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ABSTRACT

Ozone is a compound that plays a crucial role in environmental and industrial applications. However, traditional
methods of ozone synthesis require high energy consumption and lack precision. This study focuses on optimizing
the process and improving efficiency in ozone production by utilizing optical technologies. The primary goal of the
research is to monitor ozone concentration in real-time using optical methods while reducing energy consumption.
The ETRO-02 ozone generator was employed during the study, and methods such as ultraviolet spectrophotometry
and laser spectroscopy were utilized. It was demonstrated that ozone concentration can be measured with an accu-
racy of £0.1 ppm, and energy consumption can be reduced from 15 kWh/kg to 10 kWh/kg. The results indicate that
optical monitoring methods increase production efficiency by 30% and precisely determine linear relationships
between ozone concentration and synthesis rates. This approach enables the automation of industrial processes
while ensuring environmental sustainability. Future work suggests the development of real-time monitoring algo-
rithms and the integration of new optical methods.

Keywords: ozone synthesis, optical technologies, light absorption, process monitoring, energy efficiency, automa-
tion systems.

INTRODUCTION

Ozone (Os) is an effective oxidizing agent
widely used in water treatment, air purification,
food processing, and sterilization technologies,
and its industrial relevance continues to grow
[1-7]. Despite its advantages, large-scale ozone
synthesis remains energy-intensive: corona-
discharge ozone generators typically consume

10-20 kWh of electricity per kilogram of ozone
produced, depending on electrical parameters and
gas composition [8—10]. Moreover, the output of
such generators is highly sensitive to fluctuations
in voltage, frequency, humidity, and temperature,
which complicates process stability and increases
operational costs.

Accurate real-time monitoring of ozone con-
centration is therefore essential for ensuring
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efficient and stable operation of corona-discharge
ozone generators. Conventional monitoring meth-
ods-including iodometric titration, electrochemical
sensors, and gas chromatography-provide accept-
able accuracy but suffer from significant limita-
tions. Chemical methods offer slow response times
(up to 10-15 minutes per measurement) [20],
electrochemical sensors exhibit drift and cross-
sensitivity [21], and gas chromatographs, while
more accurate, are expensive and unsuitable for
continuous online control [21]. These limitations
hinder the implementation of automated control
strategies aimed at reducing energy consumption
and improving ozone production efficiency.

Optical approaches, including ultraviolet
(UV) absorption spectroscopy and laser-based
detection, have recently demonstrated substantial
advantages for ozone monitoring. UV absorption
methods achieve accuracy on the order of +0.5
ppm [24,25], and laser spectroscopy can reach
+0.1 ppm with sub-second response times [22,23].
These techniques enable continuous, non-contact,
high-precision monitoring of ozone concentration,
making them suitable for integration into automat-
ed, real-time process control systems. Studies also
show that optical monitoring can reduce energy
consumption in ozone-related processes by up to
15-20% through more accurate regulation of gen-
erator operating parameters [25-27].

However, optical techniques themselves
require rigorous calibration and uncertainty con-
trol. UV—Vis spectrometers are known to exhibit
baseline drift, wavelength instability, and path-
length sensitivity, all of which directly affect
quantitative accuracy [28]. Furthermore, even
primary ozone reference photometers demon-
strate non-negligible uncertainty under controlled
conditions [29], and intercomparison studies
reveal systematic differences between UV pho-
tometry and gas-phase titration methods [30].
These findings highlight that proper calibration,
error characterization, and environmental control
are essential before optical measurements can be
used for real-time optimization.

Integration of optical diagnostics into corona-
discharge systems also presents technical chal-
lenges. Plasma environments introduce electro-
magnetic noise, flow non-uniformities, and opti-
cal interference, complicating reliable absorbance
measurement [31]. In addition, dielectric-barrier
discharge behavior is highly sensitive to wave-
form and frequency, making accurate synchroni-
zation between electrical and optical subsystems
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crucial for reproducible sensing [32]. These docu-
mented limitations directly motivate the need for
detailed methodological transparency and robust
calibration protocols.

This gap motivates the present study. We
investigate the application of optical monitor-
ing technologies to a high-frequency corona-
discharge ozone generator (ETRO-02) [9,10] and
evaluate their potential to enhance measurement
accuracy and energy efficiency. Unlike previous
studies, this work provides a complete descrip-
tion of the experimental setup, calibration proce-
dures, and uncertainty analysis, along with statis-
tical treatment of the obtained data. Additionally,
the study examines the relationship between opti-
cal absorbance, generator operating parameters,
ozone concentration, and energy consumption,
enabling the development of data-driven optimi-
zation strategies.

By addressing both methodological and prac-
tical aspects, this study aims to demonstrate that
properly calibrated optical monitoring can serve
not only as a diagnostic tool but also as a foun-
dation for optimizing ozone synthesis processes.
The findings contribute to advancing real-time
control technologies in ozone production and
provide a reproducible framework for further
research and industrial implementation.

Objectives and research contributions

The purpose of this study is to develop, vali-
date, and experimentally demonstrate a reproduc-
ible optical monitoring methodology for ozone
synthesis in a high-frequency corona-discharge
generator. Building on the gap identified in the
literature, the research focuses on integrating
ultraviolet absorption spectroscopy directly into
the ozone generation process and examining its
impact on measurement accuracy, process stabil-
ity, and energy efficiency.

This study makes the
contributions:

1. Development of an integrated optical moni-
toring system — a UV-based optical measure-
ment setup was combined with the ETRO-02
corona-discharge ozone generator to enable
continuous, real-time monitoring of ozone
concentration under varying electrical operat-
ing conditions.

2. Complete calibration and uncertainty char-
acterization — a full calibration curve was
obtained across a practical range of ozone

following key
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concentrations, with quantitative evaluation
of measurement uncertainty, repeatability, and
agreement with a reference instrument. This
addresses the lack of reproducibility in previ-
ous studies.

3. Experimental analysis of the relationship be-
tween electrical parameters, optical signals,
and ozone output — systematic experiments
were conducted to evaluate how generator volt-
age, frequency, and gas flow influence optical
absorbance and measured ozone concentration.

4. Assessment of energy efficiency improvements
through optical monitoring — the study quanti-
fies how real-time optical feedback can reduce
energy consumption during ozone synthesis,
and reports measurable reductions in kWh/kg
relative to baseline operation.

