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Abstract

This paper presents the research results related to ozone technology using dielectric barrier discharge DBD, obtained
at the Universidad del Valle. Particular emphasis is placed on increasing efficiency, the modeling of the surface
dielectric barrier discharge generator and the control technique which modifies the relation production vs. efficiency
of the generators. Finally, the ozone applications worked at the university are presented. The current state of these
developments is promising for ozone technology industrialization and to develop ozone applications in Colombia.

Keywords:Ozone Generation, Dielectric Barrier Discharge, Resonant Push-Pull Inverter, Surface Discharge,
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Resumen

Este articulo presenta los resultados de investigacion relacionados a la tecnologia del ozono por descarga de barrera
dieléctrica (DBD), obtenidos en la Universidad del Valle. Se enfatiza en el aumento de la eficiencia, el modelado de
un generador DBD superficial y en una técnica de control que modifica la relacion produccion vs eficiencia de los
generadores. Finalmente, se presentan las aplicaciones del ozono investigadas en la Universidad. El estado actual
es prometedor para industrializar la fabricacion de generadores de ozono y para impulsar las aplicaciones del ozono
en Colombia.

Palabras clave: Generacion de Ozono, Descarga de Barrera Dieléctrica, Inversor Resonante Push-Pull, Descarga
Superficial, Eficiencia.
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1. Introduction

Due to awareness of environmental conservation
and the potential of the role ozone plays in this,
ozone technology is expanding and being studied
in an increasing manner (Loeb, 2011). Researchers
at the Universidad del Valle have been working
on ozone applications since 2000, when talcum
powder was sterilized with ozone for the Jhonson
and Jhonson company (Garzon, 2000); and since
2001 when the first ozone generation prototype
was built (Echeverry et al, 2001). Figure 1shows
the circuit of the first power supply to generate
ozone developed at Universidad del Valle. The
circuit is a high voltage auto-resonant inverter. At
the present time, there are significant contributions
for increasing efficiency of ozone generation
systems and performance design (Echeverry,
2008;Cifuentes, 2013), as well as advances in
promising applications for our country (Mufios et
al, 2010; Borrero et al 2008).

Ozone technology in Colombia has been primarily
commercialized by small companies and focused
on the applications of domestic and semi-industrial
use. For industrial applications, companies are
shipping equipment from other countries. This
import of equipment has prompted academic
institutions and especially the Universidad de
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Figure 1. High Voltage Auto-resonant Inverter
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Valle, to lead research into the gathering and
generation of scientific and technical knowledge
in the area of ozone generators and their possible
applications. From the academic point of view, it
also plays an important role in the achievement of
human capital development at different levels of
higher education. However, very little work has
been done with this technology in comparison to
other countries.

There are several processes for ozone generation;
however, this paper addresses the high-frequency
dielectric barrier discharge (DBD) due to its greater
potential uses in industry. Ozone generators for
DBD can be grouped into three types according
to the arrangement of the electrodes and the
dielectric: VD (Volume Discharge), SD (Surface
Discharge) and CD (Coplanar Discharge). VD
arrangements are the most studied and used, see
Figure 2; however, SD arrangements can provide
greater efficiencies, but they have not been widely
studied. DBD generators are suitable for achieving
high ozone concentrations.
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This paper presents the evolution and development
of ozone generation systems by dielectric barrier
discharge achieved at the Universidad del Valle,
highlighting the contributions on increasing the
efficiency and modeling of a surface discharge
generator. Furthermore, ozone applications are
described and shown.

2. Development of ozone generation systems

The research in ozone generation at the
Universidad del Valle has focused primarily on
the development of the DBD cells in order to take
advantage of the power electronics to increase
efficiency which has greater control possibilities
(Echeverry et al, 2006; Echeverry et al, 2008;
Echeverry, 2008; Cifuentes, 2013). In recent years,
there have been works published on increasing
efficiency and in operating ozone generators in
state of resonance (Alonso et al, 2004; Echeverry,
2008; Cifuentes, 2013). From an engineering
standpoint, experiments have been conducted
to determine the effect of design and operation
parameters of the DBD cells with respect to the
production of ozone and its efficiency (Echeverry
et al, 2001; Echeverry et al, 2008; Echeverry,
2008; Bazurto, 2011). In Echeverry et al, 2008,
a VD cell is used where a film of silver nitrate
is a high-voltage electrode and is adhered to the
dielectric, which can reduce costs and facilitate its
construction.

