000 ppm or 0-100,000 ppm (10%) N,O or 0-100% with 1 ppm resolution [151]. Viasensor
G200-00L G200-Nitrous Oxide Monitor has a range of 0-1000 ppm and 1 ppm resolution [152].

TDLAS

In the TDLAS method, a narrow-line diode laser is tuned (by current/temperature)
so its wavelength sweeps across a gas absorption line. The gas along an optical path
absorbs part of the light; a detector measures the remaining intensity, which is related to
concentration via the Beer-Lambert law [153-156].

TDLAS is generally widely adopted for continuous emission monitoring due to its
compatibility with high temperatures/pressures/dust levels and its ability to provide real-
time data with low maintenance, e.g., in industry [157]. The disadvantage is its relatively
high price.

For ships, TDLAS is already mature for NOx exhaust monitoring, using multi-laser,
in situ or cross-plume setups [158,159]. Recently, a N,O spectrometer has been developed
for maritime emission monitoring during and after combustion. Operating at 4.55 pm, this
TDLAS-based system measures absolute mole fractions directly from fundamental physics,
eliminating the need for routine calibration [160].

TDLAS was used as a compact field system with an interband cascade laser at 4.52 ym
and achieved ppb-level precision. It measured N, O fluxes from fertilized cropland, detecting
fluxes of 2.9-5.3 yLm~?min~"! directly after fertilization and tracking their decline over
time [161].

A room-temperature mid-IR external-cavity QCL sensor targeting N,O and CH, near
8 ym provided real-time, in situ measurements of emissions from horses in a stable, with
N,O up to 1.5x ambient background [162].
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Harris et al. [163] applied QCLAS with TDLAS for online monitoring of N,O emissions
in a partial nitritation-anammox wastewater reactor. Beyond total concentration tracking,
the high selectivity of the laser spectrometer allowed for real-time differentiation between
distinct microbial N,O production pathways under varying operational conditions and
underscored the potential of TDLAS-based sensors for real-time process control to mitigate
greenhouse gas emissions.

Shen et al. [164] used a continuous-wave external-cavity quantum cascade laser (EC-
QCL) with the TDLAS principle for the real-time monitoring of industrial catalytic processes.
The setup was connected to a fixed-bed flow reactor to track real-time N,O emissions during
the catalytic reduction of NO by CO over a Pt/SiO, catalyst (50-500 °C). Using the absorption
line at 1261 cm~! and a 50 m effective path length (Herriott cell), the detection limit was
32.3 ppbv within 12 s. The study also demonstrated the capability of TDLAS systems to
provide instantaneous feedback required for optimizing industrial chemical reactions and
minimizing greenhouse gas emissions.

Photoacoustic Spectroscopy (PAS)

In PAS, a modulated laser light is absorbed by target gas molecules and converted into
localized heat through molecular collisions. This periodic heating causes rapid expansion
and contraction of the gas, generating acoustic waves (sound) whose intensity is directly
proportional to the gas concentration. To detect these faint sound waves, various configura-
tions are used. Standard PAS and multi-resonant cells utilize ultra-sensitive microphones
or resonant acoustic chambers. CEPAS uses a cantilever to measure the acoustic pressure.
QEPAS uses a tiny quartz tuning fork that converts the acoustic vibrations directly into
an electrical signal via the piezoelectric effect. Cavity-enhanced PAS traps the laser light
between highly reflective mirrors to multiply the acoustic signal generation. PAS dual-comb
employs two frequency-comb lasers to enable rapid, simultaneous, and broadband detection
of multiple gas species [165].

Photoacoustic spectroscopy is often highly sensitive and can detect trace amounts of
gases, including parts-per-trillion performance in enhanced systems. It has low background
or zero-background detection in many gas-sensing applications, which improves trace
detection. It does not depend on long optical path lengths [166,167]. The disadvantage is its
sensitivity to the environment (temperature, pressure, vibrations, and acoustic losses; [165]).
Moreover, PAS cannot improve detection by increasing optical path length.

More recent QEPAS and laser-PAS systems reach lower N,O limits than older broad-
band agricultural analyzers; however, they are typically not used in situ. Examples include
5 ppb for dual-gas CH4/N,O QEPAS at a lock-in integration time of 100 ms, 12 ppbv for
simultaneous CH4/N,0O/H,O monitoring with with a 1 s integration time., less than 60 ppb
with a broadband QCL-array QEPAS sensor and 10 s lock-in integration time, 1 ppb with a
multiresonator PAS sensor with 300 s integration time, and 0.7 ppt for N,O over the 200 s
averaging time in a doubly resonant PAS system [168-172]. These limits look promising;
however, QEPAS systems are very sensitive to, e.g., vibrations. This could limit their broader
usage in real conditions and not only in the laboratory.

In agriculture, photoacoustic spectroscopy is used mainly with chambers and laser/IR
sources to monitor N,O fluxes from soils, compost, and livestock facilities, often alongside
CO, and CH, [173,174].

Klein et al. [175] measured in fields using static chambers and a PAS and concluded
that the PAS system measured 33% lower N,O emissions compared to the reference in-
strument, Continuous Flow Isotope Ratio Mass Spectrometry. The authors discovered that
the sensitivity of the PAS instrument changed significantly over time (drift). Unless the
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instrument was calibrated very frequently, the measured values progressively deviated
from reality.

The commercial device INNOVA 1412 is often used in situ by authors due to its relatively
low price in comparison with more advanced PAS methods. Instead of expensive laser light
sources, the INNOVA 1412 analyzer utilizes a cost-effective broadband infrared light source
(an infrared lamp), where specific wavelengths for individual gases are selected mechanically
using a rotating wheel with narrowband interference filters. The acoustic waves generated by
the periodic heating of the gas are then detected inside the measurement chamber by classical
sensitive condenser microphones. This specific combination of components ensures lower
purchase and maintenance costs compared to laser-based systems.

The INNOVA measurements were compared by the authors with gas chromatography
(GC).Nicoloso etal. [173] and Tirol-Padre et al. [ 176 ] measured in situ using static chambers,
where gases can accumulate, finding good agreement with GC results. Nicoloso et al. [173]
reported that the results were affected by air humidity, leading to an overestimation of N,O
concentrations and fluxes by 13.6% compared to GC.

In contrast to enclosed chambers, Schmithausen et al. [177] and Akdeniz et al. [178]
used the INNOVA 1412 PAS analyzer in a naturally ventilated dairy barn. They concluded
that the INNOVA is not optimal for such measurements. Schmithausen et al. [177] found
that only 25% of measurements of N,O were similar to those measured by GC due to a
too-high detection limit (0.4 ppm) and the concentrations in the range 0.16-0.39 ppm (in
contrast with that of Nicoloso et al. [173] with the measurement range 0.30-2.0 ppm).

Cavity Ring-Down Spectroscopy (CRDS)

Cavity Ring-Down Spectroscopy (CRDS) works by trapping laser light inside a cham-
ber with two highly reflective mirrors and then suddenly turning the laser off. The light
bounces back and forth, slowly leaking out to a detector. If a target gas is present in-
side the chamber, it absorbs the light and makes it disappear much faster. By measuring
how quickly the light fades away (the “ring-down time”), the exact gas concentration
can be calculated [127,179].