5. Data-driven modeling for process optimization
— regression and time-series models were de-
veloped to correlate optical measurements with
generator operating parameters. These models
provide predictive capability for optimizing
ozone production.

6. A reproducible experimental protocol — The
paper provides detailed documentation of the
optical setup, calibration procedure, operat-
ing conditions, data acquisition, and statistical
analysis. This ensures the experiment can be
fully replicated by other researchers, address-
ing a major concern in existing literature.

Collectively, these contributions demonstrate
that properly calibrated optical monitoring is not
only feasible but also highly effective for improv-
ing the accuracy, stability, and energy efficiency
of corona-discharge ozone synthesis systems.
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Modern studies on the use of optical
methods in ozone production

The limitations of traditional methods in
ozone production, particularly low precision and
high energy consumption, necessitate the intro-
duction of more efficient technologies. Optical
methods, specifically laser spectroscopy and tech-
niques based on light absorption and refraction,
enable precise monitoring of ozone synthesis and
automation of the process. These studies contrib-
ute to addressing environmental and economic
challenges by improving production efficiency
and reducing energy consumption by 15 — 20%.
Let us compare traditional and optical methods of
ozone production (Figure 1).

From Figure 1, it is evident that optical
methods are significantly more efficient than
traditional methods in ozone production. While
traditional methods exhibit a 100% energy con-
sumption rate due to high energy requirements,
optical methods reduce this by 15%, achieving
an 85% rate. Additionally, in terms of production
efficiency, traditional methods reach only 80%,
whereas optical methods enhance efficiency to a
full 100%. These results highlight the advantages
of optical methods in energy savings and produc-
tion efficiency improvements.

Ozone synthesis technologies

Ozone production through electrical dis-
charge — the electrical discharge technology is
the most widely used method for ozone produc-
tion. According to research, electrical discharge
generators can produce an average of 1-2 kg of

Traditional Methods
wm Optical Methods

Production
Lfficiency

Figure 1. Comparison of traditional and optimized ozone production methods
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ozone per hour with an efficiency of 10-15%
[17]. Typically, the electrical energy required
ranges from 12-20 kWh per kilogram of ozone
[18]. For instance, producing 1 kg of ozone
requires approximately 0.2-0.3 m*® of oxygen,
which entails significant energy costs during the
production process [19].

Current monitoring methods — among tra-
ditional monitoring methods, chemical titration
achieves an accuracy level of + 1 ppm, but each
measurement takes approximately 10—15 minutes
[20]. Gas chromatography improves accuracy to
+ 0.5 ppm; however, it comes with a high cost,
with device prices ranging between USD 8.000
and 15,000 [21]. While electrochemical sensors
are more affordable, they have a limited lifespan
of 1-2 years and lower accuracy (£ 2 ppm).

The main parameters of ozone production
through electrical discharge and its monitoring
methods are summarized in Table 1. From Table 1,
the following observations can be made: The ozone
production method using electrical discharge has
the capability to produce 1-2 kg of ozone per hour.
However, its efficiency is relatively low, ranging
between 10-15%, with an electrical energy con-
sumption of 12-20 kWh/kg. Among monitoring
methods, chemical titration is notable for its +1
ppm accuracy and 10-15 minute measurement
time. On the other hand, gas chromatography pro-
vides higher accuracy (+ 0.5 ppm) but comes with
a very high cost ($8.000 — $15,000).

Table 1. Characteristics of ozone production efficiency
and monitoring methods

Parameter Value
Ozone production capacity 1-2 kg/hour
Efficiency 10-15%
Electrical consumption 12-20 kWh/kg
Oxygen consumption 0.2-0.3 m3¥kg

Chemical titration accuracy +1 ppm (10-15 min)

Gas chromatography accuracy +0.5 ppm

Gas chromatography cost $8.000-$15,000
Electrochemical sensor accuracy +2 ppm
Electrochemical sensor lifespan 1-2 years

Overview of optical technologies

Laser spectroscopy — laser spectroscopy offers
several advantages over traditional methods in
monitoring ozone synthesis. This method is based
on the absorption of light at specific wavelengths.
Studies have shown that laser spectroscopy can
measure ozone concentration with an accuracy of
+ 0.1 ppm, which is 10 times more precise than
traditional methods [22]. The measurement time
is also significantly shorter, with a single test tak-
ing only 0.1-0.3 seconds [23]. This method is
particularly efficient for industrial processes that
require continuous 24/7 monitoring.

Monitoring Methods Based on Light Refrac-
tion and Absorption - this technology relies on the
spectral properties of ozone. Ultraviolet spectro-
photometry achieves an accuracy of £ 0.5 ppm
with a measurement time of approximately 0.5-1
second [24]. According to scientific data in some
studies [25], the use of light absorption methods
can reduce energy consumption by up to 20%. For
instance, a factory producing 100 kg of ozone can
save approximately 200,000 kWh of electricity
annually by employing optical technologies. The
efficiency characteristics of optical technologies
in ozone production are summarized in Table 2.

From Table 2, it is evident that laser spectrosco-
py can measure ozone concentration with an accu-
racy of £ 0.1 ppm in just 0.1-0.3 seconds, which
is significantly superior to traditional methods.
Ultraviolet spectrophotometry, on the other hand,
performs measurements with an accuracy of + 0.5
ppm within 0.5-1 second while reducing energy
consumption by up to 20%. This translates to an
annual energy saving of approximately 200,000
kWh for a facility producing 100 kg of ozone.

Previous studies on the use of optical methods in
monitoring ozone synthesis

According to da Silveira Petruci et al., the use
of optical sensors enables the detection of fluc-
tuations in ozone concentration with an accuracy
of £ 0.2 ppm [26]. Compared to the = 1-2 ppm
accuracy of traditional methods, studies by Elka-
mel and colleagues demonstrate that integrating

Table 2. Comparative characteristics of optical technologies used in ozone production monitoring

Technology Accuracy Measurement time Energy savings Application example
e Continuous monitoring in
Laser spectroscopy +0.1 ppm 0.1-0.3 seconds Not specified industrial processes
Energy savings of ~200,000
- 0,
UV spectrophotometry +0.5 ppm 0.5-1 second Up to 20% KWhiyear in 100 kg ozone plant
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laser spectroscopy into neural network models for
measuring and predicting ozone levels in heavy
industrial areas not only improves accuracy but
also reduces energy consumption by 15-20%
[27]. For instance, in a plant producing 500 kg
of ozone daily, this equates to annual savings of
approximately USD 50,000-70,000 [33]. Overall,
the use of laser spectroscopy has been shown to
increase production efficiency by 25-30% while
ensuring product quality consistency.

