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Abstract.

Electrostatic precipitators (ESPs) remain indispensable for removing particulate matter
from industrial flue gas, yet their conventional designs struggle with fine and ultrafine
particles and are energy-intensive when load conditions fluctuate. This article delivers a
comprehensive assessment of modern control strategies - high-frequency energisation, pulse
energisation, adaptive intermittent control and machine-learning-enabled optimisation—and
hybrid gas-cleaning approaches that integrate wet electrostatic scrubbing (WES) with dry
ESPs. Drawing on published research and real-world deployments, including the installation
of a $13 million electrostatic precipitator at Kazakhstan’s Ekibastuz GRES-1 power plant
that boosts ash collection to 99.6 %, we synthesise data into comparative tables and
diagrams. We also examine a novel pilot-scale WES that achieved 97.3-99.67 % particulate
matter removal at 30 kV. Our analysis shows that combining advanced power-supply waveforms
with adaptive control and hybrid wet-dry designs markedly improves particle charging,
reduces re-entrainment and cuts energy consumption. The article concludes by outlining
future research directions, emphasizing the need for full-scale trials in Kazakhstan and
elsewhere, integrated digital twins for control optimisation and techno-economic studies
that balance capital cost with emission-reduction benefits.
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Introduction

Industrial air pollution is a major environmental and
public-health problem. Coal-fired power plants, metallurgical
smelters and cement kilns emit billions of tonnes of
particulate matter (PM) annually, contributing to respiratory
diseases and premature mortality. Electrostatic precipitators
(ESPs) have long been the workhorses of industrial dedusting
because they can capture particles across a broad size range
with low pressure drop and modest maintenance regquirements.
They operate by ionising gas with a high-voltage electric
field, imparting charge to suspended particles and drawing
them to collecting plates where they are periodically
dislodged by rapping. Despite their ubiquity, conventional
ESPs have intrinsic limitations. Fine particles (<2.5 um)
carry little charge and exhibit high slip velocities; as a
result, collection efficiency drops to 70-80 %. High gas
velocities near flat collecting plates promote particle
re-entrainment, and constant-voltage power supplies waste
energy and cannot adapt to fluctuating emission loads.

The global push for cleaner air and stricter emission
standards has catalysed a wave of innovation in ESP
technology. Researchers have introduced high-frequency (10-
20 kHz) power supplies that stabilise the corona discharge
and improve particle charging. Pulse energisation applies
short bursts of high voltage on top of a base voltage,
generating strong transient electric fields that charge
resistive dust more effectively. Adaptive intermittent
control modulates power delivery to match dust loading,
increasing collection efficiency and reducing back-corona.
Machine-learning algorithms are being trained to predict dust
build-up and optimise energisation and rapping cycles.
Meanwhile, hybrid gas-cleaning systems that combine dry ESPs
with wet electrostatic scrubbing (WES) have emerged as a means
to handle ultrafine particles and soluble gases. Kazakhstan
offers a compelling case study: the state-owned
Ekibastuz GRES-1 thermal power plant installed a new
electrostatic precipitator in 2012 at a cost of about

2 billion tenge (~USS13 million) and reported an
ash-collection efficiency of 99.6 %. This investment

underscores the region’s commitment to upgrading legacy
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pollution control infrastructure and illustrates the economic
scale of modern ESP deployments.

This article aims to bridge the gap between academic
research and industrial practice by synthesising advances in
adaptive control and hybrid ESP technologies. It integrates
data from case studies and laboratory experiments, develops
comparative tables and diagrams and offers interpretive
commentary on the implications for Kazakhstan and beyond. The
research questions are:

1. How do contemporary control strategies affect ESP
performance and energy use?

2. What is the practical impact of integrating wet and
dry electrostatic techniques?

3. What lessons can be drawn from Kazakhstan’s investment
in modern ESP systems?

Literature Review

Evolution of control strategies. Early electrostatic
precipitators relied on simple 50-60 Hz transformer-rectifier
units that delivered a constant dc voltage. While rugged and
inexpensive, such systems produce unstable corona discharges
and inefficient particle charging. Over the past two decades,
high-frequency switch-mode power supplies (typically 10-
20 kHz) have been introduced. The rapid oscillations maintain
a stable corona even under high dust loading, resulting in
better ion generation and improved collection efficiency.
These supplies also allow for more compact transformer design
and reduced power loss. Pulse energisation represents a
complementary strategy: short pulses of high voltage
superimposed on a base voltage create strong transient
electric fields that charge resistive or high-resistivity
particles (e.g., fly ash from 1lignite) more effectively.
Hybrid power supplies combine high-frequency and pulse modes
to handle a wide spectrum of particle sizes and compositions.

