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ABSTRACT

Surface dielectric barrier discharge (SDBD) ozone generators are a promising technology for industrial water treatment as well
as air purification; however, they are under-studied. In this experimental study, three types of AC voltage waveforms (triangular,
rectangular and sinusoidal) are compared to ozone generation and energy performance in the SDBD reactor. The optimal waveform
was triangular, with an ozone concentration of 12 mg/L and an efficiency of 120 g/kWh. The second was the sinusoidal waveform

(120 mg/L and 95 g/kWh, respectively). The most typical was the square waveform, with the rectangular one less effective. The
optimum operating conditions are as follows (by response surface methodology (RSM)): V = 7.84 kV, f = 202.86 Hz (1 = 114.76
g/kWh) and V = 8.99 kV, f = 849.7 Hz (OC = 132.163 mg/L). This study highlights the importance of optimal waveform selection
and systematic parameter tuning to improve ozone generation performance while minimising energy consumption for practical

industrial SDBD applications.

1 | Introduction

Ozone (0;) consists of three atoms which are oxygen in nature.
It has attracted great attention in the past because it can be
utilised in various applications such as water purification, food
preservation and air cleaning [1, 2]. The O, oxidising ability
also makes it beneficial in medicine, as it can heal wounds
and fight off infection because it is lethal to such a versatile
group of bacteria [3-5]. It is one of the best methods to produce
high-concentration ozone because it functions so efficiently
[6,7].

In the Dielectric Barrier Discharge (DBD) method, non-thermal
plasma micro-discharges are formed in the region existing
between two electrodes, at least one of them having a dielectric
coating. These micro-discharges contribute to breaking down
oxygen molecules (O,), and the remaining oxygen atoms recom-
bine to form ozone (O;) [8, 9]. There are many different kinds of
DBD reactors, but Volume Dielectric Barrier Discharge (VDBD)
and Surface Dielectric Barrier Discharge (SDBD) are most com-
monly used [10, 11]. VDBD reactors are widely used, but SDBD
reactors are superior in terms of energy efficiency and size, as
evidenced by various recent studies [12].
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Pekarek et al. 2012 [13], investigated how the sinusoidal driving
voltage and frequency affected ozone production in a radial
SDBD reactor. Their study showed that the more ozone they
make, the more discharge power they need, so these things are
very important for making SDBD better for making people’s
ozone. K. Nassour et al. 2015 [7] conducted a comparative
experimental study between small-scale VDBD and SDBD cylin-
drical ozone generators under the same experimental conditions.
Their results demonstrated that although volume DBD reactors
are predominantly used in industrial ozone generation, SDBD
reactors exhibited significant superiority in terms of both ozone
generation and energy efficiency compared to VDBD reactors.
S. Xie et al. 2019 [14] employed a planar multi-electrode SDBD
reactor with pure O, to find how to do ozone. They learnt that
evening out the distribution of gas in the chamber dramati-
cally boosted ozone production. Nemmich et al. 2019 [15] have
previously shown the importance of obtaining an appropriate
waveform for efficient ozone formation in a VDBD reactor and
that distorted voltages on other shapes than sinusoidal or pulsed
can have a significant effect on energy yield. B.Choudhury
2022 [16] investigated the ozone flow from a fan-shaped SDBD
reactor and noticed that this configuration of electrodes allows
ozone scatter to spread significantly better and thus accelerates
decontamination compared with the conventional comb-shaped
arrangement. Research is continuing on DBD technology aiming
at increased energy efficiency based in part on better dielectric
materials, optimal shaping of electrodes and further refinement
of regulation of voltage waveforms. Also, scientists are exploring
new reactor designs that can produce more ozone [17, 18].