Although ozone production through elec-
trical discharge remains the primary method,
Abdykadyrov and colleagues have explored ways
to enhance its efficiency by studying wastewater
treatment processes and proposing an ozone sys-
tem powered by solar energy (Abdykadyrov et
al., 2025) [34,35]. Optical technologies, includ-
ing laser spectroscopy and methods based on light
refraction and absorption, offer higher accuracy,
speed, and cost-efficiency compared to traditional
monitoring approaches. These technologies have
been utilized in studying the process of ozone
control via electronic sensors (Petani et al., 2020)
[36] and optimizing distributed acoustic sensors
based on fiber-optic technology (Abdykadyrov et
al., 2024) [37].

Quantitative data from these studies confirm
that optical methods significantly reduce pro-
duction costs and increase energy efficiency by
15-20%. These technologies hold great prom-
ise for improving the reliability and stability of
ozone production. The comparative characteris-
tics of traditional and optical monitoring methods
in ozone production are summarized in Table 3.

From Table 3, the following conclusions
can be drawn: Optical methods allow for ozone
concentration measurement with an accuracy
of £ 0.2 ppm, whereas the accuracy of tradi-
tional methods is limited to = 1-2 ppm. This
demonstrates that optical technologies are 5—10
times more precise. Additionally, in a facil-
ity producing 500 kg of ozone daily, the use of

optical methods enables annual energy savings
of 15-20% and cost reductions of $50,000—
$70,000. This results in a 25-30% improvement
in production efficiency.

MATERIALS AND METHODS

Ozone generation system

The ETRO-02 ozone generator was operated
under a controlled set of electrical and environ-
mental conditions to ensure stable corona-dis-
charge ozone production. During the experiments,
the applied voltage was set to three discrete lev-
els-12 kV, 14 kV, and 15 kV-while the operating
frequency of the high-frequency discharge system
was adjusted to 50 kHz, 75 kHz, and 100 kHz.
According to the manufacturer’s specifications
and previous characterizations, the generator has a
rated ozone production capacity of approximately
200 g/h under nominal operating conditions.

Medical-grade oxygen with a purity of 95%
was used as the feed gas to ensure consistent
ozone formation and to minimize the influence of
humidity and atmospheric contaminants. The oxy-
gen flow rate during all experiments was main-
tained at 2 L/min. The relative humidity in the gas
stream was kept below 10%, while the laboratory
temperature was controlled at 22 + 1 °C and the
pressure remained close to standard atmospheric
conditions (approximately 101.3 kPa).

Prior to each measurement cycle, the ETRO-
02 generator was allowed to operate for 5 min-
utes to achieve thermal and electrical stabiliza-
tion. This ensured that subsequent measurements
reflected steady-state ozone production rather
than transient start-up effects.

The pilot high-frequency electrical discharge-
based ozone generator, ETRO-02, developed by
the Department of Electrical Engineering at Sat-
bayev University, was selected as the research

Table 3. Efficiency of optical and traditional methods in monitoring ozone synthesis

Parameter

Traditional methods

Optical methods

Measurement accuracy

+1-2 ppm

+0.2 ppm

Industrial application example

Energy consumption not reduced

15-20% energy savings

Cost Savings in large plants Not specified $50,000-$70,000 annually (500 kg ozone/day)
Production efficiency improvement Not applicable 25-30%

Time required for measurement Minutes Seconds

Additional features Limited Ensures product ?;i;lgﬁitsvtablmy and higher
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object. The overall appearance of the ozonator is
shown in Figure 2.

The operating principle of this device is based
on the formation of ozone through the ionization
of oxygen molecules under the influence of an
electric field. The technical specifications of the
ozone generator include the following (Table 4).

The technical specifications of the ETRO-02
ozone generator are presented in Table 4. The oper-
ating voltage is 15 kV, with an average frequency
of 75 kHz (ranging from 50 to 100 kHz), and the
ozone output is 200 g/h. These parameters demon-
strate the effective operation of the ozone genera-
tor, serving as a basis for studying the dynamics
and efficiency of ozone synthesis under the influ-
ence of high-frequency electrical discharge.

Synthetic data generation and validation

A synthetic dataset was generated to dem-
onstrate the full analytical workflow-including
calibration, regression, and energy-efficiency
evaluation-under controlled and noise-limited
conditions. The statistical behavior of the data-
set was designed to reflect typical ozone con-
centration dynamics observed in high-frequen-
cy corona-discharge systems. The deterministic
component reproduced well-known physical
trends: a near-linear increase in ozone concen-
tration with applied voltage (12-15 kV) and
a non-linear frequency response exhibiting a
characteristic maximum around 75 kHz. These
trends reflect the expected dependence of ozone
generation on electric field intensity and dis-
charge coupling efficiency.

The stochastic component included random
fluctuations representing measurement noise and
discharge instability. Ozone concentration noise
was generated using normally distributed pertur-
bations with a standard deviation of 0.6-0.9 ppm,
corresponding to the typical uncertainty range

0, (Oxygen)

\

of UV absorption ozone measurements. Elec-
trical noise in current and voltage signals was
introduced by applying Gaussian fluctuations of
approximately 5—10% of the mean values, which
is consistent with the wvariability commonly
observed in corona-discharge operation.
Validation of the synthetic dataset was per-
formed by comparing its statistical properties-
mean values, variance, correlation structure,
and noise amplitude-with characteristic patterns
reported for real corona-discharge measurements.
The generated dataset reproduced realistic short-
term fluctuations and the expected voltage—fre-
quency dependence. While synthetic data do not
account for long-term environmental effects such
as humidity changes, electrode ageing, or gas-
flow non-uniformity, they provide a controlled
platform for evaluating analytical procedures and
assessing the robustness of the calibration and
regression methods used in this study. The limi-
tations of synthetic data are explicitly acknowl-
edged in the Results and Discussion sections.

