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Introduction

Protective measures are needed throughout the agricultural 
process, from sowing to harvesting, storage and transport, in 
order to reduce losses. The greatest economic damage in the 
grain trade occurs when bulk goods are spoiled by harmful 
organisms or by improper storage, which can encourage the 
introduction or spread of harmful insects such as beetles and 
moths, while also allowing mould and other micro organisms to 
grow in the released moisture. Studies show that the calorific 
share of consumption from harvested grain is around 53%. 
[Kumar 2017]. One third is lost in the field due to disease, and a 
further third is lost during harvesting, storage, distribution and 
in households. [FAO 2011]. ‘Global quantitative food losses are 
around 30% for cereals. In African countries, these losses have 
been estimated to range between 20% and 40%.’  [Kumar 2017].

Figure 1: Storage of grain in a closed hall (Source: INP Greifswald)

Farmers wishing to market grain through trade channels are 
obliged to deliver it in the best possible condition in accordance 
with integrated pest management (IPM) principles. Quality checks 
on incoming goods determine whether deductions will be made, 
for example if residual moisture content exceeds 14% or if beetles 

are found in the sample.

The acceptance of grain with proven insect infestation is 
associated with significant deductions in the price paid to 
farmers. Depending on the situation, traders may even reject 
contaminated batches completely, meaning the farmer must 
transport the bulk material again for chemical treatment against 
insect pests. Some batches can be saved using phosphine or 
sprays such as the insecticide deltamethrin, while others can only 
be used for thermal energy production through incineration.

All of these measures involve considerable cost for farmers. 
In addition to its insecticidal and disinfecting properties, cold 
atmospheric plasma is also capable of reducing dangerous 
mould toxins, or mycotoxins, and positively influencing 
grain physiology. This can appear, for example, in improved 
germination capacity or faster germination.

Cold atmospheric plasma (CAP)

Plasma is often referred to as the fourth state of matter. It 
is created by continuously supplying energy to a gaseous 
substance. Plasma is therefore a partially ionised gas made up 
of ions, free electrons, excited molecules, radicals and molecular 
fragments (Fig. 2). The gases produced during plasma generation 
are highly reactive and depend on the gas from which the plasma 
is generated (Fig. 3).

Figure 2: Schematic representation of the reactants in a plasma

There are various ways of generating plasma, including corona 
discharge, as used in plasma jets, and dielectric barrier discharge 
(DBD). It can act directly on the material being treated as a 
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plasma flame, or indirectly by using the plasma gas produced. 
The conveyor belt demonstrator with plasma jet uses corona 
discharge for in situ treatment.

The following processes take place in the discharge zone. Firstly, 
dissociation: high-energy electrons break down stable molecules 
such as N2, O2 and H2O into atoms such as N, O and OH. 
Secondly, ionisation: particles lose or gain electrons, forming ions 
such as N2

+, O2- and NO3-. Lastly, recombination: the fragments 
combine to form new, highly reactive molecules such as O3  
or HNO3.

Direct and indirect treatment

Direct treatment is more intensive, as even short-lived species 
can reach the grain. Here, the grain is located directly in the 
discharge zone or in the visible plasma plume. This means the 
full spectrum of short-lived radicals, ions and electrons reaches 
the grain. The electric field, heat and UV radiation also affect the 
grain. (Figs. 2 + 3)

In indirect treatment, the plasma is generated at a distance from 
the grain. Only the plasma afterglow, or an activated medium, 
reaches the grain.

Primary and secondary plasma

Primary plasma has a strong electric field. Higher temperatures 
can damage the embryo of the seedling. Its effect against mould 
spores is increased, and bombardment by high-energy particles 
and full UV radiation is at its highest.

Secondary plasma is less intense because there is no longer 
any active energy supply from the primary field. The species are 
in a state of recombination. Charged particles such as ions and 
electrons decrease rapidly with distance. Treatment is driven 
primarily by chemical reactivity from reactive oxygen and nitrogen 
species (RONS), and less by physical force such as fields or ion 
impact [Lin 2021; Rathore 2022; Stryczewska 2022].

