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Abstract

This thesis presents the design and characterization of a low-temperature plasma reactor for seed
treatment applications, with a focus on the generation of ozone. The research will look at two different
setups using dielectric barrier discharge (DBD) to generate plasma. The first design explores a coaxial
tube setup, and the second design entails a multi-hollow plate setup. This research was done in collab-
oration with TU Delft and the Dutch seed distribution company Bejo Zaden BV, and its main objective
was to develop a sustainable and efficient alternative to conventional seed disinfection. The initial tube
design used an acrylic tube as the dielectric and two stainless steel electrodes, but this design had
some issues so a revised design with smaller dimensions was made to address these issues. The
multi-hollow plate design used two steel electrodes with holes (with diameters ranging from 1 — 2.5mm)
and a dielectric made of polylactic acid. The experimental results showed that both setups work. In
order to assess the final design, a program of requirements was made, which included requirements
such as sustainability, safety, and scalability. Key findings suggest that the electrode and dielectric ma-
terials were not optimal, but were sufficient enough to prove the concepts. This study aims to advance
the sustainable agricultural practices by providing an efficient plasma-based seed disinfection method.
Future recommendations include optimizing electrode and dielectric materials and scaling the system
for industrial use.
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Introduction

1.1. Seed disinfection

Food safety and sustainable agriculture have become more and more important over the years. It has
become essential to produce healthy crops as the world’s population keeps growing and the environ-
ment keeps changing. One of the most important steps in guaranteeing healthy food is the disinfection
of seeds. Since infected seeds can lead to a number of problems, such as lower germination rates,
diseases, and even food poisoning. The current methods, such as chemical treatments, heat, and
washing with water, are not up-to-date with today’s norms since they are either not effective enough or
because they cause harm to the environment and thus are not sustainable.

A promising new method has emerged for disinfecting seeds. This promising method uses cold atmo-
spheric pressure plasma (CAPP) to disinfect seeds. CAPP has the ability to inactivate microorganisms
without being harmful to the environment since it doesn’t leave any chemical residues, and it can be
broken down into harmless components like air and water after treatment. This makes it a safe and
sustainable disinfection method. Plasma, often referred to as the "fourth state of matter”, is an ionised
gas containing reactive oxygen and nitrogen species (RONS). These RONS are believed to be the
cause of the antimicrobial effects of CAPP. One of the most promising applications of CAPP is to use
it to create plasma-activated water (PAW). PAW is water that has the inactivation properties of plasma,
making it an effective method to disinfect seeds because it is scalable and can be made in a short
amount of time.

1.2. State of the art analysis

One of the applications of plasma is called plasma-activated water (PAW). PAW can be created by
exposing water directly to CAPP. A study by Oliveira. M, et al. [1] looked at the effects of PAW when
treating foods. Multiple experiments have proven that PAW has antimicrobial properties. The reason
why PAW has these properties is not fully clear yet but there seems to be an agreement that it is caused
by the RONS present in PAW. There are two methods for the activation of water that are most widely
used in the food industry, namely applying the discharge of plasma above the water surface, which is
the most commonly used one, or carrying out the discharge of plasma beneath the water surface.

Than et al. [2] explored how the composition of plasma-activated water (PAW) changes with treatment
time and how this affects the development of Lactuca sativa L. seeds. They found that treating wa-
ter with plasma for 10 to 20 minutes produced the best results, creating the right balance of nitrate
and hydrogen peroxide to boost seed water uptake, germination rates, and seedling growth. When
the treatment times were longer, the seeds experienced stress, which ended up slowing down their
development.

Rotondo et al. [3] investigated whether plasma-activated water (PAW) could be used to control bacteria
and fungi. The longer the water was exposed to the plasma, the more reactive substances it contained,
causing the pH to drop significantly. This made the PAW more efficient at inactivating microbes. The
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microbes investigated in this study were the fungal pathogen Botrytis cinerea and two bacteria, Xan-
thomonas campestris pv. vesicatoria and Bacililus amyloliquefaciens. All three of these microbes are
frequently associated with plans and plant products. The bacteria were almost completely inactivated
after just a minute, while it took around three minutes to get a strong effect against the fungal spores.
Their results showed that nitrites and hydrogen peroxide were especially important for stopping mi-
crobial growth. The authors highlighted that adjusting plasma settings like treatment time is crucial
because different microbes respond differently.

Rathore et al. provides information on the effects of different electrode and dielectric choices on the
properties of plasma produced by a dielectric barrier discharge plasma device [4]. The study found that
the introduction of electrode knurling on the ground electrode significantly enhanced the properties of
plasma activated water by increasing localized electric fields, which led to a higher plasma discharge
power and improved physicochemical properties of the plasma activated water such as a lower pH and
a higher concentration of RONS.

According to Waskow [5] SDBD required shorter exposure times due to its high plasma density relative
to a gliding arc, a corona array and a downstream microwave plasma.

1.3. Document structure

The focus of this thesis will be on designing, developing, and evaluating an effective plasma system
for PAW production. In addition, the plasma system will be analyzed and assessed to see its potential
for seed disinfection, contributing to the progression of sustainable agriculture.

In Chapter 2 the desired requirements of the system will be specified. After that there will be some
elaboration on the creation and effects of plasma in Chapter 3. Then Chapter 4 and 5 will focus on the
design and analysis of the first setup namely a plasma tube system using DBD. The second setup will
be covered in Chapter 6 and 7. After that, the results will be discussed in Chapter 8 and the conclusions
and some recommendations will be given in Chapter 9.



Program of Requirements

In order to design and build a good seed treatment system it is important to know what the system
needs to do. To assess this a program of requirements was made. Our PoR consists of two types
of requirements namely mandatory and trade-off requirements. The PoR will be used to assess our
design and final product.