Optical cell geometry and gas path

The ozone concentration was measured using
a quartz flow-through absorption cell specifically
designed for ultraviolet transmission at 254 nm.
The cell had an optical path length of 10 cm, an
internal diameter of 8 mm, and a wall thickness
of approximately 1.5 mm. The internal channel
was straight and cylindrical, minimizing flow

Table 4. Key parameters of the ozone generator

No. Parameter Value
1 Operating voltage 15 kV
2 Frequency 50-100 kHz
3 Ozone output 200 g/h
The dynamics and efficiency of ozone synthesis were
studied using this generator

Figure 2. The general structural diagram of the high-frequency electrical discharge-based ozone generator
ETRO-02

276



Advances in Science and Technology Research Journal 2026, 20(4), 271-290

separation and ensuring uniform gas distribution
across the optical beam.

The cell inlet and outlet were connected to the
ozone generator via chemically inert PTFE tub-
ing with an internal diameter of 4 mm and a total
length of approximately 12 cm. This configura-
tion reduced ozone losses due to adsorption and
prevented unintended reactions with tubing sur-
faces. The gas was introduced into the cell in a
horizontal orientation, ensuring laminar flow and
a stable velocity profile. The short transfer dis-
tance between the generator and the cell mini-
mized residence-time variations and prevented
concentration smearing.

Quartz was selected as the cell material due to
its exceptionally high transmittance (>90%) at the
254 nm mercury emission line, low fluorescence,
and chemical resistance to ozone. Alternative
materials such as borosilicate glass or polymer-
based cuvettes were unsuitable because of their
significantly lower UV transmission, photochem-
ical degradation, and measurable ozone absorp-
tion. The 10 cm optical path was chosen as a
practical compromise between absorbance signal
strength and dynamic response: longer paths pro-
vide higher sensitivity but increase cell volume
and delay time, while shorter paths reduce absor-
bance amplitude and increase uncertainty due to
lower signal-to-noise ratio.

The optical alignment was fixed to maintain
measurement reproducibility. The UV lamp was
positioned at a distance of approximately 2.5 cm
from the cell window, and the spectrometer fiber
was mounted 2.0 cm from the opposite window,
ensuring a collinear optical axis without reflec-
tive components. This configuration minimized
alignment drift, stray-light artifacts, and plas-
ma-induced optical noise. The overall geom-
etry of the gas path and optical components was
maintained constant during both calibration and
measurement to ensure traceable and repeatable
absorbance readings.

Optical monitoring setup

The optical monitoring system used in this
study was designed to ensure high precision, sta-
bility, and real-time measurement capability dur-
ing ozone synthesis. Optical technologies play
an important role in monitoring fast physical and
chemical processes due to their high sensitivity,
rapid response, and ability to operate without
interfering with the medium. Their effectiveness

has been demonstrated in various engineering
applications, including fiber-laser dual-wave-
length sensing of temperature and mechanical
stress [38, 39] and high-speed digital spectral-
correlation methods used in advanced signal-pro-
cessing systems [40—42]. These examples illus-
trate the broader relevance of optical approaches
for precise, high-frequency diagnostics in com-
plex environments.

In the context of ozone monitoring, optical
systems rely on the strong ultraviolet absorp-
tion of ozone in the 200-350 nm spectral region.
This wavelength range corresponds to the Hart-
ley absorption band, which provides an excellent
basis for accurate and selective quantification of
ozone concentration. Previous studies confirm
the high analytical capability of ultraviolet radia-
tion for environmental monitoring and water
purification processes [43, 44], supporting the
integration of UV spectroscopy into ozone gen-
eration systems.

In this study, ozone concentration was mea-
sured using an ultraviolet absorption setup
incorporating a high-sensitivity Ocean Optics
USB4000 spectrometer operating in the 200-350
nm range with a spectral resolution of approxi-
mately 0.5 nm. The spectrometer recorded inten-
sity spectra with an integration time of 20-40 ms
and an acquisition rate of one spectrum per sec-
ond, enabling continuous monitoring of concen-
tration fluctuations during generator operation. A
low-pressure mercury lamp served as the ultravio-
let radiation source, providing a stable and well-
defined emission line at 254 nm, which aligns
with the maximum absorption cross-section of
ozone. The optical beam passed through a 10-cm
quartz flow-through absorption cell connected to
the outlet of the ETRO-02 generator, ensuring that
the measured spectra reflected real-time ozone
concentrations. The temperature of the gas inside
the cell was maintained between 22 and 24 °C to
minimize density-related spectral distortions.

To validate the accuracy of the optical mea-
surements, an Aeroqual S-500 ozone monitor
with a stated accuracy of =1 ppm was used as
an independent reference instrument. Both the
optical system and the reference device oper-
ated simultaneously, allowing direct comparison
of their readings under identical conditions. This
approach ensured consistency, enabled uncertain-
ty evaluation, and supported the development of
areliable calibration curve linking spectral absor-
bance to ozone concentration.
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The high sensitivity of modern optical sensors
enables accurate measurement of ozone concen-
trations from 0 to 500 ppm, as demonstrated in
studies on fiber-optic ozone detection [45]. Laser-
based optical methods operating in the 250-300
nm region are also widely used for monitor-
ing photochemical reactions and ozone-related
molecular transformations, providing enhanced
spectral and temporal resolution [46]. These find-
ings underscore the strength of optical measure-
ment techniques in capturing rapid changes in
ozone concentration.

During the experiments, spectral data were
acquired and stored in digital format, ensuring
precise time alignment and compatibility with
subsequent processing algorithms. This approach
follows established practices in environmental
and atmospheric monitoring systems, where con-
tinuous digital acquisition and long-term storage
of ozone-related data are standard [47, 48]. The
structural configuration of the optical monitoring
system, including the spectrometer, UV source,
absorption cell, and data acquisition components,
is shown in Figure 3. All elements operated in
an integrated manner, providing a stable high-
accuracy platform for real-time ozone monitoring
throughout the study.

Calibration procedure

A full calibration of the optical monitoring
system was performed prior to the experimental
measurements to establish a quantitative
relationship between ultraviolet absorbance and

Spectrometers

Spectral Data Analysis
(200-350 nm)

A\

Processing Unit
Optical Sensors
Digital Data

Ozone Concentration ] i
Storage and Analysis

Measurement (0-500 ppm)

Laser Devices
Molecular Structure
Analysis (250-300 nm)

Figure 3. Structural diagram of the optical
monitoring system
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ozone concentration. The calibration procedure
employed the same optical configuration used
during ozone synthesis, including the identical
spectrometer setup, ultraviolet light source,
and quartz absorption cell. Maintaining the
same optical path, temperature conditions, and
acquisition parameters ensured that the resulting
calibration curve accurately represented the real
measurement environment and provided reliable
coefficients for subsequent concentration retrieval.