Adaptive intermittent control expands upon these
approaches by tailoring energisation to real-time operating
conditions. Despotovi¢ et al. devised a digital signal
processor (DSP)-based algorithm that energises the ESP
intermittently, supplying high power during one or more
half-cycles and then allowing a =zero-power period. This
strategy increases collection efficiency and reduces energy
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consumption because power 1is applied only when necessary to
maintain a stable corona. Automatic Voltage Control (AVC)
systems measure current and voltage and adjust the power
supply to maintain optimal operating conditions.
Machine-learning models are being developed to predict dust
loading and optimise energisation, rapping and hopper
evacuation. These controllers rely on sensor networks to
monitor gas temperature, flow, opacity and particle
concentration and employ predictive algorithms to anticipate
events such as back-corona and short circuits.

Sensors, digitalisation and machine intelligence. The
effectiveness of adaptive control hinges on the availability
of accurate, high-bandwidth sensor data. Modern  ESP
installations incorporate voltage and current transformers,
particle concentration sensors (e.g., opacity monitors),
gas—-flow meters and temperature probes. AVC systems use these
signals to maintain the precipitator at the highest possible
voltage without triggering sparks. Advanced controllers
integrate differential-pressure sensors and acoustic monitors
to detect dust-cake build-up and schedule rapping.
Machine-learning approaches, such as artificial neural
networks and reinforcement learning, are being explored to
synthesise data from multiple sensors and identify patterns
indicative of impending performance degradation.
Internet-of-Things (IoT) technologies enable remote
monitoring and centralised control, which is especially
useful for distributed industrial ©plants or maritime
applications. Digital +twins—virtual models that mirror
real-time operating conditions—can be used to test control
strategies without interrupting plant operations and to train
machine-learning models under simulated fault conditions.

Hybrid wet-dry gas-cleaning systems. Wet electrostatic
scrubbing (WES) combines gas ionisation with spray
electrification to capture fine and ultrafine particles and
absorb soluble gases. Parisi et al. noted that WES delivers
low pressure drop and reduced energy consumption and is
technologically mature for standalone or retrofit
applications. In hybrid configurations, a WES stage can
pre-condition the gas stream before it enters a dry ESP,
thereby removing ultrafine particles and soluble pollutants
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and reducing the load on the downstream precipitator.
Pilot-scale studies have demonstrated the efficacy of this
approach: a novel WES installed in a bio-drying-assisted solid
recovered fuel (SRF) plant achieved particulate matter
collection efficiencies ranging from 97.3 % to 99.67 % at
flow rates of 1-5 m® min™! and an applied voltage of 15-30 kV.
The highest efficiency (99.67 %) occurred at 30 kV and
5 m® min™'. The same study reported a PM;g removal efficiency
of approximately 91 % under similar conditions. Industry
reports highlight parallel developments: a European firm
introduced a marine WESP that captures 95 $ of PM,.s and PM;
with minimal Dback-pressure, illustrating the technology’s
adaptability across sectors. These results underscore the
potential of hybrid wet-dry systems to achieve near-complete
removal of airborne particulates.

Kazakhstan’s experience with modern ESPs. Kazakhstan’s
vast coal reserves and energy-intensive metallurgy make
emission control a national priority. The Ekibastuz GRES-1
thermal power station, Jjointly owned by Samruk-Kazyna and
Kazakhmys, embarked on an ambitious programme to retrofit its
units with modern electrostatic precipitators. In
December 2012, the company installed a new electrostatic
precipitator on one unit at a cost of roughly 2 billion tenge
(USS$13.29 million). Officials reported that the device would
increase ash collection to 99.6 %. Earlier precipitators
installed on units 5 and 6 in 2010-2011 had already improved
emission control, and by 2013 the company planned to equip
all operating units, allocating 12.5 billion tenge to the
programme. The experience illustrates both the capital
intensity of upgrading legacy plants and the Dbenefits of
modern ESP technology. Although detailed performance data are
scarce, the reported ash-collection efficiency far exceeds
the typical 70-80 % efficiency of conventional ESPs,
demonstrating the importance of investment in advanced
equipment and control strategies. The GRES-1 case thus
provides a real-world Dbenchmark for evaluating the
effectiveness of the technologies discussed in this paper.

Materials and Methods

Participants / Sampling

The primary sources include Despotovié¢ et al.’s
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description of a DSP-based intermittent control system
installed at the Nikola Tesla power plant in Serbia, Chang’s
commentary on advancements in ESP technology, Parisi et al.’s
review of wet electrostatic scrubbing, the MDPI article on a
pilot-scale WES and the news report on Ekibastuz GRES-1 in
Kazakhstan. These sources were selected because they provide
quantitative data on control strategies, hybrid systems or
field installations. Collectively, they represent a diverse
sample of laboratory experiments, pilot plants and full-scale
industrial retrofits.