Response surface methodology has also been successfully used
to optimise the operating conditions for ozone generation. For
instance, Nemmich et al. 2021 [19] developed an ozone food
preservation system using RSM. This illustrates how this tech-
nique may identify the optimal conditions for increasing food
shelf life in combination with the least possible energy. Nemmich
et al. (2024) [20] also studied the ozone half-life generated by
dielectric barrier discharge and demonstrated how effective RSM
is to investigate and enhance the factors determining ozone
generation. Although SDBD reactors have demonstrated clear
superiority in terms of energy efficiency and ozone generation,
research activity in this area remains limited compared to VDBD
systems. This can be attributed to the fact that VDBD technology
preceded SDBD by several years and became widely adopted
across various industrial applications. As with any emerging
technology, SDBD reactors require time to gain the confidence
of the research community, despite their evident advantages.
Consequently, systematic studies on SDBD reactors have not yet
received the attention they deserve. Motivated by this obser-
vation, the present work investigates an important aspect that
directly influences ozone generation efficiency in such reactors,
namely the effect of applied voltage waveform shape.

This study has two main objectives. First, even though SDBD
reactors have been shown to be better in many ways, there hasn’t
been a systematic comparison of how different voltage waveform
shapes (triangular, rectangular, and sinusoidal) affect ozone
generation and energy efficiency in SDBD systems. This study
experimentally examines the impact of these three waveforms on
the performance of the SDBD reactor. Second, there hasn’t been
enough research on how to use Response Surface Methodology

(RSM) to improve SDBD operating conditions. This study uses
RSM to find the best voltage and frequency settings for SDBD
reactors in industrial settings, with the goal of finding the best
operating conditions for making a lot of ozone while using as little
energy as possible.

2 | Materials and Methods
2.1 | Ozone Generator

For this study, a SDBD ozone-generating system, as seen in
Figure 1, is utilised. The axial symmetry for the proposed reactor
follows a cylindrical coaxial anode-cathode configuration. A glass
dielectric tube is placed between two metal electrodes of opposite
polarity and serves as the primary insulating barrier therebe-
tween. The tube dielectric is of glass, and due to mechanical
constraints has a ’sweet’ spot (radial wall thickness 2 mm) in order
to force an efficient enough dielectric strength without losing too
much axial length, necessary for discharge activation: (*length =
240 mm).

The high-voltage electrode, which is powered by the AC power
source, consists of a cylindrical sleeve made from aluminium foil
that is 140 mm long. This aluminium foil electrode is adhered
closely to the inside wall of the glass tube so as to ensure a uniform
electric field within the discharge space and a strong electrical
connection therebetween, leading to fewer voltage drops and hot
spots. The ground electrode assembly, which closes the electrical
circuit, is made of 1 mm thick stainless-steel mesh. This mesh
has a regular square grid design with openings in each cell
that are 0.75 mm? in area. This lets gas pass through while
keeping the electrical connection. The mesh electrode is inside
and supported by a cylindrical stainless-steel housing with an
internal diameter of 52 mm. This housing also serves as the wall of
the reactor chamber. Because of this specific shape and choice of
materials, the dielectric barrier discharge plasma starts and stays
along the interface where the glass dielectric tube’s outer surface
touches the inner mesh electrode surface. This creates small
micro-discharges that help the processes of oxygen dissociation
and ozone formation.

2.2 | Experimental Set-Up

Figure 2 shows the experimental setup, which was made to
evaluate how different voltage waveform shapes affect the SDBD
reactor’s energy efficiency and ozone concentration. It has all the
parts it needs, like the reactor, the power supply system, and the
measurement equipment, so that it can accurately measure the
amount of ozone created under different electrical conditions and
make precise changes to the voltage applied.

The ozone generator gets its power from a high-voltage (HV)
amplifier (Trek, +30 kV), and the function generator (Toellener
Toe 7301) controls the shape of the waveform that goes to the
power amplifier. The power amplifier can make voltage signals
with triangular, rectangular, or sinusoidal waveforms. Its output
voltage can be anywhere from 0 to +30 kV DC or AC RMS, and its
frequency can be anywhere from 0 to 3 kHz. We can change the
RMS value of the voltage and the frequency separately.
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FIGURE 1 | Surface Dielectric Barrier Discharge reactor (SDBD). [20] 1. Grounded electrode, 2. Discharge gap, 3. Stainless-steel mesh, 4. HV

electrode, 5. Glass tube and 6. Plasma.
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FIGURE 2 | Simplified schematic of the experimental setup.