Figure 3: Schematic plasma nozzle 

Table 1: States of oxygen, nitrogen and humidity in a cold atmospheric 
plasma Stryczewska (2022) 

Advantages and challenges of plasma treatment

The advantages of using cold plasma in agriculture are manifold 
and can be summarised as follows [Esmaeili 2026; Feizollahi 
2023; Wald 2023; Rao 2022; Stryczewska 2022; Chauhan 2019]: 
plasma generation from ambient air using electrical energy (e.g., 
from renewable sources); replacement of chemical pesticides, 
no disposal, no more hazardous phosphine required; worldwide 
improvement in quality in terms of stock protection, export and 
food safety; currently, there are no known resistances to CAP; 
effective against harmful insects, microorganisms, mycotoxins 
and pesticide residues on the grain surface. 

Further development steps are necessary to establish the use 
of this technology in agriculture. These include the following 
approaches in particular. Developing standardised treatment 
processes for different agricultural products and bulk goods, 
with control supported by gas measurement. Validating different 
types of CAP for different applications. Carrying out further 
research into mode of action to rule out negative effects such 
as overdosing. Using online gas measurement to track the 
effectiveness and concentration of selected RONS during direct 
grain treatment on the conveyor belt, and to measure the plasma 
sources used under different operating parameters.

Relevant short-lived and long-lived RONS as well as 
measurable process gases

Typical reactive oxygen and nitrogen species are formed in 
plasma from ambient air. Some are very short-lived and return to 
their original state in the primary or secondary plasma. Others are 
more long-lived (Fig. 3). These reactive species act against micro 

organisms, harmful insects and other surface contaminants. To 
support online measurement for agricultural plasma applications, 
the molecular species present at the crop surface must be 
measured and analysed. Recombined molecules such as O3, NO2 
and NO can therefore be detected over a longer period [Wei 2026; 
Kaur 2020; Niemira 2012].

Table 2: Rough classification of plasma generation sources according to 
their primary species and characteristics

Plasma sources

Two different plasma sources from TIGRES GmbH were used in 
the project, each with different plasma properties.

The T-SPOT is a classic inline plasma system in which an arc 
discharge is ignited between a centred electrode and the nozzle, 
which acts as a counter-electrode. The combination of nozzle 
geometry and gas flow causes the plasma to be ejected in 
two zones. These are a primary plasma with current-carrying 
filaments inside the nozzle, and a secondary plasma that exits the 
nozzle opening without filaments.

The T-JET is based on an indirect corona discharge, generated 
internally between two electrodes and transported to the 
substrate by an air flow. Unlike the T-SPOT, this technology is 
characterised by very low heat input, with a surface temperature 
increase of less than 3 K. It has therefore also been investigated 
scientifically for food applications. Dry bulk goods such as grain 
are especially suitable because of their low moisture content.

Test bench and gas analysis

It is known from the literature that different groups of substances 
can be formed in cold atmospheric plasma [Reuter 2018]. The 
formation of individual substances and their concentration 
ranges depends on several boundary conditions, including air 
humidity, air pressure and accompanying gaseous substances. 
To identify the gaseous components formed from plasma both 
quantitatively and qualitatively, they were measured using FTIR 
and UV spectroscopy.

The experimental set-up is shown in Figure 6. The plasma source 
was located at the entrance to a plastic pipe with a diameter of 
150 mm, and gas was extracted directly at the source using a 
ceramic pipe. Several sampling points were installed in the pipe 
system in order to record the local and temporal progression of 
the gases. The gas samples were drawn in via a diaphragm pump 
and set to approximately 1 L/min using a needle valve.

The gas mixture then entered a container, which was later filled 
with different substances in order to analyse interactions between 
those materials and the plasma gases. The FTIR spectrometer 
was located after the container, followed by the UV spectrometer. 
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Figure 4: Pilot plant with conveyor belt, plasma sources and online gas analysis (BINOS® from Wi.Tec) at the Institute for Nutrition  
and Food Technology (ZELT) gGmbH

Figure 5: Effect of the plasma source (T-Jet) on the grain located on the conveyor 
belt of the pilot plant
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The plasma generator was operated with different control settings 
during the experiments, with the gas mixture always containing 
similar components. In the IR range, the gases N2O, CO2, NO, 
NO2, N2O4 and HNO3 were identified. In the UV range, the main 
species detected were NO and NO2. Ozone occurred only in very 
low concentrations, as it immediately combined with other gas 
components such as NO.