Instruments / Tools

The data analysed in this article derive from various
instruments and measurement techniques used in the cited
studies. Despotovié¢ et al. employed a 15 kHz high-frequency
power supply with pulse and intermittent modes and a
Texas Instruments DSP to implement the intermittent control
algorithm. Sensors included high-voltage and primary current
transformers, opacity monitors, gas—flow meters and
temperature probes. Parisi et al. collected performance data
from WES installations using particle counters, voltage and
current meters and pressure-drop gauges. The pilot-scale WES
study measured PM and PM;g collection efficiency using thimble
filters and particle size analysers at various flow rates and
voltages. The Ekibastuz GRES-1 report provides cost and
efficiency figures but does not detail instrumentation. For
comparative analysis, we compiled these data into
spreadsheets using pandas and produced bar charts with
matplotlib to visualise differences in collection efficiency
across systems.

Procedures / Data collection

Data were extracted from the cited sources as follows:
(1) control strategy descriptions, benefits and limitations
were tabulated based on Chang’s commentary and
Despotovi¢ et al.’s report; (2) performance data for the
pilot-scale WES were taken directly from the MDPI article’s
results section, particularly the reported <collection
efficiency ranges (97.3-99.67 % for PM and ~91 % for PMjo);
(3) cost and performance figures for the Ekibastuz GRES-1
installation were extracted from the Trend news article; (4)
baseline performance figures for conventional ESPs (70-80 %
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efficiency for

Ning et al.’s

fine
simulation study.

particles)

were

referenced
These data were organised

from

into two tables and used to generate two bar charts.

Results

Table 1 provides a comparative overview of modern control

strategies and hybrid technologies. Constant-voltage
operation represents the historical baseline, while
high-frequency and pulse energisation offer incremental
improvements. Adaptive intermittent control and

machine-learning optimisation push performance further but
and algorithms. Wet
electrostatic scrubbing and hybrid systems extend the range

require

of pollutants that can be captured.
own benefits and limitations,

sophisticated

Sensors

FEach technology has its
and the optimal choice depends

on site-specific factors such as dust composition, regulatory

requirements,
Kazakhstan’s
investing in

power
experience
advanced

costs and
underscores the
and control
substantial gains in ash-collection efficiency.

equipment

existing

infrastructure.
importance of

to achieve

Table 1
Contemporary control strategies and hybrid technologies
Technology / Description Reported benefits Limitations
system
Constant-voltage ESP Low-frequency (50— Simple and Inefficient
(baseline) 60 Hz) inexpensive; charging for

transformer-recti-

fier unit supplies
constant dc
voltage to
discharge
electrodes.

suitable for
coarse particles;
widely deployed
in legacy plants.

fine particles;
unstable
corona; high
energy
consumption;
collection
efficiency
typically 70-
80 % for PMy.5.

High-frequency power Solid-state Better ion Requires
supply inverter delivers generation; expensive power
10-20 kHz voltage | higher collection electronics;
waveform to efficiency for sensitive to
stabilise corona fine particles; load
and improve reduced power variations; may
charging. loss; more induce
compact additional
transformer electromagnetic
design. interference.
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power in bursts
followed by
Zero-power
periods.

Table continuation 1
Pulse energisation Short Enhances charging Requires precise
high-voltage of timing control;
pulses high-resistivity potential for
superimposed on dust; reduces sparking;
a base voltage energy limited data on
create strong consumption; long-term
transient mitigates durability.
electric back-corona;
fields. suitable for mixed
dust streams.
Adaptive intermittent DSP monitors Tailors Implementation
control voltage, energisation to complexity;
current and dust load; requires
particle increases high-bandwidth
concentration collection sensors and
and energises efficiency; robust control
the ESP reduces energy algorithms; few
intermittently, consumption and full-scale
delivering high back-corona. demonstrations.

Machine-learning-based
optimisation

Data-driven
models analyse
sensor inputs
to predict dust
build-up and

optimise
energisation
and rapping
schedules.

Anticipates
performance
degradation;
reduces
maintenance;
adapts to process
variations;
leverages IoT for
remote monitoring.

Reliant on data
quality and
volume; requires
integration with
legacy control
systems;
potential
cyber-security
concerns.

Wet electrostatic
scrubbing (WES)

Wet ionisation
and spray
electrification
system captures
fine and
ultrafine
particles and
absorbs soluble
gases.

Low pressure drop;
reduced energy
consumption; high
PM removal (97.3-
99.67 % for PM and
~91 % for PMjo);
suitable for
retrofit in hybrid
systems.

Requires liquid
handling (spray
nozzles,
recirculation) ;
potential for
corrosion;
complex
integration with
dry ESP; limited
full-scale data.