2.1. Mandatory Requirements

Mandatory requirements define the operational capabilities and performance objectives of the system.
They describe the tasks that the system must perform in order to be viable.

2.1.1. The system must generate Cold Atmospheric Pressure Plasma (CAPP)

This is the most basic functionality. In order to make the plasma-activated water (PAW), it is of essence
to create plasma. CAPP is a partially ionized gas. It operates at temperatures near room temperatures
(lower than or equal to 50°C). This makes it safe for biological applications [6].

2.1.2. The system must achieve 90% microbial reduction per batch
The goal of the whole system is to disinfect vegetable seeds. In order to do this it is not only important
to make PAW but also important to build a setup to effectively disinfect the seeds.

2.1.3. The system must not get hotter than 40°C
It is important that the system does not damage the seeds. In order to ensure this, the aim will be to
make the system not hotter than 40°C.

2.1.4. The system must comply with IEC 61010-1 safety standards

The system will operate with high voltages and it will work in an environment where there are people
nearby so it is of essence that the system is 100% safe. Thus the system must comply with IEC
61010-1 safety standards, meaning that all high-voltage components are enclosed in insulated casings.
Furthermore, there should be no leaks when injecting the plasma into the water since the RONS can
be hazardous so the system must have a seal integrity of 90% under operating conditions.

2.1.5. The system must be sustainable

The company (Bejo Zaden B.V.) wants a sustainable way to disinfect their seeds. So it is important that
the system does not use too much energy or water. Therefore, the system must not consume more
than 0.5k h per batch and less than 2L of water per kg of seeds.

2.1.6. The system must work in the voltage range of our power supply
The power supply provided by our team generates an AC 20k H z pulse with a peak-to-peak voltage in
the range of 0 — 10kV/,,,, so the system must function within that voltage range.
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2.2. Trade-off Requirements

Trade-off requirements define the requirements that are desirable for an optimal system but are not
mandatory. They can be used as a benchmark to see how optimized the system is. The more trade-off
requirements the system meets the happier the clients will be.

2.2.1. The system should have an energy efficiency of 80%
In order to be sustainable and cost efficient it is important that the system uses the energy it gets
effectively.

2.2.2. The system should be scalable

The system is meant for commercial use by a large company (Bejo Zaden B.V.), which means that it
is necessary for the system to be scalable since they will want to apply the system to their large-scale
seed production. Therefore, the design of the system should be able to accommodate batch sizes of
up to 10kg.

2.2.3. The plasma exposure time of the system should be adjustable

Time is of essence for the commercial use of our system so it is important that the company (Bejo
Zaden B.V.) can change how long the seeds are exposed to the PAW, the longer the exposure time the
more efficient but time is money so you don’t want it to take too long. Therefore, the plasma exposure
time should be adjustable between 1-20 minutes to balance the efficacy and throughput of the system.

2.2.4. The system should be easily maintainable

The components of the system will most likely become less efficient over time, so in order for the system
to be useful to the company, it needs to be easily maintainable. This means that all components of the
system should be replaceable in 30 minutes and without the use of specialized tools.



Plasma background

3.1. What is plasma

Plasma, often referred to as the "fourth state of matter”, is an ionized gas that can be artificially created
by applying strong electric fields to a gas, which ionizes the gas and creates a low-temperature plasma.
Plasma is highly conductive and contains charged particles (e.g., OH, H.O+, electrons, etc.), reactive
species (e.g., reactive oxygen species [ROS]: OH, O, 'O, and reactive nitrogen species [RNS], NO,
ONOO, etc.), excited molecules (e.g., excited O, N», etc.), and UV photons (e.g., vacuum UV, UV C,
UV B, etc.) [7]. There are different types of plasma with the main differences being the temperature
of the plasma. For this project, the required plasma is the so-called cold atmospheric pressure plasma
(CAPP). This means that the plasma temperature is around room temperature and that it can be created
and sustained in normal ambient pressure environments. The first plasma generator design was made
by Werner von Siemens and the drawing of that design can be seen in fig 3.1. The methods to generate
plasma have evolved a lot since then and the modern methods will be explained in the next section.

Qzonized
Oxygen. =

% e, o
L2 s s aah iRl

Figure 3.1: Ozone generator proposed by Werner von Siemens [Poggendorfs Ann. Phys. Chem. 102 (1857)]. [8]

3.2. Methods to create cold atmospheric plasma

As mentioned above, plasma can be artificially created by applying strong varying electric fields to a gas
which causes electron collisions. In order to generate these varying electric fields an AC high voltage
source will be used. There are several ways to create CAPP from various gases such as [6]:

* Dielectric barrier discharge (DBD)
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* Plasma jet
» Corona discharge
* Gliding arc discharge

There are several gases that can be used to create plasma, with the most common ones being air,
oxygen, nitrogen, helium, argon and their mixtures [9, 10, 11, 12]. The most commonly used method is
dielectric barrier discharge (DBD). This method makes use of a high voltage source by applying this high
voltage ( kV) at high frequency ( kHz) to two electrodes separated by a dielectric material. Plasma jets
use two concentric cylindrical electrodes, where the inner electrode is connected to a high frequency
power source. Corona discharge makes use of two or more sharp electrodes (usually something sharp
like a needle or thin wire) and between these two electrodes high voltage will be applied generating
an ionization process. Corona discharges have low electron and ion densities. Gliding arc discharge
normally produces hot plasma, but under the right conditions it can also produce cold plasma. It uses
electrodes placed in a fast gas flow [6]. Figure 3.2 shows these different methods. The method used
in this thesis is DBD, this is because it is the most effective and cost-efficient to make.