DBD cells are primarily energized with AC
sinusoidal signals, pulses of short duration, and
unipolar signals. The pulses of short duration
(approximately 50 ns) allow high efficiencies in the
ozone production; however, the implementation of
the power supply is very complex and low ozone
concentration is obtained due to the low repetition
rate of the pulses. Unipolar signals are useful
for small ozone generators where simple and
inexpensive circuits are required. In Echeverry et
al, 2008, a short unipolar signal [ps] is generated
by a repetition frequency between 1kHz and
50kHz and is suitable for low power applications.
Figure 3, shows the short unipolar signal circuit
developed at the Universidad del Valle. This circuit

allows ozone production adjusting per period
variations, maintaining the width of the fixed
pulse. The main drawback is that the switching
device must support a minimum voltage Vds
(drain-source Voltage) of approximately twice
the DC bus voltage; the principle of operation of
the electric source implemented in this work is
similar to that of the Flyback DC-DC converters.
During the active time, the energy is transferred
from the high voltage transformer to the DBD
cell. During the inactive time, the stored energy
oscillates between the high voltage transformer
(Lm) and the DBD cell (C").
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Figure 3. Electric diagram of unipolar power supply

In the case of sinusoidal waves, the predominant
trend is for the use of high frequency (5-20 kHz).
High frequency systems require greater heat
dissipation accumulated in the cell and it requires
alternatives to reduce the switching losses in
power semiconductors and high frequency
transformer copper losses. These problems are
reduced in the supply by operating in a state of
resonance between the transformer and the cell
discharge (Echeverry, 2008 ). In Alonso et al,
2004; Echeverry, 2008, push-pull autoresonant
power supply is designed and implemented.

In the last decade, at a national level, research
on high frequency ozone generation is joining
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forces in order to improve development in the
operation of these equipments into higher energy
efficiency, reducing costs, increasing production
per unit cell volume, developing methods to
vary the production of ozone maintaining certain
performance conditions and achieving high
concentrations (Echeverry et al, 2006; Echeverry,
2008;Cifuentes, 2013). At the international
level, Huang et al, 2012, analyzed the effect of
electrical frequency on ozone concentration and
efficiency of a DBD generator. Additionally in
Aba’aNdong et al, 2013, performed experimental
characterization of a surface DBD powered by
pulses of very short duration in terms of electrical
and geometric parameters. In (Stryczewska et al,
2013) performed a review of the power supplies
and proposed some solutions with respect to
the type of high voltage transformer, resonant
inverters and DC-AC inverter.

2.1 Electrical modeling and raising the
efficiency in ozone generation

Echeverry, 2008, approached the study of
dielectric barrier discharge ozone generation from
a physical-chemical and electrical standpoint, and
proposes a methodology to increase efficiency in
the ozone production. Figure 4, shows an image of
the experimental setup. This research proposes, on
the one hand, a method based on the distribution
and paths of the electric field lines to identify the
present capacitances in the DBD generator and,
on the other hand, a methodology for designing
the resonant transformer is introduced in order to
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Figure 4. Experimental setup
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calculate magnetic length and core area depending
on the number of coils in the primary, by ensuring
resonance state between the transformer and
ozone generator at a predetermined frequency of
operation. Parameters such as flux density, gap
width, and input voltage can be adjusted to select
a specific core. During the process, the frequency
of operation can be adjusted keeping the output
voltage constant. The only immovable parameters
for the transformer design are the DBD cell
capacitance and the maximum voltage in the
secondary.