CRDS is favored because it combines high sensitivity with real-time measurement and
avoids time-consuming sample preparation typical of chromatography [180]. Calibration-
free, intensity-insensitive absorption is a core advantage because CRDS measures decay
rate rather than transmitted intensity, making it intrinsically less sensitive to laser power
fluctuations and not dependent on knowing path length or mirror reflectivity [130]. The
disadvantage is its price. Moreover, CRDS accuracy is not always as strong as its precision;
line intensities can differ by several percent between spectrometers because ring-down
signals are hard to measure without distortion. Precision can be below 0.01%., but the
accuracy is often worse than 5%. due to inaccuracies in light intensity measurements [181].
CRDS needs detectors with high linearity, broad bandwidth, and low noise [130]. Aquatic
isotopic CRDS measurements require corrections for O,, CH,, CO,, and CO interference,
and chemical traps are needed for some gases [182].

In applications, authors usually use a commercial Picarro system for N,O measure-
ments. Grinfelde et al. [183] used it for soil N,O flux experiments in laboratory conditions
with recirculating chambers. With Picarro G2508, 36 samples were measured for 10 min
each with 1 s recording, and analysis suggested a minimum measurement time of at least
250 s for reliable N,O emission estimates [183].

Brown et al. [184] detail the development of an automated system designed for high-
precision, high-frequency in situ measurements of dissolved N,O and CH, in surface seawater.
The authors interfaced a commercial Picarro G2508 with a custom-built equilibration unit,
which allows for the continuous analysis of ship-based underway water samples.
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Courtois et al. [185] measured in situ soil fluxes of N,O in a tropical rainforest over a
4-month period using a combination of an LI-8100A automated soil flux chamber system and
a Picarro G2308 gas analyzer. The study highlights that selecting an appropriate chamber
closure time is critical for the accuracy of measurements, as this gas typically exhibits much
lower flux rates than CO, or CH, in this ecosystem. While a short 2 min closure time was
sufficient for capturing rare, high-magnitude peak events, it was generally inadequate for
reliable quantification of baseline emissions. Consequently, the researchers determined that
a significantly longer closure time of 25 min was required to ensure that the majority of
measured fluxes consistently exceeded the minimum detectable flux.

Eberwein et al. [186] used CRDS in desert soil measurements. Cavity-enhanced laser
absorption spectroscopy with a tunable diode laser-model 908-0014, Los Gatos Research,
Inc.-was used. The study investigated whether changes in the microbial community and
increased atmospheric nitrogen (N) deposition influence the emissions of the gases NO,
and N,O at two sites differing in the rate of N deposition. Surprisingly, both gas emissions
were lower at the site with high N deposition. This may be attributed to factors such as
higher plant N uptake, lower soil pH, or more efficient transfer of reactive intermediates
among nitrifying microbes. These emissions represent a significant pathway for ecosystem
N loss, which may contribute to sustained N limitation in dryland ecosystems.

Cavity-Enhanced Absorption Spectroscopy (CEAS)

Cavity-Enhanced Absorption Spectroscopy (CEAS) measures light intensity. In this
method, the laser is kept turned on continuously, injecting light into a high-finesse optical
cavity until a steady-state equilibrium is reached between the input power and the light leaking
through the mirrors. The highly reflective mirrors force the trapped light to bounce back and
forth thousands of times, creating a virtual path length of several kilometers. When a target
gas is present, it absorbs a portion of the circulating light, lowering the intra-cavity energy
level and causing the continuous intensity exiting the cavity to drop. The gas concentration is
then determined by measuring this attenuation of light intensity [126,134,135,187-192].

Different enhancements of these methods exist. Older on-axis methods required the
laser to be aimed absolutely perfectly through the center of the mirrors. Any minor shock,
temperature change, or vibration would instantly misalign the instrument and create optical
noise (cavity-mode noise) in the measurement. The new method’s off-axis geometry means
that the laser does not enter the cavity straight through the center, but intentionally at a
slight angle. These include Off-Axis Cavity Enhanced Absorption Spectroscopy (OA-CEAS)
and Off-Axis Integrated Cavity Output Spectroscopy (OA-ICOS). This enables suppression
of cavity-mode noise and simplifies alignment, making them robust for field and harsh-
environment measurements.

CEAS spectroscopy’s main advantage is its very high sensitivity. A practical advantage
of CEAS is that it measures transmitted intensity rather than ring-down time, so it can
use slower, cheaper detectors and more conventional absorption-style hardware [193]. A
central limitation is that CEAS often needs calibration of mirror reflectivity or effective path
length to obtain absolute absorption, unlike idealized calibration-free approaches [190].

Woijtas et al. [191] utilizes CEAS with a QCL operating at a wavelength of 4.53 pm
to target the absorption maximum of the gas, achieving a detection limit of 45 ppb for
N,O. The detection module for this gas is equipped with MCT photodetectors and tran-
simpedance preamplifiers to register leakage radiation from an optical cavity built with
mirrors possessing a reflectivity greater than 0.995.

Yang et al. [192] integrated mid-infrared OA-CEAS with wavelength-modulation
spectroscopy (WMS) enabling real-time measurements. They validated this new technology
through extensive laboratory experiments and ambient air measurements to demonstrate
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its performance. The system achieves detection limits of 0.255 ppb, 2.94 ppt and 2.32 ppt at
a 100 s integration time for different isotopes.

Fourier-Transform Infrared Spectroscopy (FTIR)

FTIR (Fourier-Transform Infrared) spectroscopy utilizes a Michelson interferome-
ter to modulate a broadband infrared beam. By collecting an interferogram of all wave-
lengths simultaneously and applying a Fourier transform, FTIR yields a comprehensive
absorption spectrum.

Fourier-transform infrared (FTIR) spectroscopy offers significant analytical advan-
tages, including rapid acquisition times, generally non-destructive testing, minimal solvent
requirements, and broad applicability with excellent specificity for chemical functional
groups. However, the technique faces notable constraints, such as a localized sampling
area and surface-limited penetration depth when utilizing attenuated total reflection (ATR).
Additionally, resolving complex mixtures can be hindered by spectral overlap, necessi-
tating robust reference databases and sophisticated data preprocessing [194-197]. For
direct emissions measurements, the main limitations are not whether FTIR sees N,O, but
how retrievals handle interference and sampling conditions. Water vapor caused about a
1-2 ppm offset in one FTIR-vs-QCL vehicle comparison and produced roughly 15% N,O
differences, while wet calibration gas was recommended to reduce bias [83]. In open-path
settings, water vapor, temperature mismatch, path length, and low wind can all increase
N,O uncertainty [198].

FTIR is used for agricultural N,O measurement in two main ways: open-path field
monitoring over soils and pastures, and closed-cell or chamber-linked systems for plot-scale
or isotopologue work [199-201].

Field-crop studies paired scanning or slant-path OP-FTIR with flux-gradient and back-
ward Lagrangian stochastic dispersion models to compare fertilizer treatments and tillage
systems across paddock or hectare scales [202-204]. One multi-field maize study reported a
minimum detection limit of +1.2 ug m~—2 s~! for multi-source flux measurements, but uncer-
tainty roughly doubled when adjacent fields contaminated the upwind background [203].