The feed gas source for the ozone generator was an oxygen
concentrator (NIDEK Medical Nuvo Lite Mark 5). This device
produces a continuous flow of high-purity oxygen, which the
DBD reactor needs to create ozone continuously. The concentra-
tor is able to adjust oxygen flow from 0 to 10 L/min so that you can
regulate the gas input precisely as required for your experiment.
In this study, the flow rate of oxygen was 1 L/min to ensure that
the time for an O, molecule staying in the gas phase between two
electrodes was appropriate and that increasing ozone generation
rate with reaction temperature were constant.

The ozone concentration produced by the reactor is measured
continuously using an ozone monitor (Ozone Solutions, Model
106-H). This instrument allows for real-time measurement of
the ozone concentration in the gas stream exiting the reactor.
This is achieved through ultraviolet (UV) radiation absorption
at 254 nm, which corresponds to the absorption maximum of
the ozone molecule. The ozone concentration value is read
directly from the analyser display and subsequently used to
evaluate the performance of the ozone generator and assess
the influence of the applied voltage waveforms on ozone
production.

The voltage (RMS) and frequency can be adjusted separately.
This flexibility is also desired for the possibility to assess the
impact of each aspect separately. An applied voltage (V) is sensed

with a high-voltage probe (Tektronix P6015 A), and the current
is monitored using a high-frequency current sensor (Pearson
Software Tools, current monitor 410, 20 MHz). The voltage
and current readings are acquired in two channels of a digital
oscilloscope (GWINSTEK GDS-3154).

The capacity was adopted to indirectly measure transferred
charge to estimate the electrical characteristics of the dis-
charge. The grounded electrode and the measuring circuit
were connected in series with a reference capacitor (22 nF of
capacity). The voltage drop across the capacitor can be used to
determine the charge induced each discharge cycle with this
configuration.

We then created a Lissajous figure to determine an estimate of the
power used by the dielectric barrier discharge system. The Y-axis
was the voltage (V), and the X-axis was the charge (g). This figure
expresses in the interior how much energy it is lost per cycle. To
get the average discharge power, multiply that by the operating
frequency. This graphical approach is certainly a reliable and
well-known way to analyse the energy in DBD reactors because it
allows you to analyse the discharge process qualitatively as well
as quantitatively [21].

A Lissajous representation can be used to figure out how
much power the ozone generator uses with the three different
voltage forms. The Lissajous area is equal to energy w(j) as in

Equation 1.
W = ?{ V.C.dv, = j{ V.dq ¢))

where V is the applied voltage (V) and q is the transferred charge
(C). The enclosed area of the Lissajous figure represents the
energy W, which is then multiplied by the frequency fto calculate
the discharge power P (W) [22].

P=Wxf @)

Finally, the energy efficiency was calculated using the following
equation:

n= (3)

Sl

where Y (g/h) represents the ozone generation, and P (kW)
denotes the power consumed.
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3 | Experimental Designs Methodology

The methodology of experimental designs aids in ascertaining the
requisite number of experiments to be executed in alignment with
a clearly delineated objective. Examine the influence of diverse
factors, reduce measurement variability, investigate the effects of
factor interactions, and evaluate the distinct impact of factors and
their interactions [23, 24].

Before starting the experimental investigations, it is very impor-
tant to choose the right experimental design that can accurately
mimic the process. This study employed the Composite Centred
Faces (CCF) design framework, which enables the creation of
a second-order multiple linear regression model. This design
method makes it possible to find and describe the quadratic
relationship that exists between the input variables u_i (where
i = 1,...,k), which are the independent factors, and the output
function that is being optimised, which is called the response
variable. Because this relationship is quadratic, it is possible to
look at both linear and non-linear impacts in depth, as well as
how the different elements interact with each other to affect the
system’s performance.

y=rf w)=c+ Z Ciu; + Z Cjuiu; + Z citti” C))

With Au; and u;, representing the variation increment and the
central point of factor i, respectively, the normalized cantered
values of the input factors can be calculated through the following
mathematical expression:

x; = (W — wyp) /Ay, (5)
Using these additional variables, the output function turns into:
y=fx)=a,+ Z a;x; + Z Q;jxx; + Z a;x®  (6)

In order to minimise the difference between the experimental
results and the predicted mathematical model, a data pro-
cessing program is used to compute or estimate coefficients
[25].