Hybrid WES-ESP system

Combination of
a wet scrubber
upstream of a
dry ESP; gas is
pre-treated in
WES then enters
dry ESP for
final dust
removal.

Captures ultrafine
particles and
soluble gases,
then removes

coarser particles

with high
efficiency; low
overall pressure
drop; reduces load
on dry ESP.

Coordination of
liquid and dry
stages required;
potential
corrosion;
increased
complexity; few
commercial
deployments.
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The constant-voltage ESP serves as the baseline against
which other control strategies are measured. It relies on a
low-frequency transformer-rectifier unit that supplies a
steady dc voltage to the discharge electrodes. This simplicity
has enabled widespread adoption, Dbut the approach suffers
from unstable corona formation and poor charging of fine
particles. Fine particles possess 1low inertia and carry
limited electric charge, SO they experience weak
electrostatic forces and are easily carried out of the
precipitator by the gas stream. Furthermore, constant
energisation often exceeds the voltage required for efficient
charging, wasting electrical energy and increasing
operational costs. In the context of Kazakhstan’s coal-fired
plants, where ash content is high and particle size
distribution includes a substantial fraction of PM,.5, the
baseline ESP 1is insufficient to meet modern emission
standards. Retrofitting with constant-voltage units may
reduce large particulate emissions but will not achieve the
99 % removal efficiency demanded by current regulations. For
a country seeking to align its environmental policies with
international norms, reliance on baseline technology poses
economic and reputational risks.

High-frequency power supplies address some of these
shortcomings by delivering voltage at tens of kilohertz. The
rapid oscillations stabilise the corona discharge and
increase ion density in the inter-electrode space, thereby
charging particles more effectively and improving collection
efficiency. Studies have shown that high-frequency
energisation reduces power consumption relative to
low-frequency supplies, partly because it can operate closer
to the corona onset voltage and partly Dbecause the
transformer-rectifier is more efficient at high frequency.
However, this technology  demands sophisticated power
electronics and robust insulation to handle fast switching.
The cost premium may be justified for large installations
like Ekibastuz GRES-1, where high dust loads and stringent
emission limits warrant investment in advanced control. For
smaller plants or retrofits in developing regions, the capital
cost of high-frequency supplies may hinder adoption.

Pulse energisation, in which short high-voltage pulses
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are superimposed on a base voltage, represents a different
optimisation approach. The sharp transients generate strong
electric fields that enhance particle charging, particularly
for high-resistivity dusts such as 1lignite fly ash or
metallurgical fumes. Pulse energisation can also reduce
back-corona Dbecause the intense field collapses quickly,
preventing the formation of positive ions that would
neutralise deposited charges. However, the technique requires
precise timing and coordination with the base voltage to avoid
sparkover and electrode damage. Field experience is limited,
and long-term reliability data are scarce. For Kazakhstan,
where dust compositions vary across plants, pulse
energisation might be useful for certain units but would
require careful design and pilot testing to Jjustify the
investment.

Adaptive intermittent control builds upon high-frequency
and pulse techniques by modulating energisation in response
to real-time conditions. In the algorithm developed by
Despotovi¢ et al., the controller energises the ESP for one
or several half-cycles and then holds off for a zero-power
interval, repeating this sequence to maintain a stable corona
while conserving energy. Sensor measurements of voltage,
current, temperature and dust concentration feed into the
DSP, which determines the optimal duty cycle. This
intermittent approach can increase collection efficiency
because the voltage is periodically allowed to rise to a
higher level without sparking, thereby charging particles
more thoroughly. It also reduces average power consumption,
making the technique attractive for plants facing rising
electricity costs or carbon pricing. However, implementation
requires reliable sensors, high-bandwidth control loops and
sophisticated algorithms. To date, most demonstrations have
been at pilot scale. Scaling up to a 2-4 GW plant like GRES-1
would require robust testing to ensure stability under high
load wvariations and to train operators in the new control
paradigm.

Machine-learning-based optimisation represents the
frontier of ESP control. Instead of relying on heuristic rules
or linear controllers, machine-learning models ingest large
streams of sensor data—voltage, current, opacity, gas flow,
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temperature—and learn to predict ash accumulation,
back-corona onset and sparking events. Reinforcement learning
algorithms can then adjust energisation and rapping schedules
to maximise dust removal while minimising energy use and
electrode wear. The benefits include predictive maintenance
(e.g., scheduling hopper evacuation before overfilling),
adaptive response to fuel changes and remote monitoring via
IoT networks. Potential challenges include the need for large
labelled datasets, integration with legacy control systems
and cyber-security concerns when connecting critical
infrastructure to the internet. Nevertheless, as Kazakhstan
upgrades its power plants and integrates digital
technologies, machine-learning-enabled ESPs could provide a
competitive advantage.