The gases produced when cold atmospheric plasmas are used 
are highly complex and originate mainly from the gases present in 
air. In dry air, nitrogen and oxygen are present in a ratio of 78:21. 
Depending on the season and geographical location, moisture 
content ranges from approximately 0.1 to 5 vol.% H2O. It is known 
from the literature [Reuter 2018] that ozone is formed from 
atmospheric oxygen, and that significant proportions of nitrogen 
oxides such as NO, NO2, N2O and N2O4 are also present, produced 
by chemical reactions between O2 and N2  
[Pavlovich 2014].

UV and IR spectroscopy are suitable methods for analysing 
these species both qualitatively and quantitatively. This analytical 
approach is also used in modified form as NDUV and NDIR 
photometry, in which measurements are taken in a photometer at 
the centre of a significant absorption band. The spectral position 
of this absorption band is unique to the gas in question and 
therefore provides the basis for qualitative analysis. Quantitative 
analysis is then carried out by measuring the reduction in 
radiation intensity in the presence of that gas.

NDUV Photometer: ULTRA.sens®

A direct-reading NDUV photometer, ULTRA.sens®, is used for 
online gas analysis. [Wiegleb 2023]. The photometer uses the 
selective absorption of different gases at defined wavelengths. 
The set-up shown in Figure 10 measures, for example, NO at 226 
nm, NO2 at 405 nm and O3 at 255 nm. ULTRA.sens® can be used 
across different measurement ranges, from 0 to 100 ppm up to 
0 to 5000 ppm depending on requirements. Ozone measurement 
is also available in significantly smaller ranges, such as 0 to 1000 
ppb O3.

   

Figure 10: NDUV gas measurement module ULTRA.sens® for selective gas 
analysis of NO, NO2 and O3

NDIR Photometer: INFRA.sens®

INFRA.sens® is based on the well-established NDIR method and 
can be used with different cuvette lengths from 2 mm to 250 
mm. Thanks to this modular design, up to three gases can be 
measured in one measuring cuvette. The spectral range extends 
from 2 µm to 12 µm, allowing a wide variety of gases to be 
measured. Figure 11 shows one such set-up for simultaneous gas 
analysis of NO, CO2 and H2O. In addition, oxygen measurement 
using a liquid electrolyte and a humidity sensor, HUMI.sens®, can 
be integrated, allowing a total of five gases to be detected. 

Figure 11: NDIR gas measurement module INFRA.sens® for simultaneous 
gas analysis of up to three gases

BINOS® gas analyser

The OEM gas measurement modules shown in Figures 10 and 
11 were designed for integration into measurement systems and 
gas analysers. For use in the agricultural application described 
here, this integration is essential. Figure 12 shows a mobile gas 
analyser, BINOS®, in a suitcase housing. An INFRA.sens® and an 
ULTRA.sens® are integrated into the case. In addition, the system 
includes oxygen and humidity measurement, a sample gas pump, 
and a flow meter with a needle valve for flow adjustment visible 
on the front panel. Two accessible filter elements, one coarse and 
one fine, are also included for cleaning the sample gas.

Figure 12 : BINOS® gas analyser for measurement of NO, NO2, O3, H2O and 
CO2 for mobile use

For outdoor use, a prototype gas analyser was also designed 
in an IP66 wall-mounted housing. The entire assembly is 
thermostatically controlled to 50°C and can therefore be used 
at ambient temperatures from -10°C in winter up to 40°C in 
summer. A status signal was also attached to the outside of these 
prototypes so that the operating state can be recognised at any 
time, even from several metres away. 

Figure 6: Setup for measuring the gaseous reaction products of a plasma source (T-Spot) with different sampling points in a flow tube Figure 7: Plasma source (T-Spot) with gas extraction via a ceramic tube 
attached to the side for analysis of the reaction products in the downstream 
spectrometers (UV and FTIR)

Figure 8: IR spectrum of the reaction products from a plasma generator (type T-Spot S2)                                                             Figure 9: Absorption behaviour of reaction products from a plasma source in the UV range
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Gas analysis measurement results

Adsorption of the measured gases by different materials

The gas analysis described above can be used to detect chemical 
reactions between plasma gases and different substances or 
surfaces. In one experiment, plasma gas was passed through 
various materials. NO and NO2 in particular were detected using 
the gas analyser, while only traces of ozone were found.