Open-path FTIR has been used to measure field-scale N,O from maize soils, but
requires multivariate chemometric models to correct for humidity and temperature effects
and showed biases of a few percent [201].

Wiacek et al. [205]’s study present the first application of the mobile OP-FTIR (Open-
Path Fourier Transform Infrared) spectrometry technique for real-time measurements of
trace gas concentrations directly near marine emissions in a port. The instrument was
located on the shore, and a passive retroreflector was placed on a nearby island, creating
a 455 m-long open-path measurement path over the water surface. The authors report
that the OP-FTIR technique has typical detection limits in the range of 1-10 ppbv, with the
specific value depending on the length of the measurement path and the data collection
time. Most of the summer measurements were conducted with a 10 s sampling interval,
which, however, reduced the SNR. For an optical path length of 913.7 m, the detection limit
for N,O is set at 0.3 ppb. A related ocean deployment used OP-FTIR over the sea surface
at two heights and derived gas concentrations for flux-gradient calculations, showing that
marine FTIR geometry is technically workable beyond ports [206].

Industrial evidence of N,O measurements with FTIR is limited. Cement flue gas
was measured in situ with FTIR, recording N,O every minute across full plants and was
compared against parallel NDIR measurements [207]. In the cement study by Mosca
etal. [207], FTIR and NDIR agreed well for CO and CO, but not for N,O, which suggests
the disagreement was specific to N,O quantification rather than general analyzer failure.
A likely reason is that conventional NDIR methods around the 4.5 ym N,O band are
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vulnerable to overlap from water vapor, CO,, and CO, and grab-sample handling can even
create artifactual N,O in the presence of NO, SO,, and condensed water. That makes in
situ FTIR attractive in industrial stacks because it avoids some sampling artifacts while
measuring several interferents at the same time.

NH;/H, jet-stirred reactor study by Zhang et al. [208] quantified N,O by FTIR, with
heated transfer lines and gas cells, and reported experimental uncertainties within 10% for
NHj;, H,O, NO, and N,0.

LIDAR

Lidar/DIAL (differential absorption lidar) operates by simultaneously or sequentially
emitting at least two closely spaced laser wavelengths into the atmosphere to achieve high-
resolution, range-resolved gas profiling. The “on-line” wavelength is precisely tuned to
a prominent absorption feature of the target gas molecule, while the adjacent “off-line”
wavelength is selected to experience negligible molecular absorption. As both pulses
propagate through the atmosphere, they undergo Mie and Rayleigh backscattering by
aerosols and air molecules. By analyzing the differential attenuation between the returned
on-line and off-line backscattered signals as a function of time, and applying them within the
foundational DIAL equation, the spatial distribution and concentration of the target trace
gas can be precisely mapped along the laser path without requiring physical sampling [209].

The main practical constraints likely to matter for N,O: aerosol-induced bias, wind de-
pendence for flux inversion, sensitivity limits for distributed area sources, and the difficulty
of operating in harsh industrial environments [210-212].

Kiemle et al. [75] present a design and a theoretical feasibility analysis of an airborne
differential absorption lidar (IPDA lidar) intended for measuring nitrous oxide concentrations
in the atmosphere. The objective of this instrument is to monitor and quantify N,O emissions
originating primarily from agriculture, industrial production, and combustion processes, with
the system design anticipating operation from an aircraft at an altitude of approximately
5 km and a horizontal resolution of 500 m. In their work, the authors focus on the selection
of optimal spectral lines in the infrared region, identifying the 3.9 ym and 4.5 pm bands as
the most suitable candidates. To achieve the required 0.5% precision, they favor the use of a
so-called “trough” position in the 4.5 ym band, which increases measurement sensitivity near
the Earth’s surface and reduces the frequency stability requirements for the laser.

4.2. Non-Spectroscopic Techniques
4.2.1. Gas Chromatography (GC)

Gas chromatography is an analytical method utilized for the separation and quantifica-
tion of volatile and semi-volatile organic compounds using a gas that carries them through a
coated tube. The technique achieves separation by partitioning vaporized analytes between
an inert gaseous mobile phase (e.g., He, H,, or N,) and a column stationary phase, gov-
erned by analyte volatility and polarity-matching interactions. While packed columns offer
robustness against matrix impurities, capillary columns deliver enhanced efficiency and
resolution, which are further optimized through oven temperature programming. Eluted
components are monitored via detectors like the flame ionization detector (FID) or thermal
conductivity detector (TCD). Ultimately, the hyphenation of GC with mass spectrometry
(GC-MS) delivers simultaneous separation and structural elucidation, establishing it as the
gold standard for complex mixture analysis and environmental trace detection [213].

Gas chromatography is still a standard method for in situ agricultural N,O work when
gas is collected in chambers and analyzed later, because it is inexpensive and widely used,
but its main trade-off is poor temporal and spatial resolution compared with laser-based
systems [214,215]. Chamber footprints are usually less than 1 m?, so spatial heterogeneity
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is often under-sampled [214,216]. For soil N,O, GC usually means chamber sampling plus
laboratory or automated GC-ECD analysis rather than a sensor measuring continuously in
the field, and the evidence consistently frames it as useful for treatment comparisons but
limited for capturing short-lived peaks and field-scale variability [214-216]. GC systems for
N, O typically inject a 0.25-1 mL sample loop into a carrier gas stream and use an electron
capture detector; analyses take about 2-10 min per sample [215]. Samples can be collected
by syringe, stored in vials for weeks, and even shipped elsewhere for analysis, which makes
GC practical for distributed field campaigns [215].

Zuas et al. [217] detail the validation of an analytical method for measuring N,O
concentrations within a nitrogen N, matrix, utilizing gas chromatography equipped with a
micro-electron capture detector (GC-pECD). The method was found to be accurate and
stable under minor changes to experimental conditions. A limit of detection was determined
to be 0.10 ppm and a limit of quantitation of 0.34 ppm (given that 1 ymol mol~! is equivalent
to 1 ppm).

Hedley et al. [218] detail an automated gas chromatography method designed to
measure CH,, CO,, and N,O fluxes from soil surfaces. The analytical procedure utilizes
a 10-port gas-sampling valve, a pre-column, and an analytical column, with nitrogen as
the carrier gas. N,O is detected using an electron capture detector (ECD). The method
detection limit for N,O is 7.4 ppb.

Weiss et al. [219] report the results of long-term monitoring of CO, and N,O concen-
trations in both marine air and surface seawater during 41 expeditions spanning from 1977
to 1990 across the Atlantic, Pacific, Indian, and Southern Oceans, as well as the Mediter-
ranean and Red Seas. The investigation utilized automated gas chromatography equipment
installed directly on board the research vessels. CO, was analyzed using a flame ioniza-
tion detector following reduction to methane, while N,O was measured using an electron
capture detector. These were considered in situ, shipboard measurements, as the analysis
took place in real time during the expeditions. To facilitate this, surface seawater was
continuously pumped from a depth of approximately 3 m into an equilibrator, where the
gas in the system reached equilibrium with the water before being analyzed.