Wet electrostatic scrubbing, although not a control
strategy per se, complements the aforementioned techniques by
targeting ultrafine particles and soluble gases that dry ESPs
struggle to capture. In WES, a high-voltage electrode ionises
the gas while a spray of charged droplets collides with
particles, agglomerating them and dissolving soluble species.
The MDPI pilot-scale study reported PM removal efficiencies
between 97.3 % and 99.67 %, with the highest efficiency at
5 m?* min™!' and 30 kV. The same system achieved approximately
91 % removal of PMjg. The ability of WES to meet stringent
emission standards with low pressure drop makes it attractive
for retrofits, particularly in urban areas where space is
limited. However, WES introduces complexities such as droplet
generation, liquid recirculation and potential corrosion.
Integrating WES upstream of a dry ESP creates a hybrid system
that offers multi-pollutant control Dbut demands careful
coordination. For Kazakhstan’s coal-fired plants, which emit
fine particles and acidic gases, a hybrid WES-ESP system could
significantly reduce emissions, but it would require
investment in ligquid handling infrastructure and training for
operators.

Figure 1 illustrates a conceptual architecture for an
adaptive electrostatic precipitator. Flue gas enters the
system, passes through a corona discharge zone where particles
are charged and then flows past collecting plates before
exiting as cleaned gas. A suite of sensors measures current,
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voltage, temperature, opacity and gas flow and sends these
signals to a DSP-based controller. The DSP executes control
algorithms (e.g., AVC, intermittent energisation) and
communicates with a machine-learning optimiser that predicts
dust loading and back-corona events. The optimiser adjusts
the high-frequency and pulse power supplies to maintain an
optimal electric field and coordinates rapping and hopper
evacuation to remove collected dust. The diagram emphasises
the feedback loops between the physical precipitator and the
control system and highlights how machine intelligence
augments traditional control. In Kazakhstan’s context,
implementing such an architecture would involve retrofitting
sensors onto existing ESPs, installing digital control
hardware and developing data-driven models tailored to local
coal characteristics and operating conditions.

Control

System High- I
ine- . Corona . leane
Mach]_ne frequency ) Collecting .‘/C/ B\
+ learning |+ & pulse «_ discharge 1 plates | gas
Current, optimiser power zone outlet
voltage, DSP supply
temperature
R controller
& opacity Rapping &
sensors hopper

evacuation
control

Figure 1
Schematic of an adaptive electrostatic precipitator control system

The concept depicted in Figure 1 provides a framework for
understanding how modern ESP controls integrate sensing,
computation and actuation. At its core is the corona discharge
zone, where high voltage applied to discharge electrodes
ionises the flue gas. Ionised gas molecules collide with
particles, imparting charges that cause them to migrate toward
the collecting plates. The cleanliness of the gas leaving the
plates depends on how effectively particles are charged and
how they adhere to the plates. In conventional systems, the

This work is distributed under the terms of the Creative
1 9 2 Commons Attribution-ShareAlike 4.0 International License
(https-//creativecommons.org/licenses/by—sa/4.0/).



Proceedings of the 9th International
Scientific and Practical Conference
«Scientific Goals and Purposes NO
in XXI Century» 276

(December 19-20, 2025).
Seattle, USA INTERCONF

SdenTIFc PUbLEHNG CenTen

GENERAL ENGINEERING AND MECHANICS

power supply operates open loop: voltage is set manually and
rarely adjusted unless sparking occurs. However, industrial
processes are dynamic—changes in fuel quality, load,
temperature and gas composition all affect corona conditions
and particle properties. Without feedback, constant-voltage
systems cannot respond to these variations, leading to poor
performance.

Sensors form the first layer of the adaptive control
system. Current transformers measure primary and secondary
current, providing real-time information on corona discharge
intensity and power consumption. Voltage sensors indicate
whether the applied voltage 1is approaching the sparkover
threshold. Opacity monitors measure particulate concentration
in the outlet gas, while temperature and gas-flow sensors
track process conditions. In Kazakhstan’s coal plants, where
lignite combustion yields variable ash content and
resistivity, accurate sensing 1is essential to capture
fluctuations. These measurements feed into the DSP, which
forms the second layer. The DSP runs control algorithms at
high frequency, adjusting the firing angle of thyristors in
the power supply, enabling intermittent energisation or
switching between high-frequency and pulse modes. When a spark
is detected, the DSP reduces voltage to prevent damage and
then gradually resumes operation.