A method based on electrical charges distribution
and the energy stored for calculating and modeling
of DBD surface cell capacitance was used, by
means of finite element simulation software.
This method of electrical modeling, considers
that there are an infinite number of small volume
differentials arranged in the paths of the electric
field lines between the high voltage electrode and
the ground electrode. These volume differentials
are represented as a series circuit of capacitors
(AC) in each region of the DBD cell. Each path
of electric field lines depends on the materials and
geometry of the DBD cell. The series capacitors
of a determined path can be modeled as a single
capacitor of appropriate value. Figure 5, shows
the physical model implemented in Maxwell
software, where the capacitors distributed in a SD
cell can be observed. Figure 6, shows the electrical
model proposed for a single electrode of'a SD cell
that can be used in electrical circuit simulation
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Figure 5. Physical model and capacitors distributed in a SD cell
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programs. In the circuit shown in figure 6, Cdp
is the equivalent capacitance between the bottom
surface of the discharge electrode and the ground
electrode; Cds, the capacitance of the dielectric
located in series with Cgs capacitances of the gap;
R, is the equivalent resistance that models the
power consumed in the discharge; the parasitic
capacitance Cgp is neglected in the model.
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Figure 6. Electrical model for a surface discharge cell

Measuring each of the internal capacitances of the
SD cell is impossible to perform experimentally
due to the mutual effect capacitance between
them; however, the total capacitance of the cell
can be measured. In this research, the clectric
field simulation by the finite element was used
to calculate the equivalent capacitance Cpd,
equivalent capacitances Cgs and Cds, and total
capacitance of the cell Ct. The total capacitance
calculated of the cell was 17 pF. This result is
consistent with the experimentally measured
capacitance, which was 19 pF; presenting less than
15% difference in the capacitance value; however,
this difference would generate only an error of 7%
in the calculation of the resonant frequency.

The methodology proposed in (Echeverry, 2008)
allowed the construction of an oxygen-fed surface
DBD ozone generator, energized with a push-pull
resonant inverter. The measured data is shown in
Table 1, indicating the pointof maximum efficiency
operation of the ozone generation prototype
constructed. Where Vp is the peak voltage in the
cell, Pf, Pt and Psd are powers measured in the
input supply, the transformer input and the cell
respectively. C and P are the concentration and
production. While nf, nt, and nsd are efficiencies
calculated from power measured in the input of
supply, in the transformer input terminals, and the
cell respectively.

Quantifying the efficiency is performed by
the amount of ozone produced per unit energy
consumed, obtaining values higher than 320 g/
kWh in the cell and 166g/kWh for the entire
system. However, it is necessary to analyze the
behavior of the system under pilot scale conditions.
The highest production of ozone measurement in
the cell was 3.1 g/h with an efficiency of 221 g/
kWh and concentration of 34.7 g/m3, at this point
of operation the cell is heated and is required
to have a cooling system to decrease the ozone
decomposition.

2.2 Modulation techniques and its effect on the
efficiency

Each ozone generator with fixed operating
conditions can be characterized by the ratio of
efficiency vs. concentration. The results obtained
in (Kitayama&Kuzumoto, 1997) show that the
efficiency in a VD cell is at maximum if the ozone
generator is operated at optimum value of reduced

Table 1. Prototype specifications at the point of maximum efficiency.

Ozone Ozone Ozone
Peak Inverter SD Cell . . .
Transformer Ozone Ozone production production production
voltage Power . Power . . ] . . . .
) . Power input | Concentration Production efficiency in  efficiency in efficiency
inthe cell  input input . .
P(W) C(g/m?) P (g/h) inverter m,  transformer in SD Cell
Vp(kV)  P(W) P (W)
(g/kWh) n, (g/kWh) n,, (&kWh)
4 11.0 8.9 5.7 20.3 1.8 166 205 320
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electric field (E/N=100Td). In (Echeverry, 2008)
it is presented that the efficiency vs. concentration
curve can be optimized by operating the cell at
constant voltage, unlike the systems that use
pulse amplitude modulation (PAM) which require
variation of the voltage in order to allow ozone
concentration adjustment. To accomplish this,
in (Cifuentes, 2013) pulse-density modulation
(PDM) was implemented for supplying the
VD cell at a fixed optimum voltage. By using
this technique, the electric field reduced in the
discharge cell is close to optimal in all operating
set-points. The fixed optimum voltage adjusted
for the PDM modulation was determined from
the efficiency vs. voltage curve with the PAM
modulation. Increased efficiency was achieved
in a large percentage of operating set-points in
the ozone generation system. Figure 7 shows the
experimental supply scheme used. This circuit is
a current feed auto-resonant push-pull inverter,
with an UC3872; The DC-DC converter is a buck
type topology which controls the DC current
applied to the inverter; it implements a DSP
(TMS320F2812) that runs the control algorithm
of the buck converter.
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Figure 7. PDM and PAM experimental power supply