Hulgaard and Dam-Johansen [220] examine N,O emissions across various combustion
systems and evaluate the performance of different sampling and analytical procedures. The
researchers compared grab sampling followed by gas chromatography with continuous
infrared analysis. A significant finding of the study is the sampling artifact, where N,O
can form within sample containers during storage if NO, SO,, and water vapor are simul-
taneously present in the sample. To ensure accurate results, the authors emphasize the
necessity of removing SO, and H,O prior to collection. The investigation revealed that N,O
emissions are generally 0-5 ppm in pulverized coal combustion, gas turbines, and domestic
oil combustors. In contrast, emissions from circulating fluidized bed combustion are higher
and tend to increase as combustion temperature decreases and excess air levels increase.
Furthermore, the study analyzed the selective non-catalytic reduction of NO,, finding that
the injection of urea results in a substantial increase in N,O emissions, whereas the injection
of ammonia causes only a minimal increase. Moreover, the authors observed that bubbling
a gas containing high concentrations of NO and SO, through an acidic solution can lead to
significant N,O formation, a phenomenon that should be considered in industrial emission
control setups. Wang et al. [221] (2010) suggest managing CO, interference in GC-ECD
because pure N, carrier gas can bias N,O response.
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Cornell et al. [222] studied ammonia kinetics and, hence, jet-stirred reactor experiments
were conducted on NH;/N,O/N, mixtures over an intermediate temperature range of
850-1180 K. The mole fractions of NH;, N,O, and NO were quantified through a multi-
diagnostic approach, integrating gas chromatography, chemiluminescence, electrochemical
detection, and infrared absorption. The high reliability of these measurements is confirmed
by the consistency across different diagnostic techniques, with agreement within 3% for
N,O and 7% for NO.

All in all, for industrial combustion, good GC practice means validated calibration
gases, interference control, and minimal storage delay [223,224].

4.2.2. Electrochemical Sensors (EC)

Electrochemical sensors are analytical devices that directly transduce chemical in-
teractions into quantifiable electrical signals, including voltage, current, impedance, or
conductance. They comprise a specialized recognition layer—either chemical or biological—
coupled with an electrode assembly that serves as the transduction element. Depend-
ing on the operational mode, these devices are classified into three primary categories—
potentiometric, amperometric/voltametric and conductometric/impedimetric sensors.

Potentiometric sensors measure the electrical potential at near-zero current across wide
concentration gradients.

Amperometric or voltammetric sensors monitor the current generated by the oxidation or
reduction of a target analyte, offering enhanced resolution, albeit over a narrower linear range.

Conductometric or impedimetric sensors track alterations in the conductance or elec-
trical impedance at the electrode-solution interface.

The advantages of the electrochemical sensors are their operational simplicity, cost-
effectiveness, and relatively high sensitivity; however, detection limits vary widely by
sensor design. Disadvantages are selectivity challenges and matrix interferences in complex
real-world samples. The fabrication process can be tedious, particularly when modifying
electrode surfaces with advanced nanomaterials or biological layers. Additionally, long-
term stability remains an issue, with device lifetimes frequently constrained by signal
drift, surface biofouling, and degradation of the reference electrode. The main practical
constraints are environmental. Temperature and humidity alter baseline and capacitance in
electrochemical gas sensors, and compensation remains necessary even in recent low-cost
platforms [225-229]. Stability and accuracy in real-world conditions were tested by Schuldt
etal. [230]. They used Zeppelin NT and 6 different gas sensors (not for N,O). The research
showed that although electrochemical sensors are suitable for indicative measurements, their
accuracy is strongly influenced by ambient conditions, particularly temperature, humidity,
and airflow dynamics during flight.

A mediated electron-transfer carbon-felt electrode detected N,O from 1 to 16 ppm at
room temperature and remained stable for more than 30 days [231].

An enzyme-based sensor using oxygen-insensitive nitrous oxide reductase showed N,O-
specific electrochemical response even under air, suggesting a route to higher selectivity [232].

Revsbech et al. [233] developed a silver cathode electrochemical sensor with a detection
limit of 1 micromol/L.

Kanazawa et al. [234] detail the development of a stabilized zirconia-based electrochem-
ical device designed for monitoring N,O in the air. They demonstrated a linear relationship
between the electromotive force and the logarithm of N,O concentration within a range of
35-200 ppm. The operating temperature was 475 °C.

Damgaard et al. [235] present the development and field testing of a new type of am-
perometric electrochemical sensor designed to monitor environmental N,O concentrations
in the nanomolar range. The sensor was successfully tested in situ by measuring a vertical
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N, O profile in the oxygen minimum zone of the Eastern Tropical North Pacific off the coast
of Mexico, reaching depths of up to 120 m. Regarding sensitivity, the detection limit for
newly constructed sensors was determined to be 2 nanomol/L.

A jet-stirred NH;/N,O/N, combustion study measured N,O using electrochemical
detection alongside gas chromatography, chemiluminescence, and infrared absorption, with
agreement within 3% for N,O across methods [222].

Kim et al. [236] used commercial microsensors N,O-100 and OX-100 by Unisense
A/S. They assessed the performance of electrochemical microsensors in monitoring the
temporal dynamics of N,O production and oxygen depletion in the immediate vicinity of
plant residues incorporated into a soil matrix (N,O-100 and OX-100, Unisense A/S, Aarhus,
Denmark). The research confirms that electrochemical microsensors are effective tools for
in situ, micro-scale monitoring, capable of measuring both dissolved and gaseous N,O with
a detection limit of <0.5 pmol/L.

4.2.3. Chemiresistive Sensors

Chemiresistive sensors are gas sensors whose readout is the resistance change of a
material when gas molecules adsorb or react at its surface. They can be built from metal
oxides, conducting polymers, carbon/2D materials, and porous frameworks, in thick-film,
thin-film, or flexible forms, and used either as single devices or arrays (“electronic noses”)
for multi-gas discrimination [237].

Metal oxide semiconductor (MOS/SMO) sensors are very often used. They are charac-
terized by a high degree of ionic bonding between metal and oxygen and tunable electronic
properties via size, composition, and defects. They are commonly classified as n-type
(oxygen vacancies act as electron donors; e.g., SnO,, ZnO, In,O0;) and p-type (metal ions
act as electron acceptors; e.g., NiO, CuO, Co;0,).

MOS sensors are among the most widely used gas sensors because they are simple,
low-cost, and very sensitive. Poor selectivity remains a central limitation, especially in
mixed-gas agricultural air [79,238,239]. Many MOS sensors still require high operating
temperatures, raising power demand [240-242]. Humidity and environmental variation
can shift baseline resistance and reduce sensitivity [243-245]. Long-term stability and
calibration in real field conditions remain weaker than lab demonstrations [244-246].

A room-temperature Au-decorated MoS, N,O sensor reached a 0.5 ppm detection
limit with a dynamic range of 10-100 ppm, with improved selectivity and 30-day stability,
as reported by Rahman et al. [247].

Rout et al. [248] developed sensors based on In,O; and WO; nanowires. When tested
for N, O, the devices exhibited high sensitivity across a concentration range of 0.1 to 100 ppm,
maintaining performance even at the 0.1 ppm detection limit. Furthermore, the sensors are
unaffected by humidity levels up to 90% relative humidity (RH), confirming their suitability
for stable operation in real-world conditions.