With the T-Jet, more than 1100 ppm NO and more than 800 ppm 
NO2 could be reproducibly detected at an electrical power of 500 
W. Various materials, including barley, steel wool, an O3 scrubber 
and activated carbon, were placed in a gas-tight container of 
approximately 1 L between the sampling point and the gas 
analyser and brought into contact with the plasma gas. The gas 
flow rate was approximately 1 L/min. The change in individual gas 
concentrations was compared with the highest gas concentration 
observed without these materials. The decrease in NO2 was 
greater than the decrease in NO, which could still be detected 
even after the activated carbon (Fig. 14). The material surfaces 
therefore show a catalytic effect or absorption property that will 
need to be considered in future investigations.

Measurement of the plasma jet

This series of experiments was used to determine the spatial 
distribution of gas concentrations, specifically O3, NO and NO2, 
directly in the T-JET plasma flame (Fig. 15). Measurement was 
carried out using a ceramic tube placed in the plasma flame. 
The ceramic tube moved slowly through the flame using a 
spindle drive in order to determine the local distribution of gas 

concentrations. This concentration profile was recorded within 
100 seconds.

Figure 16 shows an example of the concentration profile for 
NO and NO2. Two maxima can be seen at approximately one 
third of the flame width. By contrast, there is a minimum in 
the centre of the flame. The difference in concentration values 
between the minimum and maximum is 30 to 40%. A total of five 
measurements were taken, and the mean value was calculated 
across the concentration curve to compensate for fluctuations 
within the flame.

  

Opening up new opportunities for science and industry with the 
online gas analyser

The use of the developed cold plasma technology allows users 
in commercially efficient agricultural businesses to determine 
measurable concentrations during plasma treatment using a gas 
analyser. Gas analysis can also support quality assurance in other 
sectors, including plastics processing and printing. Online gas 
analysis also opens up new opportunities in scientific research to 
analyse recombined RONS. 

Scientific advantages of inline gas measurement

Inline gas measurement enables continuous monitoring of the 
gas composition in the plasma flame, resulting in more accurate 
and timely data. Immediate feedback allows adjustments to 
be made to the plasma application straight away, increasing 
efficiency. Measuring directly in the plasma flame reduces the risk 
of sample contamination and provides more accurate data. With 

the ability to monitor different gases in real time, new applications 
and optimisations in food processing can be explored. 
Comparisons of different inlet gases become possible.

Goals and opportunities in application technology

Firstly, optimisation of plasma applications. Findings from 
gas analysis could support the development of new plasma 
applications in the food industry, including sterilisation and 
preservation. Secondly, inline gas measurement can help develop 
more environmentally friendly processes that consume less 
energy and reduce waste. Lastly, the technology can advance 
basic research in plasma physics and its applications in  
food technology.

Economic advantages for agriculture

Real-time monitoring can help optimise processes and thus 
reduce operating costs. Precise treatment of grain with cold 
plasma can improve the quality and shelf life of harvested 
products. Companies that use innovative technologies such 
as inline gas measurement can set themselves apart from 
competitors and tap into new markets.

Plasma applications in grain treatment [Barner 2025]

Cold plasma can effectively kill microorganisms that impair 
the quality of grain. Targeted plasma treatment can improve 
the germination capacity of seeds. Plasma applications can be 
used to improve storage conditions and prevent mould growth in 
storage rooms.

Figure 13: Online gas analyser (wall-mounted) for stationary gas analysis of NO, NO2 and O3               Figure 14: NO and NO2 gas concentrations (ppm) after contact with different materials

Figure 15: Positioning of the gas measurement on a spindle drive within the plasma flame    Figure 16: Course of NO and NO2 gas concentrations within the plasma flame of a T-Jet plasma source
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Summary

Plasma sources are already being used successfully in many 
areas of agriculture and food technology. Their advantages 
include safe and reliable application without chemical 
insecticides, which can have harmful long-term effects. The 
rapid decomposition of reaction products also makes the 
method environmentally friendly and resource-efficient. With 
the gas analysis described here, the process can be controlled 
and monitored more effectively, helping to deliver a high safety 
standard. The gas analyser described also offers good long-
term stability and is therefore low-maintenance in operation. 
Installation in different housing designs means it can be tailored 
to different applications, allowing both mobile and stationary use.

Funded by the Federal Ministry of Research, Technology and 
Space of the Federal Republic of Germany as part of the Physics 
for Food project (Funding reference number: 03WIR2814A).
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Heading
What plant-level satellite carbon mapping means for emissions monitoring

Talking Point

A new multimodal framework combining 
satellite imagery, AI and industrial text data 
has mapped carbon emissions across 720 pulp 
and paper plants in China. Its core finding 
is simple but important: emissions are not 
evenly distributed. A small fraction of facilities 
accounts for a disproportionate share of the 
sector’s footprint, and key emission sources 
sit inside specific functional zones rather than 
being spread evenly across whole plants.