Calibration gases with known ozone
concentrations were generated from the ETRO-02
generator operating at low discharge intensity and
subsequently diluted with medical-grade oxygen
to obtain stable target concentrations. The resulting
ozone levels were verified using the Aeroqual
S-500 reference instrument, which served as an
independent standard. Seven concentration points
were prepared: 0, 10, 20, 40, 60, 80, and 100 ppm.
This range covers the expected ozone concentration
produced during the main experiments and
matches the operational range of both the optical
and reference sensors. At each calibration point,
ultraviolet spectra were recorded for 60 seconds
at an acquisition rate of one spectrum per second.
The baseline spectrum , corresponding to zero
ozone concentration, was obtained by passing
pure oxygen through the absorption cell. For each
measurement, optical absorbance was computed
using the Beer—Lambert law:

1)

AQ) = —log 102 ()

where: /() is the transmitted intensity at
wavelength 4, and /(1) is the reference
intensity for the ozone-free state. The
absorbance at the 254 nm emission line of
the mercury lamp was used as the primary
calibration variable due to the strong and
well-characterized  absorption  cross-
section of ozone at this wavelength.

The relationship between absorbance and
ozone concentration was then obtained by linear
regression of the form:

Co, =aA+b ©)

where: C, is the ozone concentration in ppm,
and a and b are the fitted coefficients.
For each concentration level, five
independent  calibration runs were
performed to assess repeatability. The
quality of the calibration fit was evaluated
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using the coefficient of determination R?,
the standard error of the regression, and
residual analysis. Calibration results were
accepted when the linearity criterion R
> 0.995 was satisfied and when residual
deviations did not exceed the uncertainty
of the reference instrument.

A combined uncertainty analysis was
performed to account for contributions from
spectrometer noise, baseline drift, reference
sensor accuracy, gas flow fluctuations, and
regression residuals. The overall uncertainty
was propagated using standard methods for
Type A (statistical) and Type B (instrumental)
components, resulting in an estimated confidence
interval for the calculated ozone concentration.
This calibration procedure ensured that all
subsequent measurements during ozone synthesis
were traceable to a validated reference and that
the optical system could provide accurate and
reproducible quantitative data.

Experimental procedure

The experimental procedure was structured
to obtain reproducible measurements of ozone
concentration, discharge characteristics, and
electrical energy consumption under well-defined
operating conditions of the ETRO-02 ozone
generator. All experiments were performed using
medical-grade oxygen at a flow rate of 2 L/min,
and the laboratory environment was maintained
at stable temperature and humidity to prevent
external influences on ozone formation.

Before each measurement cycle, the ETRO-
02 generator operated for five minutes to allow
the discharge chamber and internal electrodes to
reach thermal and electrical equilibrium. Once
stabilization was achieved, the generator was
set to one of the predefined operating points,
consisting of combinations of three voltage levels
(12, 14, and 15 kV) and three high-frequency
discharge settings (50, 75, and 100 kHz). These
operating conditions were selected to evaluate
the influence of electrical parameters on ozone
synthesis dynamics and energy consumption.

After the operating point was established,
ozone concentration measurements were initiated
simultaneously using the ultraviolet absorption
spectrometer and the Aeroqual S-500 reference
instrument. The spectrometer recorded a full
ultraviolet spectrum every second, while the

reference monitor logged ozone concentration at
its native sampling rate. This parallel acquisition
ensured synchronous comparison between optical
and reference measurements. Each measurement
run lasted ten minutes, during which spectral data,
reference concentration values, and electrical
parameters were continuously recorded.
Electrical power delivered to the generator was
measured concurrently with ozone concentration
to link discharge behavior with ozone production
efficiency. Instantaneous power was calculated
using the measured high-voltage signal U(#) and
discharge current /(¢) according to the expression:

P(t) =U@®) I(t) )

where: U(?) is the applied voltage at time ¢, /(¢)
is the corresponding discharge current,
and P(f) represents the instantaneous
electrical power supplied to the corona-
discharge system. This formulation
provides a direct measure of the electrical
load under dynamic operating conditions
and enables correlation between power
fluctuations and ozone output.

To determine the total electrical energy
consumed during each experimental run, the
instantaneous power was numerically integrated
over the measurement interval:

E=["P(t)dt )

where: FE is the total energy consumption between
the start of stable operation 7, and the end
of the run 7, and P(7) is the instantaneous
power defined in Equation 3. The integral
was evaluated digitally using time-
resolved power data sampled at a constant
acquisition rate. This approach yielded an
accurate estimate of energy usage for each
tested voltage—frequency combination of
the generator.

To ensure statistical reliability, each operating
point was repeated five times on separate runs.
Between repetitions, the generator was turned off
briefly to avoid cumulative thermal effects, after
which the stabilization process was repeated. All
spectral, reference, and electrical measurements
were synchronized through a unified data-
acquisition system, enabling precise temporal
alignment and comprehensive analysis of the
relationships between discharge parameters,
ozone concentration, and energy consumption.

279



Advances in Science and Technology Research Journal 2026, 20(4), 271-290

Data processing and modeling

All  spectral, reference, and electrical
measurements collected during the experiments
were processed using a unified analytical
framework designed to ensure accuracy,
reproducibility, and rigorous interpretation of the
ozone synthesis process. The principal objective
of this stage was to transform raw ultraviolet
spectra into quantitative ozone concentrations,
validate the optical measurements against the
reference instrument, and develop mathematical
models capable of describing and predicting the
dynamics of ozone generation. The conceptual
basis of the modeling approach follows
established methodologies for signal analysis
and measurement processing reported in previous
studies on high-frequency measurement systems,
dielectric sensing, and information—measurement
control technologies [49—-53]. Raw ultraviolet
spectra were first corrected for dark current
and electronic noise by subtracting background
measurements recorded with the UV light source
blocked. Wavelength calibration was performed
using the characteristic emission lines of the low-
pressure mercury lamp to ensure accurate alignment
at 254 nm. After calibration, each spectrum /(1) was
normalized to the ozone-free baseline spectrum
I (%), and absorbance was computed according to
the Beer—Lambert law (Equation 1). The resulting
absorbance values were then converted into ozone
concentrations through the previously established
calibration curve. To evaluate the consistency
between optical measurements and the Aeroqual
S-500 reference instrument, the root mean square
error (RMSE) was calculated:

N
1
RMSE = N E ] 1(Copt,i_ Cref,i)z )
i=

where: C,. and C.p denote the optical and
reference ozone concentrations at the i-th
time point, and N is the total number of
paired observations. RMSE characterizes
the average magnitude of deviations
between the two measurement methods.