MODDE 5.0 was the software used. It is a Windows program
for developing and testing experiments [MODDE 5.0, 1999]. The
software aids the user in deducing answers and understanding
the results. It figures out the coefficients of the mathematical
model and the best approach to change the variables to get the
most out of the process. The program also figures out R?* and Q?,
which are two important statistical measures that determine if
the mathematical model is good or bad. R?, or the goodness of fit,
is a number that tells you how well the model matches the raw
data. It goes from O to 1, where 0 means there is no model and
1 means the model is perfect. Q?, which is also called goodness
of prediction, tells us how effectively the model can guess what
will happen in the future. The lowest point is minus infinity, and
the highest point is 1. For a model to pass the diagnostic test,
both parameters must be high and not more than 0.2-0.3 apart
[26, 27].

4 | Results and Discussions
4.1 | Electrical Characterisation

An ozone generator that uses Surface Dielectric Barrier Discharge
(SDBD) technology can be thought of as an electrical circuit
that is made up of a capacitor and a resistor connected in
series. Most people think of this setup as a capacitive load. In
these operating conditions, the total current recorded during
discharge is made up of two different parts: the micro-discharge
current, which comes from localised plasma filaments, and
the capacitive current, which comes from the dielectric barrier
charging and discharging [28]. You can write these two current
parts mathematically like this:

. dv
i(t)= Cor @)

where V and C represent the voltage and capacitance of the DBD
reactor, respectively [29].

Figure 3 shows the voltage waveforms that were sent to the
reactor and the corresponding discharge currents for triangular,
rectangular and sinusoidal voltage waveforms. In a preliminary
experiment, the applied voltage was gradually increased step by
step from 3 kV to 9 kV until a homogeneous and stable discharge
current was obtained in terms of discharge density. Based on these
observations, 7.5 kV was selected as the reference voltage level, as
ityielded the most stable and uniform discharge density across all
three voltage waveforms. To avoid presenting a separate figure for
each preliminary experiment, only the results obtained at 7.5 kV
atafrequency of 500 Hz are presented in Figure 3, ensuring a clear
and representative comparison between the three waveforms.

The present waveforms show two different groups of pulses in
each cycle. During the positive half-cycle of the voltage, the
discharges are denser and more stable, with peak discharge
currents reaching about 120 mA. This is linked to the growth of
positive streamers. On the other hand, the negative half-cycle is
made up of micro-glow discharges, which happen less often and
last for less time than the positive half-cycle [30, 31].

During the positive half-cycle, free electrons are pushed towards
the anode, which starts impact ionisation and the growth of an
electron avalanche. The space charge that forms strengthens the
electric field that was already there. This causes the avalanche-
to-streamer transition, where positive streamers quickly move
towards the cathode, creating the dense and stable discharge
current peaks seen in Figure 3 [32, 33]. During the negative half-
cycle, on the other hand, electrons stick to oxygen molecules
to make negative ions. At the same time, positive ions slowly
move towards the high-voltage electrode, which only allows for
micro-glow discharges of lower intensity and shorter duration
[34].

At that point, looking at Figures 3(a-c), you can see that the
micro-discharge current is much larger with the triangle voltage
signal, which is more consistent and has a higher density. The
triangle waveform’s natural features make it possible for micro-
discharge production to last up to 0.75 ms, which means that
discharge can happen in practically every time interval of the
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FIGURE 3 | Voltage and discharge current waveforms using: (a)
Triangular, (b) Sinusoidal and (c) Rectangular signals.

signal. The sinusoidal signal provides a discharge current that is
a little lower than the triangle waveform. This happens for 0.5
ms during the positive half-cycle. The rectangular waveform, on
the other hand, has a much lower discharge density. Current only
flows during voltage transitions for 0.25 ms, which shows that it
doesn’t work as well as the other waveforms.