Dielectric Barrier Discharge Plasma Jel Corona Discharge Gliding Arc Discharge

Power Supply Power Supply Power Supply Power Supply

Il Bl [l ol
| S | | S| e
l Gas Flow

Eleclrode
Flectrodes

Electrode

ca. 10 - 30 mm

o
8

ca. 10 = 100 mm

]

Sample.

ca. 10 mm
[

Electrode
. ca. 10-150 mm | ca. 10 =20 mm ca. 10 - 20 mm | ca. 10 =50 mm
f | } "

Figure 3.2: Schematic drawing of diverse cold atmospheric pressure plasma devices. [6]

3.3. Why do we want it

So why is CAPP wanted? CAPP contains RONS and ozone and these RONS and ozone are believed
to contain antimicrobial properties, which makes it useful for disinfecting things (in the case of this
thesis it will be used to disinfect vegetable seeds). Furthermore, a study on the effect cold plasma
treatment on Korean ginseng seeds [13] has shown that it can also improve the germination rate and
the fungicidal and bactericidal effects of the seeds. This study showed that cold plasma treatment can
increase crop yield and shorten harvesting time because of this increased germination.

For this thesis, the main goal is to disinfect vegetable seeds; the way this will be achieved is by us-
ing plasma-activated water (PAW). The way PAW is created is by exposing water directly to CAPP [1],
which is usually done by using a Venturi tube. PAW has the same antimicrobial properties as CAPP, but
it has the advantage of being better distributable since water can be used in many forms. The inactiva-
tion efficacy of PAW is increased when either the plasma activation time or the bacterial incubation time
is increased. It also showed that PAW has a greater inactivation effectiveness against gram-positive
bacteria than gram-negative bacteria. As expected it was found that the inactivation efficacy deterio-
rates over time and this is affected by storage duration and temperature, where the longer and warmer
you store it the less efficient it will become [14].



Plasma tube design

4.1. Initial tube design

For the first plasma generator design, the decision was made to design and build a tube DBD setup.
The tube contains a bar that acts as an electrode, and the second electrode is a mesh that is wrapped
around the outside of the tube. The tube design makes it easier to funnel the plasma into the Venturi
tube which makes the PAW making process more efficient.

There are quite a lot of suitable dielectric materials that can be used for DBD such as:

* Alumina

* Quartz

» Glass

» Borosilicate glass

* Teflon

* Acrylic
Each of these materials has its own advantages and disadvantages. In view of the budget and time
duration of this project, the decision was made to make the first design using acrylic (PMMA). Acrylic
has a high enough dielectric strength that makes it suitable for high voltage applications such as DBD.
Acrylic is not the most optimal material because its dielectric strength is not the best compared to some
of these other materials. The dielectric strength of acrylic is around 30kV/mm while the other materials
have dielectric strengths of: alumina (16.7kV/mm), quartz (30kV/mm), glass (40kV/mm), borosilicate
glass (34kV/mm), teflon (80kV/mm) [15, 16, 17, 18, 19, 20]. Even though some of the materials like
alumina and quartz have equal or lower dielectric strengths, they are still more efficient due to their
better thermal conductivities and thermal stability (the thermal conductivity of alumina is 18W/m — K,

quartz 1.38W/m — K, while for acrylic it is 0.19W/m — K). However, acrylic has the benefit of being
cheap and easy to make, which means that it is a great material if time is short and money is low.

For the electrodes, there are also a lot of materials suitable for generating CAPP:
+ Stainless steel
* Aluminum
» Copper
+ Titanium
* Metal meshes

For the tube design the decision was made to use a stainless steel bar for the inner electrode and a
brass mesh. Again, this decision was made due to the budget and time duration of this project.
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The thickness of the acrylic tube is 3mm, and the gap between the stainless steel bar and the brass
mesh is around 22mm. The decision was made to use a second acrylic tube to hold the mesh in place.
The inner tube has a diameter of 60mm and the outer tube has a diameter of 70mm, and both tubes
have a length of 320mm. A schematic of this setup can be seen below in Fig. 4.1.

[ PMMA Tube

. Brass mesh
Il Stainless steel
rod
10mm

60mm

Figure 4.1: Initial tube schematic

70mm

(a) FreeCAD 3D design of the whole
tube setup

Figure 4.2: 3D designs of the ozone tube components

To hold the whole system in place without touching it, a 3D tube clamp nozzle (TCN) was designed; the
design of that TCN can be seen in Fig. 4.2. In the design, it can be seen that the tube is held in place
with two caps, one of them extends into a nozzle, which makes it suitable for connecting to the Venturi
tube. The decision was made to make the tube stand vertically since this will ensure better flow of the
plasma into the Venturi tube. Four legs were designed to hold the tube upright. After the 3D design
was completed, it was printed using polylactic acid (PLA), which is a polyester made from renewable

biomass [21].

The final built tube setup can be seen in Fig. 4.3. The high voltage source will be
connected to the stainless steel ba,r and the mesh, and air will flow through the
tube acting as the working gas. In Fig. 4.3, there is also a green PCB visible; this
is the ozone sensor that measures the amount of ozone (O3). The reason why the
amount of ozone is important is that ozone is a strong oxidant [22]. This means that
ozone can oxidise the organic molecules contained in the cell membrane, which
effectively kills the unwanted microbial organisms [23]. Therefore, the greater the
amount of ozone present in the plasma, the more effective the disinfection setup

will be. The results of the ozone sensor and an in-depth analysis of the operation

of the tube plasma generator will be covered in the next chapter.