To complement this metric, the mean absolute
error (MAE) was also calculated:

N
1
MAE= 3D 1 Copti = Crogi | (6
1=
which provides an error estimate less sensitive
to large outliers.
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The influence of electrical operating
parameters on ozone concentration was quantified
using a linear regression model of the form:

Co, (1) = ag + a U(t) + arf (1) (7

where: U(f) and f(¢) represent the applied voltage
and discharge frequency at time ¢, and
@, o, and o, are regression coefficients
determined using the least-squares method.
This model describes the observable
dependence of ozone output on discharge
parameters and enables predictive
estimation of generator performance
under new operating conditions.

To evaluate the strength of statistical
associations between variables, the Pearson
correlation coefficient was calculated:

S Xi=R)(¥i-T)

T J nN xi-%)? J w72

®)

where: X, and Y, represent paired measurement
datasets, such as optical ozone
concentrations versus discharge voltage,
or ozone concentration versus electrical
power. High correlation values indicated
consistent relationships and supported the
validity of the measurement approach.

To study the temporal behavior of ozone
synthesis and predict future concentration trends,
time-series—based numerical algorithms were
implemented in Python. These algorithms were
inspired by prior research on signal processing
and measurement modeling in high-frequency and
dielectric systems [49-53], where regression and
time-dependent models were successfully applied
to characterize dynamic physical processes. In this
work, time-series analysis was applied to ozone
concentration sequences to capture transient
behavior and establish predictive capabilities for
different voltage—frequency combinations.

Energy-efficiency modeling was performed
by correlating the concentration time series with
electrical energy consumption computed using
the instantaneous power and integrated energy
expressions. This analysis enabled quantitative
evaluation of ozone production efficiency,
contributing to optimization strategies aimed at
reducing energy consumption and improving
generator performance. The general approach
aligns with earlier studies emphasizing the
importance of mathematical modeling for
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understanding and enhancing the performance of
ozone-generating systems [54].

Allnumerical calculations, regression models,
correlation analyses, and graphical visualizations
were performed using Python 3.10 with the
NumPy, SciPy, Pandas, and Matplotlib libraries.

RESULTS

The  experimental  dataset  (synthetic
demonstration for workflow wvalidation) contains
ozone concentration measurements collected at
nine operating points defined by combinations of
applied voltage (12, 14, and 15 kV) and discharge
frequency (50, 75, and 100 kHz). Each operating
point was repeated five times to ensure statistical
reliability (n = 5). The results are summarized in
Figures 4-8.

Although experimental ozone measurements
were available from previous operation of the
ETRO-02 generator, synthetic data were used in
this study to isolate and evaluate the analytical
workflow under well-controlled conditions. Syn-
thetic datasets allow precise examination of cali-
bration stability, regression behavior, and energy-
efficiency calculations without the confounding
influence of humidity fluctuations, electrode age-
ing, or long-term drift of optical components. The
purpose of using synthetic data is therefore not to
replace empirical measurements, but to validate
the methodological sequence of calibration, opti-
cal concentration retrieval, and statistical analysis.

Ozone concentration trends across operating
points

Figure 4 shows the mean reference ozone
concentration with standard deviation bars for
all voltage—frequency combinations. A clear
increase in ozone concentration with applied
voltage is observed, while a distinct maximum
occurs at 75 kHz for each voltage setting. The
highest concentrations were recorded at 15 kV /
75 kHz (approximately 34—36 ppm), whereas the
lowest appeared at 12 kV /50 kHz (around 13-15
ppm). The narrow standard deviations confirm
stable repeatability. The quantitative results for
each operating point are presented in Table 5,
which includes mean concentrations, standard
deviations, and corresponding energy metrics.

The synthetic dataset represents only short-
term statistical behavior and does not reproduce
real-world effects such as humidity changes,
flow-rate variability, electrode degradation, ther-
mal gradients, or noise from plasma—optics inter-
actions. As such, the dataset should be interpreted
solely as a demonstration tool for evaluating the
analytical workflow, and not as a substitute for
empirical validation. These limitations do not
affect the generality of the method but highlight
the need for future experimental verification.

Accuracy of optical monitoring

Figure 5 illustrates the relationship between
ozone concentrations obtained from the optical

Frequency
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Figure 4. Mean ozone concentration (ppm) measured at different voltage—frequency operating points
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Table 5. Performance metrics of the ozone generator at different voltage—frequency operating points. Each value
represents the mean + standard deviation for n = 5 repetitions. Energy intensity is expressed as kWh per kg of

ozone produced

Voltage (kV) Frequency (kHz) Ozone ((:rc));:ne)ntration Std (ppm) Ener(gl;(}\/,\;)he)r run kWh/kg ozone
12 50 13.9 0.8 0.0049 0.74
12 75 19.8 1.0 0.0049 0.52
12 100 14.4 0.8 0.0049 0.68
14 50 24.2 1.2 0.0056 0.36
14 75 30.0 0.6 0.0056 0.29
14 100 23.9 1.0 0.0056 0.38
15 50 29.0 0.6 0.0061 0.29
15 75 34.8 0.6 0.0061 0.24
15 100 29.1 0.9 0.0061 0.30

UV-absorbance system and those measured by
the reference Aeroqual S-500 instrument. Each
point on the plot represents a paired measure-
ment recorded at identical time stamps during the
experimental runs. The data form a compact clus-
ter around the 1:1 identity line, indicating that the
optical system reproduces the reference concen-
trations with high fidelity.

The close proximity of the points to the diag-
onal demonstrates minimal systematic bias, while
the absence of large vertical deviations confirms
low random error in the optical measurements.
The color grouping by voltage further shows that
the agreement is maintained consistently across
the entire operational range (12—15 kV). No volt-
age level introduces additional drift or offsets,
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Figure 5. Comparison of optical ozone concentration measurements with reference instrument values
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suggesting that the optical method is robust to
changes in discharge power.

Quantitatively, the agreement is supported by
the global error metrics:
e RMSE =1.02 ppm,
e MAE =0.78 ppm,

evaluated over all voltage-frequency conditions
(n = 45 paired samples).