The machine-learning optimiser forms the third layer,
offering predictive capability beyond feedback control. By
analysing historical sensor data, 1t can detect patterns
preceding back-corona, excessive ash accumulation or
transformer saturation. For instance, a sudden increase in
current without a corresponding rise in voltage may indicate
ash build-up on collecting plates, prompting the optimiser to
schedule a rapping cycle. Machine-learning models can also
forecast how changes in coal quality will affect resistivity
and charging behaviour, allowing pre-emptive adjustment of
the power-supply waveform. In the future, reinforcement
learning could enable the optimiser to experiment with
different control actions in simulation (a digital twin) and
deploy successful strategies 1in the real system. For
Kazakhstan, where plant operators may have limited experience
with advanced controls, machine-learning-assisted decision
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support could help maintain compliance with emission
standards and reduce unplanned outages.

Implementing the architecture requires robust
communication links (wired or wireless) between sensors, the
DSP and the optimiser. In maritime applications, where remote
monitoring is common, IoT connectivity enables centralised
control rooms to oversee multiple vessels. On land, secure
networks must be established to protect against cyber-attacks
on critical infrastructure. Data storage and processing
infrastructure must handle high-frequency sensor streams and
support real-time analytics. Integration with legacy systems
is another challenge: existing ESPs may lack sensors or have
outdated power supplies. Retrofitting may involve installing
new electrodes, transformer-rectifiers and controllers, as
seen 1n the Ekibastuz GRES-1 wupgrade. The cost of such
upgrades must be weighed against the benefits of increased
efficiency and regulatory compliance. Nevertheless, the
architecture offers a path toward smarter, more resilient
gas-cleaning systems capable o0of adapting to changing
conditions and reducing environmental impact.

Table 2
Comparative performance of gas-cleaning systems in case studies
System / Location / notes Collection Energy
deployment efficiency (%) consumption &
other notes
Conventional ESP | General industrial 70-80 % for High energy
(baseline) installations; fine particles | consumption due
low-frequency (PMy.5) . to constant
constant-voltage energisation;
supply. unstable
corona.
Ekibastuz GRES-1 | Thermal power plant | Ash-collection Investment
ESP in Kazakhstan; new efficiency demonstrates
precipitator reported at large-scale
installed in 2012 99.6 %. retrofit;
at cost details on
~ 2 billion tenge power
(~USS$S13 M) . consumption not
disclosed.
Pilot-scale WES | Bio-drying-assisted PM collection Current
solid recovered efficiency decreased as
fuel plant 97.3-99.67 %; flow increased
(South Korea); highest (8.4 mA at
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Table continuation 2

applied voltage 15- efficiency 1 m3® min™* and
30 kv; flow 1- (99.67 %) at 30 kV to 7.5 mA
5 m3 min~!. 30 kV and at 5 m?® min~!);
5 m?® min™?!; low PM
PM;o efficiency | concentrations
~ 91 %. (0.16 mg m™3)
at outlet met
emission
standards.
Marine WESP European marine 95 % Emphasises low
(Ecospray) application; new efficiency in back-pressure
WESP introduced in capturing PM;.s and minimal
2024. and PM; with engine power
low draw;
back-pressure demonstrates
and only 0.5 % | @applicability
engine power beyond
consumption. land-based
plants.

Table 2 Jjuxtaposes the performance of gas-cleaning
systems, highlighting how modern technology transcends the
limitations of conventional ESPs. The baseline row
underscores that traditional ESPs, though widespread, achieve
only 70-80 % efficiency for fine particles. This modest
performance arises from constant-voltage operation, which
fails to charge small particles adequately and cannot respond
dynamically to process fluctuations. Without modifications,
such systems are unlikely to meet stringent emission
regulations. In contrast, the Ekibastuz GRES-1 case
demonstrates the impact of investing in modern equipment. For
roughly 2 billion tenge, plant operators installed a new ESP
that reportedly raises ash-collection efficiency to 99.6 %.
The nearly 20-percentage-point improvement suggests that the
new unit incorporates advanced control and structural
features (e.g., high-frequency supplies, optimised plate
geometry) . While  the news report does not provide
energy-consumption figures, the dramatic efficiency gain
implies a corresponding reduction in particulate emissions.
The economic outlay 1is significant, yet when amortised over
the plant’s capacity (4 GW design, 2.5 GW operating) and the
environmental benefits, the investment appears justified. For

This work is distributed under the terms of the Creative
Commons Attribution—-ShareAlike 4.0 International License 1 9 5
(https-//creativecommons.org/licenses/by—sa/4.0/).



Proceedings of the 9th International
Scientific and Practical Conference
«Scientific Goals and Purposes NO
in XXI Century» 276

(December 19-20, 2025).
Seattle, USA |NTeRCON|=

SoenTIF PubLiHNG CenTe

GENERAL ENGINEERING AND MECHANICS

Kazakhstan, the GRES-1 programme symbolises a shift toward
cleaner energy production and underscores the government’s
willingness to fund large-scale upgrades.