There are two primary physical mechanisms responsible for
the observed shift between the applied voltage peaks and
the discharge current peaks. First, when the electric field in
the discharge gap reaches the breakdown threshold—which is
dependent on the gas composition, pressure, and gap geometry—
micro-discharges are initiated. Sharp current peaks are produced
when short-lived micro-discharges break down. The accumulated
surface charges then quickly lower the local electric field, putting
an end to the discharge before the voltage reaches its maximum
value. Second, the phase shift between voltage and current
peaks is further influenced by the accumulation and diffusion
of charges on the dielectric surface, which alter the local electric
field regardless of the instantaneous applied voltage [35, 36].

Lissajous figures for all voltage waveforms used are illustrated
in Figure 4 at V = 7.5 kV. Equation 2 was used to calculate
the consumed energy in these examples. The sinusoidal signal
consumed the least energy at 65.85 W, while the triangular pulse
wave consumption was the highest at 80.19 W, and by contrast, the
rectangular waveform exhibited minimal discharge currents but
maximal energy consumption with a value of 90.11 W. A repaired
current deficiency observation provokes interesting questions
about the possible relationship between discharged current and
energy cost, especially for rectangular waveforms. If you want to
operate SDBD-type reactors in real life, you need to know how
these dynamics play out.

4.2 | Ozone Production

Applied voltage V, operating frequency F and voltage waveform
shape were studied with regard to the efficiency of ozone in a
DBD reactor. We then analysed three waveforms - the triangular,
rectangular and sinusoidal forms - to determine their effects on
ozone generation and energy utilisation.

One factor at a time (OFAT) was employed, and the ranges of
voltage and frequency were selected so that each factor could be
examined independently. The measurement was done twice for
every experimental condition. Only when the difference between
the two measurements was less than 5% were the results deemed
valid. To guarantee reliability, a third measurement was carried
out in situations where this threshold was exceeded. This method,
which maintains a respectable number of experiments while
offering a sufficient degree of reproducibility, is extensively used
in the experimental DBD literature.

Experiment 1: The applied voltage (3-9 kV) was varied at a fixed
frequency of 500 Hz.

Experiment 2: The frequency was varied from 100 to 1000 Hz,
with an applied voltage of 7.5 kV.

Results from these experiments are shown in Figures 5 and 6 that
illustrate how the three adjustable operating parameters impact
ozone production (mg/L) and energy efficiency (g/kWh). In these
charts, the impact of each control unit on the system performance
measures becomes very evident.

Figure 5 shows that there is a clear and direct link between the
voltage applied and the ozone concentration (Cos) that results.

IET Science, Measurement & Technology, 2026
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the three voltage waveforms (7.5 kV).

The statistics clearly show that raising the applied voltage leads
to higher levels of ozone concentration. This is because the
dielectric barrier discharge (DBD) process is more active. This
happens because higher voltage levels provide free electrons in
the discharge zone more kinetic energy. This higher electron
energy increases the collision cross-section between energetic
electrons and gas molecules, which makes both the ionisation and
dissociation processes that are necessary for ozone production
stronger. This leads to more micro-discharges. However, too high
voltages can lose energy because they cause the gas and dielectric
barrier to heat up more, which wastes energy and lowers the
overall process efficiency [37-39].

The triangular waveform was the best because it started both
discharge and ozone production at a voltage as low as 3 kV,
making the ozone concentration about 10 mg/L. The sinusoidal
waveform needed 4.5 kV, and the rectangular waveform needed 6
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TABLE 1 | Discharge Inception Voltage and Ozone Generation
Inception Voltage (10 mg/L) for each voltage waveform.

Ozone Generation

Discharge Inception Voltage
Waveform Inception Voltage (for 10 mg/1)
Triangular 2.5kV 3kv
Sinusoidal 3kV 4kV
Rectangular 4.5kV 55kV

kV to make the same amount of ozone that could be detected.
It is important to note that the start of ozone production does
not always happen at the same time as the start of electrical
discharge. This is because early discharge activity can happen at
lower voltages without making ozone effectively. Only when the
discharge has enough intensity and density does ozone start to
form. The triangular waveform has a higher discharge intensity
and density than the sinusoidal and rectangular waveforms,
which is why the inception voltage is different. Table 1 shows the
discharge inception voltage and the ozone generation inception
voltage for each waveform.