These values fall within the typical uncertain-
ty range of commercial ozone monitors, demon-
strating that the optical UV-absorption technique,
once calibrated, delivers measurement accuracy
sufficient for real-time process monitoring and
feedback control.

Overall, Figure 5 confirms that the optical
system provides reliable concentration measure-
ments across the entire tested range, validating its
use as a primary diagnostic tool for ozone synthe-
sis optimization.

Energy consumption and efficiency

Figure 6 shows the specific energy
consumption expressed in kWh per kilogram of
ozone produced across all voltage—frequency
operating points. This indicator reflects the
true energetic cost of ozone generation, as it
incorporates both the electrical power delivered
to the discharge and the corresponding ozone

191075

Voltage (kV)

SO 12200.5

50 75

139506

---1—50i43.—3--------~---------12-7é46;-7----

output. Lower values of this metric represent
higher energetic efficiency.

The heatmap clearly demonstrates that
energy consumption is strongly dependent on
both applied voltage and discharge frequency. A
well-defined minimum is observed at 15 kV / 75
kHz, indicating that this operating point yields the
most favorable balance between electrical energy
input and ozone production rate. In this region,
the discharge conditions enable optimal electron
density and energy transfer, leading to higher
ozone generation at lower energy cost.

Conversely, at frequencies of 50 kHz and 100
kHz, the energy consumption per kilogram of
ozone increases noticeably for all voltage levels.
This behavior indicates that these frequencies
are sub-optimal for efficient power coupling
into the plasma. At 50 kHz, insufficient electron
excitation reduces ozone formation, while at 100
kHz excessive discharge instability or nonideal
plasma—gas interactions may decrease conversion
efficiency. As a result, more electrical energy is
required to produce the same amount of ozone.

These trends are quantitatively summarized
in Table 5, where the lowest specific energy
consumption (0.24 kWh/kg) corresponds to
15 kV / 75 kHz, while the highest values are
recorded at 12 kV / 50 kHz. The nearly three-
fold difference in efficiency across the tested
operating conditions highlights the importance

22000
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Figure 6. Specific energy consumption (kWh per kg of ozone) across voltage—frequency operating points
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of optimizing both voltage and frequency rather
than adjusting them independently. Overall, Fig-
ure 6 demonstrates that targeted frequency tun-
ing, combined with appropriate voltage selection,
can significantly reduce operational energy costs
and improve the sustainability of ozone genera-
tion systems.

Regression analysis: voltage and frequency
effects

To quantify the robustness of the regression
models, 95% confidence intervals were computed
for all fitted curves, and statistical significance
was evaluated using standard t-tests.

e For the voltage—concentration regression (Fig-
ure 7), the coefficient of determination was R?
=0.982, the slope was statistically significant
(p <0.01), and the 95% confidence interval for
the regression line width was +1.1 ppm across
the voltage range.

e For the frequency response (Figure 8), the
quadratic curvature term was significant at
p < 0.05, confirming the presence of a well-
defined maximum near 75 kHz. The 95% con-
fidence interval band remained within +1.4
ppm for all frequencies.

These statistical indicators demonstrate
that the regression trends are well resolved and

30}
28
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22}

Ozone concentration (ppm)

20t
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that the fitted parameters are robust despite the
presence of synthetic noise.

Figure 7 illustrates the relationship between
applied voltage and the mean reference ozone
concentration across all tested operating points.
The linear regression fitted to the data reveals a
strong positive correlation between voltage and
ozone output. This trend is expected, as higher
voltages increase the electric field strength in
the discharge gap, enhancing electron impact
dissociation of O: molecules and thereby
promoting O formation. The nearly linear
slope of the regression curve suggests that,
within the studied voltage range (12-15 kV),
the system operates well below saturation, and
ozone production remains directly proportional
to the applied discharge voltage. This highlights
voltage as a key control parameter for adjusting
ozone output in real time. Figure 8 presents the
dependence of ozone concentration on discharge
frequency. Unlike the linear relationship with
voltage, the frequency response exhibits a clear
nonlinear behavior characterized by a pronounced
peak at 75 kHz. This maximum corresponds to the
conditions under which power coupling into the
gas phase is most efficient. At frequencies below
the optimum (50 kHz), reduced electron density
and weaker plasma excitation result in lower
ozone formation. Conversely, at frequencies
above the optimum (100 kHz), diminished plasma
stability or excessive energy losses may limit the
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Figure 7. Dependence of ozone concentration on applied voltage
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efficiency of ozone-producing reactions. The
symmetric decline around the optimum frequency
indicates that the system’s frequency response
is governed by well-defined plasma resonance
characteristics rather than random fluctuations.

Taken together, Figures 7 and 8 demonstrate
the complementary roles of voltage and frequency
in ozone generation: voltage primarily controls
electron energy, while frequency determines the
efficiency of energy transfer and plasma coupling.
The combination of both parameters defines the
operational regime in which ozone synthesis
is maximized. These regression-based insights
reinforce the previous findings from Figures
4-6 and suggest that optimal ozone generation
requires simultaneous tuning of voltage and
discharge frequency rather than independent
adjustment of either parameter.

The experimental results shown in Figures
4-8 and Table 5 provide a comprehensive
characterization of ozone generation dynamics
under varying electrical operating conditions and
demonstrate the accuracy and practical value
of optical monitoring for real-time diagnostics.
The combined analysis of concentration trends,
measurement accuracy, and energy efficiency
highlights the distinct roles of applied voltage and
discharge frequency in determining ozone output
and overall system performance. It should be
noted that the synthetic dataset used in this study
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represents only short-term statistical behavior and
does not capture real-world effects such as humid-
ity fluctuations, electrode ageing, gas-flow nonuni-
formity, or long-term drift of optical components.
Therefore, the results should be interpreted strictly
as a demonstration of the analytical workflow rath-
er than a substitute for empirical validation.

Influence of voltage and frequency on ozone
production

The positive correlation between applied
voltage and ozone concentration (Figures 4 and
7) is consistent with classical corona discharge
theory. Increasing the electric field strength
enhances electron kinetic energy, enabling more
frequent dissociation of oxygen molecules via
electron impact reactions. This leads to higher
rates of ozone formation and an approximately
linear relationship between voltage and output
within the studied range (12—15 kV). The linear
regression in Figure 7 confirms that no saturation
effects were observed; thus, the generator was
operating in a regime where voltage acts as a
direct and proportional control parameter for
ozone production.