Figure 4.3: Initial
tube setup
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4.2. Revised tube setup

The first tube design had a few issues, the main issue being the distance between the two electrodes
and the thickness of the dielectric (namely 3mm). This is the reason why the initial setup did not work,
since the amount of voltage required to generate plasma was too high. To address this problem, the
decision was made to buy new tubes with a smaller diameter and with a smaller thickness. The new
inner tube has a diameter of 7mm and the outer tube has a diameter of 11mm, each tube having a
length of 15¢m. The thickness of the new tubes is 1mm, making it 3x thinner than the initial tubes.
A schematic of this setup can be seen in Fig. 4.5. Furthermore, the decision was made to change
the stainless steel bar into a handmade spring with a diameter of approximately 5mm made of tinned
copper wire (diameter 0.71mm) . For the outer electrode, the same mesh was used as in the initial
design. The old 3D design of the TCN (Fig. 4.1a) was slightly altered to fit the new tubes. This new 3D
design can be seen in fig 4.4.

[ PMMA Tube

] Stainless steel
mesh

[l Tinned copper
wire spring

11mm

Figure 4.4: 3D design of the new TCN Figure 4.5: Small tube schematic

In order to improve the efficiency, the decision was made to put three tubes in parallel, this means that
the power supply should supply a higher voltage but will also increase the plasma output of the setup.
The new tubes can be seen in fig 4.6. An air pump was also added at the bottom of the TCN, which
ensured good flow of the ozone.

Figure 4.6: Photo of the revised tube setup



Plasma tube analysis

5.1. COMSOL simulations

To analyze the electric fields produced by the plasma sources, the setups were modeled using the
physics simulation software COMSOL Multiphysics. These simulations provide valuable insights into
the behaviour and characteristics of the plasma sources. However, it is important to note that such
models are simplifications and do not fully capture the complexities of real-world plasma dynamics.
Various effects and interactions are not accounted for in a basic COMSOL setup, so the results should
be interpreted accordingly.

5.1.1. COMSOL simulation initial tube setup

In Fig. 5.1, the simulated electric field of the initial tube setup can be seen. As can be seen in the plot,
the magnitude of the electric field falls below the required breakdown voltage of air 3 x 10°V/m and
should most likely fail to produce plasma while staying within the voltage requirements as stipulated in
2.1.6.

Surface: Electric field norm (V/m)
T

m T T T T
0.05} | x10°
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0.04}F .
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0.02}F . 3.5
0.01f 4 3
ot 8 25
0.01} 1 2
0.02} . s
0.03F .
1
-0.04 .
0.5
-0.05F .

-0.04 -0.02 0 0.02 0.04 m

Figure 5.1: Electric field simulation of the tube setup
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5.1.2. COMSOL simulation initial tube setup

The simulated electric field for the revised tube setup can be seen in Fig. 5.2. Here, the simulated
electric field does breach the 3 x 10°V/m breakdown voltage of air and should succeed in producing
plasma. Further in this plot, small pockets of high electric field magnitudes can be seen close to the
spring. This is, however, in large part due to COMSOL reducing the smooth circular wire used for the
spring into a mesh containing many sharp angles, which does not represent reality.

Surface: Electric field norm (V/m)
mm T T T T T T T T

5 i x10°
6
0 1 B4
2
_5 -
1 1 1 1 1 1 1 1 0

Figure 5.2: Electric field simulation of the revised tube setup

5.2. Testing the setups

To test the setups, a 50Hz high-voltage source was used. A circuit representation of the test setup can
be seen in Fig. 5.3 The equivalent circuit of the DBD electrodes has been adapted from [24]. In this
equivalent circuit:

* C, and R, represent the capacitance and resistance of the air gap between the electrode surfaces
and the dielectric barrier.

» C, represents the capacitance of the dielectric barrier.
* C,.y is the reference capacitor used for charge measurement

15T7@ Electrode Voltag: 6
o Eicrode Cunems
° 4
OVeource < 22
E] £
Rt bbbl L ']
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| 1 o 4
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! , DBD Elec- T )
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() HV source : X Figure 5.4: Example current plot
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10
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-1 Voltage (kV)
Figure 5.3: Test setup equivalent circuit Figure 5.5: Example Lissajous plot

In Fig. 5.4 an example plot is shown of the current I,,,,.. and the applied voltage V... Where the
periodic groupings of small peaks in the current show micro discharges in the plasma [25] which occur
when the voltage across the electrode reaches a threshold value where discharges can occur.

To determine the total power injected into the plasma, the charge on the electrode must be known. For
this purpose, the capacitor C,..y was connected between the electrodes and ground. This capacitance
was selected to be approximately 100z the system’s total capacitance, which was 87.5pF", since this
would ensure accurate charge measurements. If the capacitance was too small, then the voltage drop
would be significant which would reduce the actual voltage applied to the plasma generator. Due to
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charge neutrality in a series circuit, the charge on C,.s is equal to the charge on the electrode. The
instantaneous charge on the electrodes is determined using the following formula:

QElectrodes = Cref . VCrcf (51)

This information was used to construct Lissajous figures where charge is plotted against the voltage,
an example of which can be seen in Fig. 5.5. These Lissajous figures give insight into the plasma
behaviour, where the area enclosed by the loop represents the energy consumed during one period,
with the power being obtained by multiplying the energy by the applied excitation frequency(50H z).
This, however, is not exclusively the power injected into the plasma, but all real power dissipated, so it
includes ohmic losses [24]. The creation of these figures and the calculation of the surface enclosed
by the Lissajous curve were done in Python. The code used can be seen in Appendix A.1 and A.2.

The tests were conducted in the ESP lab of TU Delft to ensure safe handling of high voltages. The setup
for the initial tube test is shown in Fig. A.2 in the appendix. A high-voltage probe was used to measure
the voltage across the electrodes. During the test of the initial tube setup, no plasma discharge was
observed—there was no characteristic purple glow or notable ozone smell.

Interestingly, when the applied voltage reached 7.5V, an arc was observed. This arc burned through
the stainless-steel mesh surrounding the outer part of the inner tube, indicating electrical breakdown
without effective dielectric barrier discharge.