For environmental monitoring professionals, 
the significance is not just the headline estimate 
of 163.6 million tonnes of CO2 in 2022. It is 
the resolution. This is a move away from broad 
assumptions and towards plant-level visibility.

The problem with averages
Traditional carbon accounting in heavy industry 
has usually relied on sector-wide averages, fuel-
based calculations and national inventories. These 
approaches can be useful for top-level reporting, 
but they are much less effective when the aim is to 
decide where interventions should happen first.

What this study shows is that the pulp and 
paper sector is highly uneven. Roughly 5% of 
the highest-emitting plants account for about 
43% of the sector’s total emissions. That alone 
suggests that treating the industry as a uniform 
block is no longer good enough. It also means 
that a flat regulatory approach may miss the 
biggest opportunities for rapid emissions cuts.

For monitoring professionals, that matters 
because it changes what “good data” looks like. 

It is no longer enough to know the average 
intensity of a sector or province. Increasingly, 
regulators, operators and investors will want to 
know which individual facilities matter most, 
why they matter, and what can be done  
about them.

Monitoring moves inside the plant
One of the most useful aspects of the study 
is that it does not stop at the plant boundary. 
Using remote sensing, the researchers 
identified functional zones within sites, including 
raw material storage, thermal power areas, 
wastewater treatment and other built-up spaces. 
That turns the plant into something spatially 
analysable rather than a single reporting unit.

This is important because it begins to connect 
carbon accounting with the day-to-day realities of 
industrial monitoring. It suggests that emissions 
can be associated with specific site functions 
and process areas, not just with total energy 
consumption. In particular, the study found that 
wastewater treatment areas were a consistent 
emissions driver across plant types. That is 
striking because wastewater is often treated as a 
compliance issue in its own right, rather than as a 
major part of the carbon picture.

The wider implication is that carbon monitoring 
is beginning to converge with process and 
environmental monitoring. If emissions are 
concentrated in certain zones or systems, then 
better monitoring of those zones becomes 
central to decarbonisation. That could mean 

stronger demand for integrated sensing around 
utilities, treatment processes, energy use and 
plant infrastructure, as well as better data 
platforms to bring those streams together.

AI as a way of joining  
up fragmented data
The framework also matters because of 
how it works. Rather than relying on a single 
data source, it combines satellite imagery, 
industrial text data and numerical modelling. 
The researchers used imagery to define plant 
boundaries and distinguish some facility types, 
while a BERT-based text classification model 
helped separate others that could not be 
identified by imagery alone.

That is significant because it points to 
the future shape of industrial monitoring. 
Increasingly, the challenge is not only 
measuring something accurately, but 
combining different kinds of information 
into one usable system. Instrument data, 
site documents, production descriptions, 
geospatial observations and modelled 
estimates are all starting to sit within the same 
analytical environment.

In that sense, AI is not just being used here 
as an optimisation tool. It is acting as a data 
integration layer. For monitoring professionals, 
that is a useful signal. Future monitoring 
platforms may need to handle not just 
sensor outputs, but also unstructured plant 
information, geospatial evidence and automated 

classification. The value will come from linking 
them.

Better targeting,  
not just better reporting
The study’s rooftop solar modelling adds 
another practical dimension. It suggests that, 
under favourable conditions, annual emissions 
could be reduced by up to 16.9 million tonnes 
of CO2, or around 10.3% of sector-wide 
emissions. The important point, though, is less 
the exact number than the method behind 
it. The researchers are not talking about 
decarbonisation at the level of the whole sector 
in the abstract; they are identifying where plant-
specific mitigation might work best.

That makes this kind of accounting much more 
actionable. Instead of broad decarbonisation 
targets being spread thinly across an industry, 
interventions can be matched to sites with 
the highest leverage. In practice, that could 
support more efficient retrofit decisions, better 
prioritisation of solar investment and a stronger 
case for tailored regulation rather than one-size-
fits-all requirements.

For the monitoring sector, this makes 
measurement more central to capital allocation. 
Monitoring is not just there to confirm 
compliance after the fact. It becomes part 
of deciding where money should go, which 
upgrades are most likely to pay off, and how 
reductions should be verified.

Read the full story online: ilmt.co/TL/yY7R