A comprehensive overview of the MOS sensors for N,O with detection limits and
operating temperature is shown in [249].

5. Discussion
5.1. Comparative Assessment of Sensing Technologies

A comprehensive evaluation of commercial instruments (Table 3, based on man-
ufacturer specifications and on the independent analyzer intercomparison of Lebegue
etal. [250]) and broader sensing technologies (Table 4) highlights a fundamental trade-off
between analytical performance, environmental robustness, and operational complexity for
N, O detection. High-precision optical techniques, such as CRDS and TDLAS/QCLAS, offer
superior sensitivity (sub-ppb levels) and rapid response times (<1 min), making them
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ideal for high-accuracy continuous monitoring despite higher capital costs and sample
conditioning demands. In contrast, lower-cost sensors (e.g., NDIR and MOS) provide
viable alternatives for routine process screening and safety applications, though their sus-
ceptibility to cross-interferences and limited sensitivity preclude their use for trace-level
measurements. While reference methods like GC-ECD maintain high accuracy, their dis-
crete sampling nature and high maintenance requirements further emphasize the advantage
of mature, field-ready optical systems (TRL 6-9) for real-time monitoring across diverse
operational settings.
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Table 3. Traceable performance and operational characteristics of representative commercial and field-demonstrated N,O analyzers.
. S . Effective Response/ Measurement Sample Condition- Measurement ] q
Representative . . Indicative 10  Averaging 2 T Range A A — A Operational  Basis of
Technique  Status/Setting i . Optical Path  Stabilization d ing/Main Continuity/Appli- .
Analyzer/Method Precision Time, TT . Specified or . Complexity  Values
Length Time Evaluated Interference cation type
H,0 measured; Continuous Specified
Picarro PI5310 Mid-IR Commercial; <0.03 pob 5 min n/a ~5s,10-90% 1-1500 ppb dry-mole correction;  extractive; P3 (r};anufac-
[251] CRDS stationary 2 PP rise/fall specified <99% RH stationary atmo- turer)
non-condensing spheric/laboratory
H,0O measured and
) 000 )
cc  Commec ooy Lo el ol comimon
GLA151-N20M1 portable field 0.2 ppb 10 n/a <10's with PPy & e P2-P3 (manufac-
- OA-ICOS operational to  trace-level wet-air and atmospheric
[252] analyzer external pump 1o o turer)
40 ppm validation monitoring
recommended
FTIR trace-gas Commercial Nafion + Continuous
analyzer, IRcube + platform; . 10 + 7 min to 320-360 ppb Mg(ClOy), drying;  extractive; multigas
PA-24 FIIR stationary 0.055 ppb 10 min 24m +20 evaluated N, purge; atmospheric/sta- P4 Measured
[250] configuratio T/P-controlled cell tionary monitoring
Best H,O correction .
Sgr?rcli{gis Mini €L Commercial 76 m 1+0minto  320-360ppb ~ |comparison, exteactive fed and
Monitor multipass  field 0.070 ppb 10 min Herriott cell  +20 evalua tegp <0.1 ppb deviation; edd —cova,riance P3 Measured
- DAS instrument - pressure and flow yeor
[250] ; monitoring
control required
Automated Commercial; Dry gas; ECD Quasi-continuous
HP/Agilent GC- quasi- <6 min per 324-334 ppb nonlinearity; SFq extractive;
GC-ECD ECD/uECD continuous 0.113 ppb * 10 min n/a run: se Eential ambient air interference; carrier  laboratory, station, P4 Measured
configuration 3 reference 75eq evaluated gas and ®*Ni source  automated
[250] method management chambers
Commerel 2+ 3mint Maruteurr 50 Coninus
+92q7 ! ive:
Thrermo IRIS 4600 DFG lager current 0.107 ppb 10 min 5m +£20; . 320-360 ppb to +2 ppb deviation; extractive; . P3 Measured
[250] absorption o1l 17 £ 2 min to evaluated . atmospheric
availability not drying L
o +0.1 ppb monitoring
verified recommended