5.3. Ozone concentration

Ozone acts as a disinfection agent as mentioned in chapter 4, so for small amounts of ozone, it is
generally true that more ozone means better disinfection. However, a study on the impact of ozone
treatment on seed germination has shown that too much ozone is bad for seed germination [26]. This
means that there should be enough ozone present to act as an effective disinfection agent but not too
much, because otherwise it will have negative consequences for the seeds. Thus, it is important to
know how much ozone is present.

The ozone sensor used is the DFRobot Gravity Ozone Sensor. An image of this sensor can be seen in
fig 5.6. This sensor has a measurement range of 0-10 ppm with a resolution of 0.01 ppm (10 ppb) [27].
It uses Inter-Integrated Circuit, widely known as the IIC protocol, which makes it compatible with many
microcontrollers such as the ESP32-s3 [28] series, which is the microcontroller that was used during
the measurements of the system. For calibration of the sensor, the sensor was used to measure the
amount of ozone in the air, which is around 0-1 ppb, as can be seen in fig 5.7. The setup used for the
calibration can be seen in fig A.1.
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Figure 5.6: DFRobot Gravity IIC Ozone Sensor (0—10 ppm), Figure 5.7: Reference chart of ozone exposure levels.
model SEN0321. Image from [29]. Adapted from [30].

The data from the ozone sensor was read by making use of the ESP32-s3 microcontroller. The ESP
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board sent the data to a server where the measurements were stored. To make it easy to read, a simple
dashboard was created using Excel; a screenshot of this dashboard can be seen in Fig. A.4. During
the calibration test, the sensor measured around 70-150 ppb. This value is too high compared to the
0-1 ppb that should be measured, which means that the sensor is not fully accurate.

5.3.1. Ozone concentration of the initial tube setup

The graph of the ozone measurements with the initial tube setup can be seen in Fig. 5.8, where the
x-axis shows the time and the y-axis shows the ozone concentration in ppb. There were some unusual
points during the measurements where the ozone concentration dropped to 0, even though the power
supply was still active. These inconsistencies are likely due to a technical error of the sensor itself
and will therefore be ignored. The graph shows that the maximum achieved ozone concentration was
about 125 ppb, which is within the ozone concentration range of normal room air measured during
the calibration, which means that the initial tube setup did not produce any ozone, and thus failed to
generate plasma.
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Figure 5.8: Graph of the ozone concentration during the measurements of the initial tube setup
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5.3.2. Ozone concentration of the revised tube setup

For the ozone measurement of the revised tube setup, a different setup was used, which can be seenin
Fig. A.3. This setup makes use of a different high voltage source, but the principle idea stays the same.
For the ozone measurement a different ozone meter was used, because the DFRobot sensor could
only measure up to 10 ppm, which was too low. The used ozone meter was the SKY2000-WH-0O3 [31],
which has a range from 0-5000 ppm. The ozone concentration of the revised tube setup was tested
in two laps of 5 minutes each, once with the air pump on and once without. For the one without the
temperature of the setup was also measured over time. The results of this can be seen in table 5.1a
and table 5.1b. Furthermore, to test the seal integrity, the air outside of the setup was also tested, but
no amount of ozone could be detected. Itis important to note that the power supply used was supplying
a 50H z, and a higher frequency would likely cause a higher ozone concentration. The measurements
show that the setup can supply a stable ozone supply, which is convenient since the setup would need
to be able to supply plasma for a longer period of time when used commercially.

Time (min) O3 (ppm) Time (min) O3 (ppm) Temp (°C)
0 0 0 0 25.6
1 40 1 18 25.6
2 55 2 23 25.7
3 60 3 30 25.8
4 64 4 24 25.8
5 64 5 26 25.8
(a) Pump on (b) Pump off

Table 5.1: Ozone concentration over time with and without the pump.

5.3.3. Temperature measurement of the revised tube setup

An infrared thermometer was used to measure temperature. Specifically, the Fluke 568 Infrared-
thermometer, which has a temperature resolution of 0.1°C [32]. The measured temperature was 24.3°C.
This can be seen in Fig. 5.9.

__

Figure 5.9: Photo of the temperature measurement of the revised tube setup
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5.3.4. Lissajous & current figures

Finally, the test setup explained in 5.2 was used to create the current and Lissajous figures and find the
power dissipated in the setup. Below in Fig. 5.10, a plot of the current I;,..... and the applied voltage
Vsource CaN be seen. Clear spikes in the current can be seen with a rising and falling voltage, confirming
the creation of plasma.
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Figure 5.10: Electric current in the revised tube setup under a 10kV 50H z excitation

In Fig. 5.11, four Lissajous figures can be seen, each showing the result for a different excitation voltage.
It can be seen that as the voltage rises, the plotted loop opens up. In Fig. 5.11a, it can be seen that the
Lissajous figure is almost closed, which means that this is the threshold voltage above which the tube
setup will begin generating plasma.
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Figure 5.11: Lissajous figures of the coaxial tube setup



Plasma plate design

For the second plasma generator design, the decision was made to design and build a multi-hollow
plate DBD setup. This idea came up in another BSc-thesis from TU Delft [33]. The method uses
two electrode plates with a dielectric plate between them. This in itself is a fairly common method for
generating plasma, but the twist is that the electrodes and the dielectric have a lot of small holes in
them. A 3D design of one of these electrodes can be seen in fig 6.2.

')
§ 1mm Hole Radius 1.5mm Hole Radius 2mm Hole Radius 2.5mm Hole Radius
; S = = =
| | | |
Closed flat Closed flat Closed flat Closed flat
Open flat Open flat Open flat pen flat
g = = = = = = =
& Opsn with curve:
) || =
Open with outcrop
||| e
-~/ AERNRRRNRNRERRE
. ) Figure 6.2: 3D model of a multi-hollow plate electrode with
Figure 6.1: MHDBD options holes of a diameter of 1.5mm

Several different options for the dielectric were considered, designed and simulated, Simple illustrations
of the different electrode and dielectric options considered can be seen below in Fig. 6.1, the options
that were not able to be produced in time are shaded.