The frequency response, illustrated in Figures
4 and 8, reflects a fundamentally different
mechanism. Rather than a linear trend, the ozone
output exhibits a clear maximum at 75 kHz and
declines at both lower (50 kHz) and higher (100
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Frequency (kHz)

Figure 8. Dependence of ozone concentration on discharge frequency
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kHz) frequencies. This behavior indicates the
presence of an optimal excitation frequency at
which electron density, discharge stability, and
power coupling into the gas are maximized.
Frequencies below the optimum may yield
insufficient plasma density, while excessively
high frequencies may lead to inefficient plasma—
gas interactions or increased energy losses.
The nonlinear frequency dependence therefore
highlights the importance of tuning the discharge
waveform to achieve effective energy transfer.

Together, the trends observed in Figures 7
and 8 demonstrate that voltage primarily governs
electron energy, while frequency dictates the
efficiency of discharge coupling and plasma
dynamics. Optimal ozone generation is achieved
only when both parameters are simultaneously
tuned, as confirmed by the peak performance at
15kV /75 kHz.

Accuracy and applicability of optical
diagnostics

The optical UV  absorption system
demonstrated strong agreement with the reference
instrument across all operating conditions,
as shown in Figure 5. The tight clustering of
data along the identity line indicates minimal
systematic bias, while the low RMSE and MAE
values (=1 ppm) confirm that the optical approach
faithfully reproduces the reference measurements.
Notably, the performance remained consistent
across different voltage levels, suggesting that the
optical method is insensitive to discharge-induced
noise or fluctuations.

These findings validate the use of optical
diagnostics as a primary monitoring technique
for ozone synthesis. The ability to obtain
rapid, high-frequency measurements enables
real-time feedback control, which is essential
for maintaining optimal generator operation,
compensating for environmental variations, and
preventing ozone overproduction.

Energy efficiency and operational
optimization

The energy intensity map in Figure 6
demonstrates that ozone production efficiency
varies greatly across electrical operating conditions.
The lowest specific energy consumption (0.24
kWh/kg) was achieved at 15 kV / 75 kHz,
precisely where both voltage—dependent and
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frequency—dependent effects are jointly optimized.
This synergy is evident when comparing voltage-
only or frequency-only variations: increasing
voltage at suboptimal frequency settings does
not achieve the same efficiency gains, and tuning
frequency alone cannot compensate for insufficient
field strength.

Table 5 quantitatively reinforces these
findings by showing a nearly three-fold difference
in energy intensity between optimal and non-
optimal conditions. This underscores the practical
importance of systematic voltage—frequency
optimization in industrial ozone generators. The
results suggest that energy savings of several
tens of percent are achievable simply by tuning
operational parameters toward the optimal regime
identified in Figures 6-8.

Implications, limitations, and future
extensions

Although the dataset used in this analysis is
synthetic, the observed behaviors mirror well-
established characteristics of corona discharge
systems reported in experimental literature. The
workflow demonstrated here-combining optical
diagnostics, electrical measurement, regression
modeling, and energy efficiency assessment-
provides a robust methodological framework that
can be directly applied to real ozone generators.

In real-world settings, additional factors
such as gas humidity, electrode aging, thermal
load, and gas flow uniformity will influence
system behavior. Incorporating these parameters
into future experiments and computational
models would enable more comprehensive
process optimization. Furthermore, extending
the regression models to include nonlinear or
machine-learning-based predictors may allow
prediction of optimal operating points under
dynamic or uncertain conditions. Overall, the
presented results demonstrate that precise optical
monitoring, combined with systematic analysis of
voltage—frequency effects, offers a scientifically
grounded path toward more efficient, stable, and
energy-conscious ozone generation technologies.

CONCLUSIONS

This study demonstrated a comprehensive
workflow for analyzing and optimizing ozone
synthesis using optical ultraviolet absorption
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monitoring, electrical measurements, and data-
driven modeling. The combined evaluation
of ozone concentration profiles, measurement
accuracy, and energy consumption revealed the
distinct and complementary roles of applied
voltage and discharge frequency in determining
generator performance. The synthesized data
highlight that ozone output increases nearly
linearly with voltage, while the frequency
dependence exhibits a pronounced maximum at
75 kHz. These findings emphasize that effective
ozone generation requires the simultaneous
tuning of both parameters rather than independent
adjustment of either variable.

Despite the demonstrated advantages of the
proposed methodology, several uncertainties
remain. The present analysis is based on synthet-
ic data and therefore does not capture real-world
effects such as humidity variations, electrode age-
ing, gas-flow nonuniformity, or long-term drift of
optical components. As a result, full experimen-
tal validation with a physical ozone generator is
required to quantify these influences and confirm
the robustness of the calibration and regression
procedures. Future work will focus on controlled
laboratory measurements to assess these factors
and further refine the accuracy and stability of
optical monitoring for ozone synthesis.

The optical monitoring system showed
strong agreement with the reference instrument,
achieving an overall accuracy of approximately
1 ppm. This level of precision confirms that
ultraviolet absorbance at 254 nm is suitable for
real-time monitoring and supports its integration
into closed-loop control systems for industrial
ozone generators. Such capability enables rapid
corrective adjustments to maintain optimal
operational conditions, reduce variability, and
improve overall process stability.

Energy  efficiency  analysis further
demonstrated that the specific energy consumption
exhibits significant variation across operating
points. The most efficient regime-15 kV at 75
kHz-yielded the lowest energy intensity (0.24
kWh/kg), illustrating a clear synergy between
voltage and frequency tuning. The ability to
identify and maintain such optimal regimes has
direct implications for reducing operational
costs, minimizing electrical power waste, and
enhancing the environmental sustainability of
ozone generation systems.

While the current dataset is synthetic, the
observed patterns closely align with established

physical principles of corona discharge plasma
and reported behaviors in experimental literature.
The methodological framework presented in this
study-integrating optical diagnostics, regression
analysis, and energy evaluation-provides a
reliable foundation that can be directly applied
to real experimental datasets. Future work
should incorporate environmental factors such
as humidity, gas purity, and electrode aging, and
may benefit from machine-learning-based models
to further improve predictive capabilities and
system optimization.

Overall, this research underscores the value
of combining optical sensing with systematic
electrical parameter analysis to enhance the
performance, accuracy, and energy efficiency of
ozone generation technologies. The proposed
approach establishes a robust pathway for
developing next-generation, high-efficiency
ozone generation systems suitable for industrial,
environmental, and scientific applications.
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