Notes to Table 3: * GC-ECD: 0.113 ppb is the 10 min continuous-measurement repeatability in the intercomparison. Automatic standard-gas drift correction was
applied every 45 min; the value therefore represents managed quasi-continuous operation rather than free-running detector noise. Operational-complexity classes
are semi-quantitative author assessments according to the notes given below Table 4. All six analyzers fall into the relative cost class C4 (>100 k€; notes to Table 4),
so the cost column is not shown. Values for the Picarro PI5310 and ABB GLA151-N20M1, which post-date the intercomparison, are manufacturer specifications; all
other values were measured independently in the intercomparison of Lebegue et al. P2: field-capable operation; P3: controlled sampling and regular QA /QC; P4:
laboratory/metrology infrastructure. Public quotations were unavailable for all systems. For optical systems, “n/a” denotes that optical path length is not available
or that it is not a meaningful descriptor.
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Table 4. Semi-quantitative comparison of gas-phase N,O sensing methods for ammonia combustion-related applications.
Method/ Sensitivity Class and Typical Interferences and Sample Condition- Meas.ure'm ent : . Industrial
. Response- 2 5 2 Continuity and A _— Operational  Relative A
Measurement Indicative - Measurement Environmental ing/Operating o e Best-Fit Application " Readi-
o Time Class . in Situ Complexity  Cost
Principle Performance Range Robustness Requirements - ness/TRL
Capability
S5—typical . . ~ .
commercial ~0.1-500 ppm; E2—H,0, CO, and ComPensat'lon C-IN/C-EX; Low: cgst ?mblent
performance in the R1— selected cCr((?ss—sensitivi ; Iaig?rriliimeséiﬁc continuous sir()ece;lsnr%{olﬁicfolrin ;
NDIR high-ppb to ppmrange  typically commercial temperature a;}:i calibra ti(ljn' optional point or Stack use onlv a fte% P1-P2 C1-C2 TRL9
(selected research 10-60's systems to % P ' ' P extractive Sl v
. . pressure filters, pump and validation against wet
configurations could level d e measurement .
ependence pressure stabilization flue-gas matrix
approach ~20 ppb)
ppb-ppmy; Filter selection;
$4-S5—~30-500 ppb typically ~4 E2—1,0 and CO, water-vapor C-EX; cyclic Chambers, =~
. . R1-R2— orders of interference, drift . . agricultural facilities,
Broadband PAS  depending on filter . . . . compensation; multi-gas P2-P3 C3 TRL 9
. I ~0.5-3 min magnitude and vibration : . . ; controlled exhaust or
and integration time . e particulate filtration; analysis .
above detection  sensitivity iodic calibrati process sampling
limit periodic calibration
E3—strongly Stable optical/acoustic ~ C-EX;
$1-S3—ppt to ~10 affected by alignment; protected continuous but Laboratory trace-gas
Laser ppb, strongly R1-R3— vibration, acoustic enclosure; pressure generally analysis; highly
PAS/QEPAS configuration- and 0.1-300 s ppt-ppm losses, temperature, and temperature laboratory or sensitive confirmation P3-P4 C3-ca 1RL 3-5
averaging-dependent pressure and control; regular protected measurements
humidity validation deployment
Baseline treatment; Process cells
S5 .102-103 ] i i 7 4
DAS, single- fso4r $5—~10°-10" ppb Ezticg?ifi;nz:;ﬁz spectral fitting; stable laboratory systems
pass/simple . . Rl1—seconds ppb-% P . 5 source and detector; C-IN/C-EX and P2-P3 C3 TRL 7-9
simple/conventional overlapping o . .
QCLAS . . : calibration or high-concentration
configuration absorption features 1
validation process streams
f;;ftfa_l?;igekl tivity; Pressure/ temperature
TDLAS/DAS SZ—SS—~1—3Q ppb; pressure, cqntrol; optical C-IN/C-EX; Stack, reactor,
. . sub-ppb possible in alignment; reference . field-flux and
with multipass L Rl—seconds ppb—-ppm temperature and ! . direct or P3 C3-C4 TRL 6-9
optimized long-path . . gases; optional drying . protected open-path
cell optical-fringe . extractive
systems . or heated sampling measurements
control remain .
. line
important
RI-R2— Stationary
seconds raw )
. . . atmospheric
response; E2—water-vapor Pump; reference gases; monitoring, chamber
CRDS Sl—SZ—.~0.03—O‘1 ppb  stabilization ppb-low ppm correction, FirlfF and drymg or mdependent C-E).(,' systems and P3 ca TRL 9
at 10 min after sample-switching wet-air validation for continuous hi e
g . igh-precision
switching effects highest accuracy
reference
may exceed
. measurements
10 min
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Table 4. Cont.
Method/ Sensitivity Class and Response- Typical Interferences and Sample Condition- ?::tsil:‘l:ime:rt d Ovperational  Relative Industrial
Measurement Indicative Timl:: Class Measurement Environmental ing/Operating in Situ ty Best-Fit Application C(l:m lexit Cost Readi-
Principle Performance Range Robustness Requirements o P y ness/TRL
Capability
Sub-ppb .
atmospheric E2-E3—H,0, Drying, N, purge, ) .
R3—~10 N,O temperature temperature/pressure Stationary multi-gas
FTIR, extractive =~ S1-S2—~0.06 ppb at min démonstra ted: mismatch. spectral control, spectral C-EX; atmospheric Pa ca TRL 9
closed-cell 10 min stabilization  broad 4 overlap ar; dp retrieval and continuous monitoring; extractive
multi-species pressure effects chemometric stack monitoring
range processing
E2—F.O Optical alignment;
— 112\, . _| .
FTIR $2-S4—~0.3-10 ppb; RI-R2—~10 boppm: temperature, wind, ﬂfﬁ;ﬁgégy' spectral fogtli)ﬁuous Ports, facility fences,
o en: ath path- and s to 1 min Pgth-lfrlljte ’rate d path geometry and ath-integ, cated remote agricultural fieldsand ~ P2-P3 C4 TRL 7-9
pen-p averaging-dependent P & source-background path-inies plume mapping
separation calibration and measurement
P retrieval
E2-E3—dry gas Carrier gas; drying;
Rd—, ntial DOb_pDM: required; CO, /SFg calibration standards; Q-EX/D-LAB; Reference laboratory,
S2—~0.1-1 pob under  anal S:ig}le a Egnlilr)lgar’ interference; automated valves; quasi- station monitoring,
GC-ECD/uECD mana e' do pe};ation < 6—2}:) n{m detector sample-storage column continuous automated chambers P4 C3-C4 TRL 9
& P or cvcle respOnSe artefacts; laboratory  and valve maintenance;  rather than and validation
percy P temperature and 63Ni*N{63} \mathrm{Ni}63Nal-time measurements
pressure effects source administration
R2—minutes: E3—temperature, Periodic zero/span C-IN: Safety indication and
Electrochemical ’ humidity, baseline checks; environmental L local
S5—ppm model- ~1-200 ppm . S continuous . . P2-P3 C1 TRL 4-6
gas sensor dependent drift and compensation; sensor oint sensin high-concentration
P cross-sensitivity replacement P & monitoring
Heater power;
E3—humidity, low  environmental C-IN: Low-cost screenin
MOS/chemire- R2—model- selectivity, heater compensation; e &
o S$4-S5—~0.1-0.5 ppm ~0.1-100 ppm . continuous rather than trace P2-P3 C1 TRL 3-5
sistive sensor dependent dependence and frequent field oint sensin metrolo
baseline drift validation and P & &Y
replacement
Path- and E3—aerosols, wind,
. Laser safety, scan
n/a—not range-resolved; atmospheric optics. atmospheric
DIALlidar assigned—field N,O R2-R3—scan- concentration attenuation, spectr,o o r;n d R-OP; remote Airborne or large-area P4 ca TRL 3-5
sensitivity and LOD dependent range not yet frequency stability nI: eteorolo pi}éal sensing atmospheric profiling for N,O
not yet established. established for and inversion inversion 8
field N,O uncertainty

Notes to Table 4: Sensitivity classes: S1, <0.1 ppb; S2, 0.1-1 ppb; S3, 1-10 ppb; S4, 10-100 ppb; S5, >100 ppb. The values indicate representative or best-supported
order-of-magnitude performance and are not uniformly defined formal LODs. Averaging time, optical path length, sample matrix and calibration procedure must
be considered for quantitative comparison.; Response-time classes: R1, <1 min; R2, 1-10 min; R3, >10 min; R4, discrete or sequential analysis. For GC-ECD, the
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analytical cycle may be shorter than 10 min, but the method remains sequential and is therefore classified as R4. Environmental robustness: E1, field-tolerant;
E2, compensation, filtering, drying or routine validation required; E3, controlled environmental conditions or substantial environmental compensation required.
Measurement continuity: C-IN, continuous direct in situ or online measurement; C-EX, continuous extractive measurement; Q-EX, quasi-continuous extractive
measurement; D-LAB, discrete laboratory analysis; R-OF, remote or open-path measurement. Operational complexity: P1, low; P2, moderate; P3, high; and P4, very
high. The classification considers power demand, sample conditioning, compressed-gas use, calibration frequency, consumables, routine maintenance and regulatory
burden.; Relative cost classes: TCO10 = CAPEX + 10 x OPEXTCO_{10} = CAPEX + 10\times OPEXTCO10 = CAPEX + 10 x OPEX, where CAPEX represents
a functional measurement configuration, and OPEX includes electricity, calibration and carrier gases, filters, drying or purge gases, consumables, maintenance,
calibration, service, and regulatory requirements. Labor and site-construction costs are excluded. C1, <10 k€; C2, 10-30 k€; C3, 30-100 k€; and C4, >100 k€. These
are transparent semi-quantitative author estimates because public prices and service conditions are not available for all systems. Readiness: TRL 9 indicates a
commercially available and routinely deployable technology; TRL 6-8 indicates field-demonstrated or emerging technology; TRL 3-5 indicates laboratory-stage
development or a method not yet validated for N,O field deployment.
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5.2. Scenario Matching

The following discussion elaborates on the individual types of contaminant sources
that might use ammonia in the future. These sources are enhancements above atmospheric
background. We discuss both emissions and ambient concentrations. Emissions refer to
concentrations measured right at the outlet of the source. Ambient concentrations are the
concentrations measured further from the source, where the gas is dispersed (with respect
to initial and boundary conditions). Ambient concentrations can be estimated using source
emission rates and dispersion studies. We used published wind-tunnel dispersion studies
based on similarity theory [253-259] for the estimation of the ambient concentrations of
N,O. The specifications of the wind-tunnel used, the modeled boundary layers, as well
as the equipment, and uncertainty and other specifications can be found in the previous
references. For the first approximation, we assume that mass transfer is predominantly
governed by advection and turbulent mixing rather than gravitational settling or molecular
diffusion. Under these forced flow conditions, the physical flow pattern measured using,
e.g., ethane as the tracer gas directly reflects the transport behavior of N,O, making the
scaling fully representative within an acceptable margin of uncertainty.