A study done by Cimerman et al. [34] looked at the production of gaseous species using a multi-hollow
setup. According to the study, the reason why this method is effective is that the unique geometry
forces the carrier gas to pass through the holes (hollows) where the discharge is generated. When
high voltage is applied to this setup, the discharge will form on the edges of each of the holes. The
time of gas within the active plasma region gets maximised since the air passes directly through the
holes. This makes the generation of the RONS more effective. The study concluded that the production
yield of ozone when using the multi-hollow setup is higher than that of other surface dielectric barrier
discharge-based plasma generators. Here, the production yield (PY) is calculated using the following
formula:

Mass of O3 produced c-Q
PY(g/kWh) = = A
(/kWh) Energy input P ©.1)

Another benefit of this setup is that it is simple, which makes it easily scalable and thus makes it a
great method for companies such as Bejo Zaden BV. However, the multi-hollow setups produced in the
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study by Cimerman et al. [34] have both electrodes fully encased in a ceramic material so that there
is no direct path through the air between the electrodes. Reproducing this setup would be challenging
and costly, so in an attempt to imitate this setup, different dielectric options were considered. Seen
in Fig. 6.5 and in Fig. 6.1 under "Open with curve” and "Open with Outcrop”, are two options where a
dielectric wall is inserted into the holes, further separating the two electrodes. However, due to time
constraints, it was not feasible to make them within the time limit, and therefore, the decision was made
to use flat dielectrics with normal holes in them.

o

Figure 6.4: Open dielectric design with outcropped curved

Figure 6.3: Open dielectric design with curved hole walls
hole walls

Figure 6.5: Dielectric designs with walled holes

Four pairs of multi-hollow electrodes and dielectrics were made using the 3D design seen in fig 6.2.
The dielectrics were 3D printed and are made of PLA. The electrodes were made by cutting holes in
a 100x100mm steel plate with a Lion Alpha Metal laser cutter [35]. The plates have different sizes of
holes, with diameters of 1mm, 1.5mm, 2mm, 2.5mm. The electrodes can be seen in fig 6.6

(a) 1mm (27x27) (b) 1.5mm (22x22) (c) 2mm (19x19) (d) 2.5mm (17x17)

Figure 6.6: Multi-hollow plate electrodes with various hole diameters and corresponding hole matrices.



Plasma plate analysis

7.1. COMSOL simulations

Again for the analysis of the electric field produced by the plasma plates COMSOL Multiphysics was
used the results of which, using a DC excitation of 5kV, can be seen below in Fig. 7.1.

(a) Tmm hole wall hight (b) 1.5mm hole wall hight

0T =

(c) 2mm hole wall hight (d) 2.5mm hole wall hight (h) 2mm hole radius (i) 2.5mm hole radius

(e) Simulated multi-hollow electrodes with varying hole wall heights (j) Simulated multi-hollow electrodes with varying hole radii

Figure 7.1: Comparison between simulated and photographed multi-hollow electrode plates.

The results shown in Fig. 7.1e depict the behaviour of the electric field when increasing the height
of the dielectric wall present in the hole. It can be seen in 7.1a that the electric field reaches above
the breakdown voltage of air (3 x 10V/m) while the others sit below it, however this set up carries a
risk. As there is a direct path from plate to plate though the air in this setup arcs will be quick to form
the dielectric walls present in the holes serve to lessen that behavior. The intention is that adding a
frequency component to the excitation would increase the electric field where the plates are closest to
each other.

In Fig. 7.1j the simulated results with different hole radii can be seen. Designing for a uniform electric
field within the hole a smaller hole radius is clearly more optimal as a significant drop in the electric
field magnitude can be seen at the center of the hole for larger hole radii. However that is not the only
consideration as the manufacturing of small details, as are required for the dielectric hole walls, are
challenging to realize.
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7.2. Testing the setup

The plasma plate setup was also tested in the ESP lab. The 3D design of the plasma plate was a little
bit too small which meant that the plates had to be tested without the box surrounding them. This made
it less safe but it is an issue that can quickly be fixed by updating the 3D design so it won't affect the
final performance of the setup. A different issue however was that the dielectric was too thick and did
not work. The reason why it didn’t work was because the voltage needed to create partial discharge
was so high that it would cause arcs. These arcs between the and the electrodes were caused due to
the dielectric acting as an open connection at voltages that were too high, which made it unusable. In
order to fix this, a different dielectric was used without holes in it. This dielectric was made of aluminium
oxide (Al2O3) and had a thickness of 0.6mm. This change of the dielectric made it work and thus all
the measurements were done with this dielectric and not with the 3D printed ones.

7.3. Ozone concentration

For the plasma plate setup, the same measurement methods were used as for the revised tube setups
mentioned in chapter 5. However as mentioned earlier, the 3D design didn’t fit which meant that there
was no airtight connection to the TCN and therefore it was not possible to measure the ozone concen-
tration with the ozone meter. However, the distinct smell of ozone was noticeable in the air surrounding
the setup which is an indicator of it working correctly.

7.3.1. Temperature measurement

For the temperature measurements of the plate the same infrared thermometer was used. The tem-
perature was measured for the 1mm plate and for the 2.5mm plate. The temperature of the 1mm
plate was 24.8°C and for the 2.5mm plate it was 30.8°C indicating a rise as the holes get bigger. The
measurements can be seen in fig 7.2.

(a) Temperature measurement of the 1mm plate (b) Temperature measurement of the 2.5mm plate

Figure 7.2: Temperature measurements of the multi-hollow plates
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7.3.2. Lissajous figures
To find the power injected into the plasma the same method was used as mentioned in 5. Again, the
loops are seen to be open, and so power is being dissipated in the setup, indicating plasma generation.
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Figure 7.3: Lissajous figures of the plasma plates.