The pilot-scale WES row reveals the potential of wet
electrostatic scrubbing to achieve near-complete particulate
removal. Operated at applied voltages between 15 kV and 30 kV
and flow rates from 1 m® min™! to 5 m® min !, the WES achieved
PM collection efficiencies ranging from 97.3 % to 99.67 %,
with the highest efficiency at the highest voltage and flow.
This counter-intuitive result—greater efficiency at higher
flow—suggests that turbulent mixing enhances particle-ion
collisions, though the authors note that current decreased
from 8.4 mA to 7.5 mA across the tested range. The PM;y removal
efficiency of roughly 91 % further demonstrates the
technology’s capability. Importantly, the outlet PM
concentration dropped to as low as 0.16 mg m*, meeting
South Korean emission standards. These results emphasise that
WES can deliver performance on par with or exceeding dry ESPs
while maintaining low pressure drop. However, the pilot scale
leaves open questions about scalability: 1liguid handling,
corrosion and maintenance could pose challenges in large
plants. Future research should include full-scale
demonstrations and cost-benefit analyses.

The marine WESP row expands the discussion beyond
land-based installations. In September 2024, Ecospray
Technologies introduced a WESP for marine applications that

achieves 95 % efficiency in capturing PM,.s and PM; with low
back-pressure and a mere 0.5 % engine power consumption.
Marine vessels face space constraints, weight limitations and
strict emission regulations (e.g., IMO MARPOL Annex VI). A
compact WESP with minimal power draw is therefore attractive
for retrofits on existing ships and integration into new
builds. The example illustrates that innovations in
gas-cleaning technology are ©permeating sectors Dbeyond
electricity generation. For Kazakhstan, which has river and
sea ports and aspires to expand its logistics network, marine
ESPs may become relevant for river transport or offshore
platforms. Furthermore, the marine case underscores the value
of low-pressure-drop designs and hints at the future of
high-efficiency ESPs across industries.
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Overall, Table 2 emphasises the transformative potential
of modern ESP technologies. By comparing baseline performance
with actual case studies, we see that investing in advanced
control and hybrid systems can push collection efficiency
close to 100 %. However, achieving such performance requires
not only equipment upgrades but also proper integration with
plant processes, reliable maintenance and operator training.
The Ekibastuz GRES-1 example shows that developing countries
can achieve world-class emission control when they commit
resources and adopt cutting-edge technologies. The
pilot-scale WES and marine WESP demonstrate that hybrid and
wet systems are approaching commercial maturity, offering
alternatives for plants struggling with ultrafine particulate
removal. Policymakers and plant managers should thus consider
a portfolio of technologies, selecting those that align with
local conditions and regulatory demands.

Collection Efficiency of Different Gas-Cleaning Systems
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Figure 2
Bar chart comparing collection efficiency of different gas-cleaning
systems
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Figure 2 summarises the collection efficiencies of three
gas-cleaning systems: a conventional ESP (baseline), the
upgraded Ekibastuz GRES-1 ESP and the novel wet electrostatic
scrubber. The baseline efficiency of 80 % represents the upper
end of the typical range for conventional ESPs capturing fine
particles. The Ekibastuz GRES-1 bar towers above this
baseline, reflecting the reported 99.6 % ash-collection
efficiency after the installation of a new precipitator. The
WES bar slightly exceeds the GRES-1 Dbar Dbecause the
pilot-scale system achieved wup to 99.67 % particulate
removal. Although the differences between 99.6 % and 99.67 %
may seem marginal, they translate to significant reductions
in emissions when processing millions of cubic metres of flue
gas per hour. The chart thus visualises the dramatic leap in
performance achievable through modern technologies.

Examining Figure 2 in detail reveals several insights.
First, the difference between the baseline and the advanced
systems underscores the inadequacy of conventional ESPs in
meeting contemporary emission standards. A plant operating at
80 % efficiency would emit five times more particulate matter
than one operating at 99.6 %, assuming the same inlet
concentration. In countries with high urban population
density or strict environmental regulations, this difference
could determine whether a plant remains operational or faces
shutdown. Second, the GRES-1 bar demonstrates that
large-scale retrofits can achieve near-best-in-class
performance. Although details about the new precipitator are
not disclosed, the efficiency suggests the use of
high-frequency power supplies, optimised plate geometry and
possibly hybrid wet-dry features. The investment of
2 billion tenge (®USS$13 million) may appear substantial, but
when spread over the plant’s generation capacity and operating
life, the cost per kilowatt-hour is modest. Moreover, the
environmental benefits—reduced PM emissions, lower health
impacts and compliance with international standards—yield
socio-economic returns.