It should be noted that these are specific model scenarios intended to provide an initial
estimate of concentration levels, rather than precise, universal values.

(1) Transportation sources
The transportation sources comprise mainly ships and trucks.
Emissions

Emission levels of ammonia-fuelled marine and dual-fuel engines, including the marine
case reported to IMO/MEPC, are summarized in Section 2 (Table 2).

Ambient concentrations

(a) Marine case

Ships at the harbor are typically surrounded by one of two types of terrain: very rough,
corresponding to an urban environment, or moderately rough, corresponding to a rural
environment. Hence, we used these two terrain types along with the lower and upper
estimated limits for ship emissions (0.9 and 5.6 kg N,O/h for a 5 MW marine engine [21])
to estimate the orders of magnitude of N,O.

* Urban: For the urban case and the upper ship emission limit, N,O concentrations at
a distance of approximately 50 m from the source are in the lower hundreds of ppb. For the
lower emission limit, the same ambient concentrations are in the tens of ppb (estimated at
50 ppb and below).

* Rural: For the rural case and the upper ship emission limit, ambient concentrations
are in the tens of ppb (70 ppb and below). For the lower emission limit, immissions are in
single-digit ppb or can exceed 10 ppb.

(b) Truck case

Trucks can be evaluated individually, as well as in a scenario where multiple trucks on
a street constitute a line source of pollution.

* Individual truck: For the worst case (emission of 1.05 kg/h, i.e., about 4-7 g/kWh at
an engine output of 150-250 kW, corresponding to the worst-case operation of ammonia—
diesel dual-fuel engines at an AER of 80-95%, Table 2 [26]), such N,O pollution can be as
high as approximately 50 ppb, whereas for the best case (0.015 kg/h [260]), it is less than
1 ppb. For less rough terrain, the concentrations can be even lower—approximately 10 ppb
for the highest emissions, and ranging from the order of hundredths of a ppb (0.01 ppb)
to tenths of a ppb (0.1 ppb) for the lowest estimated emissions. These source terms refer
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to ammonia—diesel dual-fuel engines, not to conventional diesel engines, for which about
0.045-0.15 g/kWh is typical (Table 2).

* Trucks in the street: For a non-optimized truck engine, street-level immissions can be
estimated from the lower hundreds of ppb down to tens of ppb. For an optimized engine
and its best estimate, the N,O ambient concentrations range only from small single-digit
ppb down to tenths of a ppb.

(2) Industrial stack

Plants featuring a 10 MW gas turbine can be estimated to emit between 1.9 and
11.6 kg/h [18,261-263].

Emissions

Mashruk et al. [18] studied ammonia-hydrogen-air swirling flames under lean con-
ditions, which are representative of the Dry Low NO approach in traditional stationary
gas turbines. As the thermal power and Reynolds numbers increase—scaling up toward
a 10 MW plant—the formation of relevant radicals like NH, OH, and NH2 is intensified,
making emission trends more extreme. Consequently, for a 10 MW gas turbine operating on
ammonia-hydrogen blends (ranging from 50% to 90% ammonia), the raw N,O emissions
at the burner and initial exhaust stage prior to stack dilution are estimated to fall squarely
within a range of 50 ppm to 200 ppm, likely clustering toward the higher end of this window
(100 to 200 ppm) due to the higher thermal power.

Ambient concentrations

The industrial plant case differs from the ones mentioned above. The highest con-
centrations do not occur at pedestrian level, but rather at the height of the stack. Directly
beneath the stack, concentrations are normally low because the smoke plume touches down
on the ground only at some distance from the stack (typically within hundreds of meters
from the plant), depending primarily on its height. Depending on engine optimization,
concentrations can range from the lower hundreds of ppb down to tens of ppb.

Types of sensors usable for the individual sources
1. Transportation sources

Marine case

The ship ambient concentrations can be measured by NDIR, TDLAS, PAS, CRDS, CEAS,
FTIR or GC.

TDLAS as well as cavity techniques (CRDS, CEAS) can be used in all scenarios of the
marine case. FTIR is also applicable both to the portable version and the lab version, with
the necessity of in situ sampling and ex situ analysis. In contrast, NDIR and GC could have
problems in rural areas but would probably be sensitive enough to measure in harbors
with high-density housing development areas. It should be noted that advanced research
configurations of NDIR (approaching 20 ppb LOD) can be deployed, provided that baseline
drift is actively compensated. PAS older systems that are robust for in situ measurements
have a high detection limit and noise (approx. 400 ppb). The newer systems (e.g., QEPAS)
are very sensitive to harsh environment conditions (e.g., vibrations). Hence, they are only
very difficult to be used in-situ and will not be considered in the further text, as they are
currently only at the stage of laboratory use.

Truck case

The individual truck could be detected only by cavity techniques. For the city case,
FTIR could also be used. Some other techniques (NDIR, TDLAS, GC) could be partly
applicable for non-optimized versions and rougher terrain.
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Taking into account the street with more trucks, only cavity techniques and FTIR could
be applied for all possible scenarios. The non-optimized version could also be detected
using NDIR, TDLAS and GC.

2. Industrial stacks

For the industrial plants, NDIR, TDLAS, cavity techniques (CRDS, CEAS), FTIR and
GC are applicable. NDIR has advantage over the rest of the methods that is relatively cheap
and a net of the sensors could be placed in the vicinity of the plant to be able to involve all
prevailing wind directions during the year seasons. In contrast, cavity techniques would
enable to measure the biggest sensing area around the stack.

5.3. Recommendation

e  [Establish Standardized Sample-Drying Protocols: Mandatory use of heated sample
lines combined with high-efficiency gas dryers to stop ammonium salt precipitation
before gas reaches the analyzer, particularly for stack measurements where N,O con-
centrations reach 50-200 ppm.

o Implement Automated Zero/Span Auto-Calibration: Integrate automated daily zero
and span calibration cycles into field-deployed analyzers to automatically offset thermal
and mechanical baseline drift.

e  Mandate Spectral Cross-Interference Corrections: Enforce software-based, real-time
algorithms in NDIR and optical sensors to strip out overlapping absorption signals
from CO,, H,O, and CO.

e  Develop Ruggedized Anti-Vibration Sensor Enclosures: Design dedicated vibration-
isolated, temperature-stabilized housing units for optical sensors deployed on ship
engines and heavy equipment.

e  Define Unified Global Protocols for Ambient N,O Sampling: Standardize continuous
ambient measuring heights, sampling duration (ranging from 1-10 s for roadside
vehicle plumes to 1-10 min for harbor ambient and 10-30 min for stacks and street
lines), and meteorology-based correction models for ports and industrial plants.