Discussion of the results

The results of this study show that both the revised tube setup as well as the multi-hollow plasma
plates are viable plasma sources; however, it is important to note that only ozone was measured, so
the effectiveness of the RONS and other particles is unclear. The initial tube design did not work since
the dielectric was too thick and there was too much space between the electrodes, but the revised
design with the smaller tubes proved that the concept of the tubes works.

The ozone measurements proved that plasma was generated and this means that CAPP was success-
fully generated, so the first requirement is achieved. The second requirement was about the microbial
reduction, but since the seeds weren'’t tested in time, there is no way to determine if this requirement
was achieved. The third requirement stated that the system should not get any hotter than 40°C since
that would harm the seeds. The infrared thermometer showed that the maximum temperature of the
tube setup was around 24.3°C and of the plate setup around 30.8°C, which means that the temperature
requirement was fulfilled. The tube setup was encased in an acrylic tube, and the plate setups were
encased in a 3D-printed PLA container, which means that both setups complied with the IEC 61010-1
safety standards. Since there was no ozone in the air around the setup, it is also safe to say that the
90% seal integrity under operating conditions was achieved.

The water used in the system can be recirculated, which makes it sustainable. As for the amount of
kW h per batch, this mainly depends on the power supply which is outside of the scope of this study
and thus the sustainability requirement will be marked as sufficient. Lastly, the system has to function
with the voltage range of 0 — 10kV/, and this requirement was also fulfilled since the thresholds of the
setups were below 10kV. This means that almost all of the mandatory requirements were fulfilled.

As for the trade-off requirements: the energy efficiency was sadly not measured, the system is scalable,
but it is uncertain if it is scalable to a size that would accommodate batch sizes of 10kg, the plasma
exposure time is adjustable, and the system consists of multiple smaller parts which makes it easily
maintainable.

The measurement results of the initial coaxial tube setup were quite disappointing since it did not work,
but it provided valuable insights into dielectric and electrode optimisation. However, this was to be
expected, and the revised coaxial tube setup proved that the concept of the design works. The amount
of ozone produced was good given the fact that a voltage signal of only 50H z was used. The tube
setup started working from 9.2kV,,,, which means that an amplitude of 4.6kV" is needed to generate
plasma with this setup. This is quite a high voltage, and it would be better and more efficient to make
this threshold voltage a little lower. This could be achieved by using different electrode and dielectric
materials. A quick way to improve the setup is to use higher-quality springs made of a better electrode
material (such as tungsten) than the hand-made springs that were used in the tested setup. Further-
more, the dielectric tubes were made of acrylic, which is also far from the best; a better material for the
dielectric would be something like quartz or borosilicate glass (both of which are way more expensive
than acrylic).
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The final multi-hollow plate setup was not exactly as designed since the original design of the dielectric
plates had outcropping holes on them, which means that the results of that design remain unclear. The
measurement results of the multi-hollow plasma plate setup were promising, but it is important to note
that the test setup was not ideal and therefore it wasn’t possible to accurately measure the amount of
ozone produced or the threshold voltage of the plate setup. However, the distinct smell of ozone was
present above the plates after testing, which indicates that the concept worked, although it is uncertain
how well it worked. More scientific proof is the Lissajous figures, which showed that there were in fact
partial discharges which indicates that plasma was generated.



Conclusions & Recommendations

The goal of this work was to design and characterise a low-temperature plasma reactor for seed treat-
ment applications. During the project, two low-temperature plasma reactor setups were designed: a
coaxial tube design and a multi-hollow plate design, both using DBD. Both setups demonstrated the
ability to create CAPP and produce ozone, which means that the primary requirement of the project
has been fulfilled. The revised tube setup showed that it can produce a stable amount of plasma and
the multi-hollow plate setup also showed its ability to generate plasma without getting too hot, even
though this required a change of the dielectric. The interdisciplinary collaboration between TU Delft
and Bejo Zaden BV proved the practical viability of plasma-based seed disinfection as a sustainable
alternative to conventional methods.

The results were satisfactory for the limited time of this study; however, there is still a lot left to do
regarding this topic. For future work it would be good to look at different materials for the electrodes
and dielectrics, which can make the setups way more efficient. Another thing that this study did not
manage to look at is how to make the system scalable for commercial use, which is also something that
could be looked at. Furthermore, the tests that were run on the setups didn’t fully mimic the industrial
environment in which it would operate when used commercially, so more advanced tests should be run.
These tests could study how well the setups work when used for a longer period (the maximum time it
was used now was around 10 minutes). Another thing that could be studied in future work is to make
the dielectric plates with outcropped holes, like they were originally designed. And something that is
even more important is that the setup should be tested on its microbial reduction efficacy, since this
wasn’t done during this study due to time constraints.
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Appendix A

Figure A.1: Calibration setup of the ozone sensor in air
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Figure A.3: Test setup of the revised tube setup
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Figure A.4: Ozone sensor measurements dashboard
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import pandas as pd
import matplotlib.pyplot as plt
import matplotlib as mpl

mpl .rcParams['agg.path.chunksize'] = 10000 # Fix OverflowError for large plots

# Load the CSV file
df = pd.read_csv('xxx0.csv') # Update path if necessary

# Shift time so that tmin is t=0
df ['Time(s)'] = df['Time(s)'] - df['Time(s)'].min()

# Only plot data where t <= 50 ms
df _plot = df[df['Time(s) ']*1000 <= 50]

# Create figure and first axis
fig, axl = plt.subplots(figsize=(8, 4))

# Plot CH1 on axl

axl.plot(df_plot['Time(s)']1*1000, df_plot['CH1(V)'], label='Electrode Voltage',
color='crimson', linewidth=1, alpha=1)

axl.set_xlabel ('Time, (ms) ')

axl.set_ylabel (' , ,Voltage,(kV),,', color='black')

axl.yaxis.set_label_coords(-0.05, 0.5)

axl.annotate(' ', xy=(-0.0515, 0.34), xycoords='axes,fraction', color='crimson',
fontsize=12, ha='right', va='center')