Figure 6 shows a similar pattern in the levels and frequency of
ozone. When the applied voltage frequency went up, the ozone
concentration went up a lot. This is because higher frequencies
make micro-discharge events happen more often in the DBD
reactor. When ions oscillate at greater frequencies, they hit each
other more often and make more oxygen atoms available. This
improves the production of ozone and the efficiency of energy use
[40]. The triangle waveform consistently produced more ozone
than the other waveforms in much of the frequency range, with
the highest concentrations occurring around 120 mg/L around
600 Hz. The rectangular waveform, on the other hand, produced
much less ozone, with a maximum of only 96 mg/L at 1000 Hz.

4.3 | Energy Efficiency

Figures 7 and 8 show how energy efficiency changes with volt-
age and frequency, respectively. The triangle voltage waveform
outperformed the other waveforms in both ozone production
and energy efficiency. The triangular waveform had a maximum
energy efficiency of about 100 g/kWh at an applied voltage of
about 4.5 kV. This was better than the sinusoidal waveform, which
had a maximum of 86 g/kWh at 6.5 kV, and the rectangular
waveform, which only had a maximum of 60 g/kWh at 9 kV.

Also, the triangular voltage waveform was more energy-efficient
than the square wave across the whole frequency range of 0 to
1000 Hz. At 200 Hz, the triangle waveform had the highest energy
efficiency of 120 g/kWh. This is far greater than the rectangular
waveform’s highest of 65 g/kWh and the sinusoidal waveform’s
highest of 95 g/kWh in their best frequency ranges.

The energy efficiency of the rectangular voltage waveform in
Figure 7 followed a different pattern than the sinusoidal and tri-
angular waveforms. The rectangular waveform’s lower discharge
generation caused energy efficiency to drop from 100 to 300
Hz. To make effective ozone, higher frequencies were needed.

—m— Rectangular
—@— Sinusoidal
—A— Triangular

100

Energy efficiency (g/kwh)
= = 2 g

=
1

5 6 7 8
Voltage (kv)

o
£
& -

FIGURE 7 | Energy efficiency according to the voltage for the three
voltage waveforms (500 Hz).

—m— Rectangular
—o— Sinusoidal
—A— Triangular

120

100

Energy efficiency (g/kwh)

N
=
1

0 200 400 600 800 1000
Frequency (Hz)

FIGURE 8 | Energy efficiency according to the frequency for the
three voltage waveforms (7.5 kV).

Equation 3 shows that this higher energy use and reduced ozone
production led to lower energy efficiency. When the frequency
reached the best level of 400 Hz, when fairly intense discharges
were generated, the energy efficiency went up a lot and stayed
stable at 1000 Hz since the ozone production went up a lot.

In general, the triangular waveform is the most energy-efficient
choice. This suggests that it might be used to improve the way
ozone is made in real-world situations.

Although the triangular voltage waveform demonstrated superior
performance under both voltage and frequency variations, the
proper selection of these operating parameters remains essential.
Consequently, the operational ranges for the applied voltage
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TABLE 2 | Final results of CCF design experiment.

Ozone Energy
Voltage Frequency concentration efficiency
Exp. V (KV) F (Hz) (mg/1) (g/kWh)
1 9 100 40.8 116.949
2 3 1000 19.4 30.069
3 9 1000 125.373 53.4655
4 3 550 10.4 29.931
5 9 550 124,4 73,121
6 6 100 20 102.418
7 6 1000 104.2 64.254
8 6 550 88 86.642
9 6 550 88 86.642
10 6 550 88 86.624
60
40
= 20
Bo
8
0
20
-40
- - = [ =
L [ L
@
i
=
i i
=

(b)

FIGURE 9 | Plotted coefficients of the obtained models for (a) ozone
concentration CO3 (mg/1) and (b) energy efficiency N (g/kWh).

(V) and frequency (F) parameters were established based on
the experimental findings and observations obtained during this
preliminary investigation phase.