Standardized methods for N,O in stack gas already exist. EN ISO 21258 [264] specifies
an NDIR reference method, including sampling and sample conditioning, for periodic
measurements and for the calibration of automated measuring systems (AMS) permanently
installed on stacks; it was tested on a sewage sludge incinerator with N,O concentrations of
up to about 200 mg m~3. EN 15267-3 [265] sets the performance criteria and test procedures
for the certification of AMS, and EN 14181 [266] sets the quality assurance requirements
for installed AMS. US EPA Method 320 [267] describes extractive FTIR measurement of
gaseous emissions, which can include N,O. None of these procedures has, to our knowledge,
been validated for the flue gas of ammonia-fuelled plants, whose matrix differs from that
of conventional combustion by a high water-vapor content, residual NH; that can form
ammonium salts in sampling lines and interfere with the measurement, and the possible
formation of N,O in sampling lines and sample containers in the presence of NO, SO,
and condensed water. Validation of these methods for ammonia combustion, including
interference tests with NH; and wet flue gas, is therefore a prerequisite for regulatory N,O
monitoring of ammonia-fuelled engines, boilers and gas turbines.

5.4. Gaps

The detection limit or the short-term noise reported for a sensor does not by itself indicate
whether it can resolve a small N,O enhancement on top of a large and variable atmospheric
background. What matters is the stability of the instrument over the time scale of the mea-
surement, which is conventionally characterized by the Allan-Werle deviation [268]: it shows
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how the noise decreases with averaging, the optimum averaging time at which the precision is
best, and the onset of drift beyond which further averaging no longer improves, and may even
degrade, the result. This information is routinely reported for laser spectrometers, but it is
largely missing for the NDIR and electrochemical (EC) sensors discussed in this review, whose
characteristics are usually limited to a resolution or detection limit at a single integration time,
often under laboratory conditions. For these low-cost sensors, drift, temperature and humidity
dependence, and cross-sensitivity can dominate over noise, so the published detection limits
may overestimate their ability to detect small changes against the background. To assess
the applicability of developed NDIR and EC sensors for N,O sensing, their characterization
should therefore be complemented by Allan deviation plots (noise parameters and the effect
of averaging), measured under realistic conditions, together with the drift and the required
calibration or baseline-correction interval.

Moreover, attribution of N,O to individual sources and its separation from the at-
mospheric background is a challenging task, which could be supported by tracer-based
approaches, but their applicability is limited. The CO,-normalized plume-ratio (sniffer)
method relates the pollutant enhancement above background to the simultaneous CO,
enhancement in the plume, which compensates for dilution and allows emission factors
per unit of fuel to be derived for individual vessels. However, since ammonia contains
no carbon, CO, is a weak tracer for N,O from ammonia combustion, and the method is
meaningful only for co-firing with carbon-containing fuels (e.g., diesel, methane) or with
a carbon-containing pilot fuel. Isotopic analysis of N,O could in principle distinguish
combustion-derived N,O from the background through its source signature, independently
of the fuel carbon content, but it places far higher demands on measurability, since the
isotopocule enhancements are much smaller than those of total N,O and require very high
precision and drift control over the plume-passage time. Moreover, isotopic signatures
of N,O from ammonia combustion have, to our knowledge, not yet been reported. Both
approaches therefore remain directions for further research.

6. Conclusions

This review demonstrates that no single monitoring technology is capable of addressing
all challenges associated with combustion-related N,O emissions. Instead, the optimal
monitoring strategy depends on the measurement objective, the spatial scale, and the
required temporal resolution.

In combustion applications, the reliability of N,O data depends not only on the analyzer
but also on the sample path and on the quality-assurance (QA) framework. Extractive
systems require heated, inert sampling lines kept above the dew point of water and acid
condensates, because N,O can be formed or lost in condensate and on surfaces in the
presence of NO, NO,, SO; and, in ammonia-combustion systems, residual NH,. In situ
approaches, such as TDLAS across the duct, avoid these artifacts but require correction for
gas temperature, pressure and optical path length. Calibration with certified reference gas
mixtures, regular zero/span and leak checks, and correction for cross-interference (e.g.,
by H,O, CO, and CO) are common to all techniques discussed within this review. For
regulated pollutants, such QA procedures are formalized in EN 14181 [266], whereas an
equivalent standardized procedure for N,O from marine engines, boilers and gas turbines
is not yet available.

Methods originally developed for agricultural applications provide valuable concepts
for industrial monitoring, but their applicability varies considerably. While low-cost options
like chamber methods and passive diffusion tubes lack applicability to high-flow exhausts
or real-time attribution, micrometeorological and plume-based approaches enable facility-
scale detection without direct stack access. Nevertheless, the successful deployment of
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advanced plume-based methods remains heavily dependent on reliable meteorological
data and model accuracy in complex industrial environments.

The analysis of spectroscopic and non-spectroscopic sensors for monitoring nitrous
oxide emissions encompasses various types of emission sources, notably transportation
sectors—such as marine vessels and heavy-duty trucks—and industrial stacks.

For the reliable detection and monitoring of N,O across diverse applications, the
choice of an appropriate analytical method depends primarily on the source type, required
sensitivity, and temporal resolution.

For real-time analysis of industrial and combustion emissions, advanced spectro-
scopic techniques are recommended. These include Fourier-transform infrared (FTIR)
spectroscopy, which offers the advantage of simultaneous multi-gas mixture analysis, and
tunable diode laser absorption spectroscopy (TDLAS), which provides targeted detec-
tion of N,O molecules. When distributed screening and broad-area monitoring around
industrial sites are required, the use of non-dispersive infrared (NDIR) sensors proves
to be a technically viable option for broad-area monitoring only when baseline drift is
actively compensated.

For mobile source monitoring, TDLAS and FTIR can likewise be employed, as well
as highly sensitive cavity-enhanced spectroscopic techniques such as cavity ring-down
spectroscopy (CRDS) and cavity-enhanced absorption spectroscopy (CEAS). However,
the latter require structural optimization to withstand harsh operating conditions, such
as mechanical vibrations or contamination risks. In the context of mobile sources, NDIR
sensors can only be effectively utilized in areas with high emission accumulation, such as
dense urban agglomerations.

Gas chromatography (GC) remains a universally applicable technology across all
aforementioned scenarios. Its principal limitation, however, is the requirement for manual
discrete sampling, which precludes real-time continuous analysis. Conversely, electro-
chemical and chemiresistive sensors currently lack sufficient sensitivity and adequately low
limits of detection, rendering them unsuitable for industrial, mobile source, or ambient
screening applications. In summary, selecting the appropriate N,O monitoring technique
requires balancing high analytical precision against operational durability and economic
viability. While advanced spectroscopic systems provide the gold standard for continuous,
real-time measurements in demanding combustion and mobile applications, emerging
low-cost and plume-based methods offer complementary value for broad-area screening.
Ultimately, bridging the gap between high-frequency sampling and long-term field stability-
supported by standardization framework updates (such as expanding EN 14181 equiva-
lents)-will be pivotal to advancing regulatory compliance and effective mitigation of nitrous
oxide emissions across all sectors.
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