Figure 8 shows the efficiency vs. concentration
curve obtained with the PAM and PDM
techniques. With the PDM technique, the
efficiency will quickly increase as concentration
increases and reaches an efficiency value of 50 g/
kWh at a concentration as low as 4 g/m3. Also, it
remains almost constant for higher concentrations.
The PDM technique achieves an important
efficiency in the low concentration range and
higher efficiency than that of the traditional PAM
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modulation method. This development is very
useful in applications requiring adjustable ozone
concentrations.
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Figure 8. Efficiency vs. concentration for modulation PAM
and PDM

3. Research on ozone applications

Historically, most ozone applications have been
used in water potabilization; however, in recent
years many promising applications have emerged,
such as water sewage treatment, food preservation,
medical uses, processes in food industry, among
others (Loeb, 2011; Galvis et al, 2005;Borrero et
al, 2008; Muiios et al, 2010).

In Colombia, ozonation systems are a costly
technology; at an industrial scale it has been
mainly applied in bottled water treatment plants,
for example at Postobon Company in 1991.
To the research level there are very few studies
that have been conducted. At the Universidad
del Valle, progress has been made in ozone
sterilization of powder for the Johnson & Johnson
company(Garzon, 2000); the High Voltage
Research Group (GRALTA) and CINARA
Institute have evaluated the use of ozone in a pilot
plant for water treatment in the city of Cali (Galvis
et al, 2005), and at a rural hospital (Echeverry et
al; 2006). At the Universidad del Valle, ozone
has also been used for swimming pool water
treatment (Borrero et al, 2008). All these studies
have shown the effectiveness of ozone, but also
need to be optimized in order to reduce the costs
of these processes which can lead to industrial
scale use.
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The ozone generator prototype developed by
(Echeverry, 2008) was used in a trial of leachate
ozonation. An ozonation period of 30 minutes
at 2.8 g/h and 30 g/m3 was used. The leachate
showed physical change, which can be an
indicator of an increase in biodegradation. The
GAOX research group included ozonation as a
pretreatment in the project “Sustainable Biofuels
for North Andean Countries”, where vinasse was
ozonized to increase biodegradation in methane
production process (Muiios et al, 2010).

4. Conclusions

The evolution in the development of ozone
generation systems by dielectric barrier discharge
in Colombia shows significant progress in the field
of research and laboratory scale studies. However,
it is necessary to link these developments to the
production and commercial sectors to evaluate
pilot and industrial scale systems. There is a clear
trend towards high frequency resonant supplies.
The high-frequency resonant power supply and
surface discharge cell exhibit characteristics
which can achieve high efficiencies. Electronic
developments have allowed, among other things,
the incorporation of modulation techniques
(eg PDM technique) for varying the ozone
concentration and  increasing  production
efficiency.

A methodology to increase efficiency by DBD
ozone generation system was developed.
This methodology examines the electric field
distribution to estimate the values of capacitance
of a surface discharge cell and proposes a method
for designing high-frequency transformer,
which allows the system to operate in a state of
resonance. However, it is necessary to explore
new techniques in order to reduce costs and
increase efficiency, both at the power supply and
in the discharge cell.

Research groups have a basic knowledge
sufficient to address ozone applications in various
fields such as medicine, water sewage treatment,
and food processing. All these uses are promising
for the country.
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