© Vo =9kV:V,, =3kV
* F,_,. =1000 Hz; F,;, =100 Hz

4.4 | SetPoint Identification

It is important to note that the operating ranges (Vin, Vinay) and
(Fin> Frmax) Were determined from preliminary one-factor-at-a-

140 - —e— Pred.

Ozone concentration (mg/1)
[—] [—} (=] [—] (=] <
1 1 1 1 1 1

=
1

5 6 7 8
Voltage (kv

w -
>
& =

FIGURE 10 | Comparison between experimental and predicted
ozone concentration (CO;) as a function of applied voltage for the
triangular waveform (F = 500 Hz).

—
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40
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w -
£
&

FIGURE 11 | Comparison between experimental and predicted
energy efficiency (N) as a function of applied voltage for the triangular
waveform (F = 500 Hz).

time (OFAT) experiments, presented in Figures 5-8. These OFAT
experiments were conducted solely to identify the regions where
the system responds significantly and to avoid areas of low per-
formance or instability. Subsequently, a completely independent
Composite Centred Faces (CCF) design was executed, in which
voltage and frequency were varied simultaneously according to a
structured matrix (factorial points, centre points and axial points).
The results of this CCF design are presented in Table 2, and were
used to construct the mathematical models and response surfaces
presented in this section.

A central CCF design was used to get the ideal values for both
components. The restrictions set in the previous section for each
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F

(a) Ozone concentration CO3 (mg/l)

100 2C0 300 400 500 60C 70C¢ B0OC 900 1000

F
(b) energy efficiency N (g/kWh)

FIGURE 12 | Voltage-frequency response contour plots for (a) Ozone concentration and (b) Energy efficiency.

Responsel Criteria | Weight Min l Target IMax
1 |CO3 Maximiz¢ v 1|122,839| 134,706
2 |n |Maximize-| 1/114,159| 123,343
Iteration: {2793 Iteration slider: l

3 | 4 [ 5 | 6 |
Co3 n iter log(D)
114,763 2586

203,027 62,1506

:

1
7,8459 (202,726 62,1282 114,774 2650
4
5
6
7
8

7,8419 202,868 62,1287 114,773 2728 1,2819
7,8432| 202, 813 [l627 Z TN N4TET T4 2760 1,2819
7,8454|202,857|62,1511| 114,762 2790 1,2816
7,8419 202,868 | 62,1287 114,773 2728 1,2819
7,8477| 202,768 | 62,1494 | 114,763 2793 1,2817

FIGURE 13 | The outcomes of the optimisation process in MODDE
5.0 are a maximum of both ozone concentration and energy efficiency.

Response [ Criteria | Weight Min | Target | Max |
1 |CO3 Maximize v | 1]122,839 134,706
2 |n Exclude | v

Iteration: |281 lteration slider: |
s | 6 |
iter log(D)

856,328 132,161 275 -1,3374
3 | 8,9934 854,985 132,159 56,7603 275 -1,3366
4 | 58,9963 855,006 132,161 56,7146 276 -1,3372
5 | s,9228 351,157 132,153 57,1016 266 -1,3344
6 | 38,9993 856,328 132,161 56,6065 275 -1,3374
7 | 58,9963 855,006 132,161 56,7146 276 -1,3372
8 | 8,9826 851,132 132,152 57,1062 266 -1,3344

FIGURE 14 | The outcomes of the optimisation process in MODDE
5.0 for maximum ozone concentration.

of the two variables (Vin, Vinax) and (Fipin, Frax) are represented
by the two levels, 'max’ and ‘'min’. The following formula was used
to determine the central point (V,, F,):

349
V=(Vmin+Vmax)/2=T =6kV 8)
100 + 1000
F=(Fmin+Fmax)/2=+=550HZ (9)

The definitive outputs of the CCF design experiment are shown
in Table 2. Table 2 shows the energy efficiency (g/kWh) and
ozone concentration (g/h), which were taken to be meaningful
responses.

The mathematical models proposed by MODDE 5.0 are as
follows:

CO3(mg/L) = 90.27 + 53.90 - V + 41.80 - F — 26.65 - V2

— 31.57-F>*+064-V - F

N (g/kWh) = 84.98 + 20.93 - V — 24.42 - F — 30.96 - V>

+ 9.35-F*>-890-V-F

Where V and F are the scaled and centred values of the applied
voltage and frequency, respectively.