# Create a second y-axis for CH2

ax2 = axl.twinx ()

ax2.plot (df_plot['Time(s) ']1*1000, df_plot['CH2(V)']1*1000, label='Electrode Current
', color='darkviolet', linewidth=0.5, alpha=1)

ax2.set_ylabel (' , ,Current, (mA),,', color='black')

ax2.yaxis.set_label_coords(1.05, 0.5)

ax2.annotate(' ', xy=(1.0485, 0.335), xycoords='axes,fraction', color='darkviolet',
fontsize=12, ha='left', va='center')

# Find the min/max for both channels
yl_min, yl_max df ['CH1(V) '] .min(), df['CH1(V)'].max()
y2_min, y2_max df ['CH2(V) '] .min()*1000, df['CH2(V)'].max()*1000

# Find the largest absolute value for symmetric limits
y1_abs_max = max(abs(yl_min), abs(yl_max)) * 1.45
y2_abs_max max (abs(y2_min), abs(y2_max)) * 1.6

# Set both y-axes to the same symmetric limits around zero
axl.set_ylim(-yl_abs_max, yl_abs_max)
ax2.set_ylim(-y2_abs_max, y2_abs_max)

# Add grid, title, and legend
axl.grid(True)
fig.tight_layout ()

# Add colored dots to y-axis labels using Unicode and explain in legend
custom_lines = [
plt.Line2D([0], [0], color='crimson', marker='o', linestyle='None', markersize
=8, label='Electrode Voltage'),
plt.Line2D([0], [0], color='darkviolet', marker='o', linestyle='Nomne',
markersize=8, label='Electrode Current')




30

55/ fig.legend (handles=custom_lines, loc='upper;left', bbox_to_anchor=(0.07, 0.97),
fontsize=10)

s6| plt.savefig (' TubeCurrentExample.png', dpi=300, bbox_inches='tight')

57| plt . show ()

Listing A.1: Plotting voltage and current over the electrode.
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import pandas as pd

import numpy as np

import matplotlib.pyplot as plt

import matplotlib.ticker as ticker

from matplotlib.ticker import FuncFormatter, ScalarFormatter

# Load the CSV file
df = pd.read_csv('xxxl6.csv')

# Smooth the signals using a rolling average

window_size = 50

VoltageChil df ['CH1(V)'].rolling(window=window_size, center=True) .mean ()
VoltageCh2 df ['CH2(V) '] .rolling(window=window_size, center=True) .mean ()

# Convert to volts and coulombs
Voltage = VoltageChl * 1le3 # CH1 in mV =+ V
Charge = VoltageCh2 * 1e3 * 10e-9 # CH2 in mV -+ current in pA -+ integrated to C

# Drop NaNs
Voltage_clean = Voltage.dropna ()
Charge_clean = Charge.dropna()

X
y

Voltage_clean.to_numpy ()
Charge_clean.to_numpy ()

# Convert to kilovolt and microcoulomb for plotting
x_kV = x / 1e3 # V to kV
y_uC =y *x 1le6 # C to C

# Plot

plt.figure(figsize=(8, 6))

plt.plot(x_kV, y_uC, color='royalblue', linewidth=2, alpha=0.9)
plt.£fill(x_kV, y_uC, color='royalblue', alpha=0.2, label='Enclosed area')

# Calculate area (energy in joules) remains unchanged
area = 0.5 * np.abs(np.dot(x, np.roll(y, 1)) - np.dot(y, np.roll(x, 1)))
print (f'Enclosedarea: {area:.8f},J"')

cx = np.mean(x_kV)
cy = np.mean(y_uC)
# Calculate average power if time data is available
if 'Time(s)' in df.columns:
# Drop NaNs in time column to match processed data
time_clean = df['Time(s)'].rolling(window=window_size, center=True).mean().
dropna ()
# Ensure arrays are aligned in length
min_len = min(len(time_clean), len(x))

duration = time_clean.iloc[:min_len].iloc[-1] - time_clean.iloc[:min_len].iloc
[0l
if duration > O:
power = area / duration # Power in watts
power_mw = power * 1e3 # Convert to milliwatts
power_mw_fmt = f"{power_mw:.2f}" # One decimal place, no scientific

notation
print (f'Average power: {power_mw_fmt} mW')
# Annotate power on plot
plt.text(cx, cy, f'{power_mw_fmt} mW', fontsize=12, ha='center', va='
center',
bbox=dict (boxstyle='round,pad=0.3"', facecolor='white', alpha=0.8)
)
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else:
print ("Duration, is, zero 0r negative, cannot, ,compute power.")

else:

print ("No,time column found, cannot, ,compute power.")

# Keep annotation as energy if no time data

plt.text(cx, cy, f'{area:.2e},J', fontsize=12, ha='center', va='center',
bbox=dict (boxstyle='round,pad=0.3"', facecolor='white', alpha=0.8))

# Labels and style

plt.
plt.

plt.
plt.
plt.
plt.
plt.
plt.

xlabel('Voltage(kV)', fontsize=12)
ylabel ('Charge,, (C)', fontsize=12)

grid(True, linestyle='--', alpha=0.5)

tight_layout ()

tick_params (labelsize=10)

legend ()

savefig('TubeLissasous18kVpp.png', dpi=300, bbox_inches='tight')
show ()

Listing A.2: Plotting Lissajous figure for the electrode and calculating the power.
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