We used MODDE 5.0 to get the mathematical model for CO,
(mg/l) and n (g/kWh) and plot it as shown in Figure 9. We
checked the model’s validity using two statistical tests: the
coefficient of determination R? and the cross-validated coefficient
of prediction Q2. The values of R?> = 0.994 and Q? = 0.915 for the
response to ozone concentration, and R* = 0.992 and Q* = 0.875
for the response to energy efficiency, show that the model fits well
and can make good predictions. Also, the difference between R?
and Q? is less than 0.2 in both cases, which is what is needed for
RSM model validation.

From the results depicted in Figure 9, it’s evident that both factors
V and F have a notable impact on both the ozone concentration
(COs) in mg/1 and the energy efficiency (N) in g/kWh. Further-
more, there appears to be no interaction effect between V and
F in ozone concentration nor in energy efficiency associated
with the voltage-squared and frequency effects. Consequently,
optimisation should be done to determine the ideal values of both
variables that yield the highest possible levels of energy efficiency
and ozone concentration.
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To further support the validity of the proposed mathematical
models, Figures 10 and 11 illustrate a comparison between
the experimentally measured values and the model-predicted
values for ozone concentration (CO;) and energy efficiency (N),
respectively, as a function of the applied voltage for the triangular
waveform. Both figures demonstrate that the predicted values
follow the same general trend as the experimental data across
the entire voltage range. The model captures the characteristic
behaviour of both responses: the monotonic increase in ozone
concentration with voltage and the presence of an optimal voltage
value for maximum energy efficiency. The observed deviations
between experimental and predicted values remain within an
acceptable range, consistent with the high R?> and Q* values
reported for both models (R?* = 0.994, Q* = 0.915 for CO; and R*
= 0.992, Q*> = 0.875 for N). These results confirm the reliability
and predictive capability of the RSM-based mathematical models
developed in this study.

A graphical visualisation of the reaction is provided by the
MODDE 5.0 software. The iso-response contours produced by
the current mathematical model are shown in Figure 12(a) and
Figure 12(b). These contours show curves that, when two factors
are varied while the other variable remains constant, indicate
a consistent reaction. Every contour on the response surface
represents a certain level [41].

Finding the ideal settings for variables that provide the highest
ozone concentration and energy efficiency is made easier by the
software. It includes an optimisation process that can handle
several replies modified by different weighting coefficients at the
same time. Based on the two different answers, the optimiser
tool searches for the optimal solution to an equation. The ’limit
optimisation’ analysis is the default approach in MODDE 5.0. In
this case, the goal is to maximise both ozone concentration and
energy efficiency by creating a solution where the response fits
within predetermined bounds.

This model indicates that for V=7.84 kV and f = 202.86 Hz, which
gives us n = 114.76 g/kWh, process optimisation (the highest level
of energy efficiency) is shown in Figure 13. The optimiser suggests
a different set point, V' =8.99 kV, F = 849.7 Hz, which corresponds
to OC = 132.163 mg/1 if ozone formation is thought to be a more
significant reaction than energy efficiency (Figure 14).

5 | Conclusion

This study evaluates the impact of different voltage waveforms
- triangular, rectangular and sinusoidal - on ozone production
and energy efficiency in surface dielectric barrier discharge
(SDBD) reactors. The triangular waveform proved most effective,
yielding a maximum ozone concentration of 132.163 mg/L and
energy efficiency of 114.76 g/kWh under optimal conditions. In
contrast, for the rectangular and sine waveforms, lower ozone
productions were obtained, showing a proper choice of waveform
is necessary to maximise reactor working in this type of reactor.
Voltage and frequency increase ozone generation, but for higher
values, energy efficiency decreases; thus, an optimum should be
achieved. By using RSM, operating conditions were effectively
modelled and optimised. The results of the study contribute
to SDBD reactor development and indicate that further studies

should be carried out on plasma discharge mechanisms asso-
ciated with waveform effects, which could potentially improve
reactors’ performance and their industrial scalability.
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