Third, the WES bar highlights the potential of wet
electrostatic scrubbing to surpass even advanced dry ESPs.
The pilot-scale system’s maximum efficiency of 99.67 % shows
that WES can achieve near-total removal of particulate matter
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under optimal conditions. The slight advantage over the GRES-1
ESP may be attributed to the combined effects of electrostatic
charging and droplet scrubbing, which not only collect
particles but also absorb acidic gases. However, the high
efficiency of WES must be balanced against its complexity:
the system requires pumps, spray nozzles, recirculating tanks
and corrosion-resistant materials. The energy consumption of
WES is lower than that of dry ESPs in many cases because the
pressure drop is modest, but the need for ligquid handling
adds operational considerations. For Kazakhstan, adopting WES
would demand new skills in chemical dosing and water
treatment, but it could dramatically reduce fine-particle
emissions from coal and metallurgical plants.

Finally, the chart serves as a communication tool for
stakeholders. Plant managers can readily see the performance
gains available through modernisation; policymakers can
justify investments by comparing cost versus performance;
researchers can identify where incremental improvements
(e.g., from 99.6 % to 99.67 %) may yield diminishing returns
relative to cost. The chart also invites deeper analysis: for
instance, how do these efficiencies change when treating flue
gas with different compositions (e.g., high sulphur or high
ash content)? How does maintenance frequency affect sustained
performance? Such questions point to the need for longitudinal
studies and techno-economic analyses. In sum, Figure 2
encapsulates the promise of advanced gas-cleaning
technologies while reminding us that performance must be
evaluated holistically, taking into account cost, complexity
and context.

Discussion

The synthesis of control strategies, hybrid technologies
and case-study data provides a multifaceted view of the future
of electrostatic precipitation. Several cross-cutting themes

emerge. First, adaptive control significantly enhances
performance and energy efficiency compared with
constant-voltage operation. High-frequency and pulse

energisation improve particle charging, while intermittent
control reduces energy use without sacrificing collection
efficiency. Machine-learning models promise to take these
gains further Dby anticipating ©process variations and
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optimising control actions in real time. Second, integrating
wet and dry electrostatic processes expands the size range of
particles and pollutants that can be removed. Hybrid WES-ESP
systems capture wultrafine particles and soluble gases
upstream and remove larger particles downstream. Third, case
studies show that large-scale retrofits—such as the
Ekibastuz GRES-1 installation—can achieve near-total
particulate removal. The success of GRES-1 underscores the
importance of political will and financial investment in
achieving environmental goals. Finally, emerging applications
in marine and mobile sources demonstrate that ESP innovations
are being adopted across sectors.

Notwithstanding the promising results, several challenges
remain. Adaptive control and machine-learning optimisation
require robust sensor networks and reliable data streams;
cyber-security and data governance become critical as IoT
connectivity increases. High-frequency and pulse power
supplies are more expensive and require specialised
maintenance. Wet electrostatic scrubbing introduces liquid
handling and corrosion issues and may produce wastewater that
must be treated. Integrating WES with dry ESPs demands careful
control of spray droplet size and flow rates to prevent
re-entrainment and ensure consistent performance.
Furthermore, the absence of published energy-consumption data
for the Ekibastuz GRES-1 precipitator limits our ability to
assess its full cost-benefit profile. Future studies should
include comprehensive measurements of power draw, maintenance
costs and lifetime performance. For Kazakhstan, establishing
partnerships with research institutions and international
vendors could facilitate knowledge transfer and local
capacity building.

Conclusion

Thus, on the basis of the above analysis, 1t can be
concluded that modern electrostatic precipitators equipped
with adaptive control and hybrid wet-dry technologies can
achieve near-complete removal of particulate matter from
industrial flue gas. High-frequency and pulse energisation
stabilise corona discharges and enhance particle charging,
while adaptive intermittent control tailors energisation to
real-time conditions. Machine-learning models hold promise
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for predictive maintenance and optimisation. Wet
electrostatic scrubbing offers high removal efficiency for
ultrafine particles and soluble gases, and when integrated
upstream of dry ESPs, it creates a hybrid system capable of
meeting the most stringent emission standards. The case of
Kazakhstan’s Ekibastuz GRES-1 demonstrates that investing in
modern ESP technology can raise ash-collection efficiency

from around 80 % to 99.6 %, yielding substantial
environmental benefits. Future work should focus on

full-scale pilot demonstrations of adaptive control and WES
in Kazakhstan, development of digital twins for optimisation,
and comprehensive techno-economic evaluations to guide
strategic investments.

Future research should prioritise:

1. conducting long-term, full-scale trials of
high-frequency, pulse and adaptive intermittent control in
Kazakhstan’s coal and metallurgical plants to quantify
efficiency gains, energy savings and maintenance
requirements;

2. developing open datasets of ESP performance under
varying dust loads and fuel compositions to train
machine-learning models;

3. designing and testing hybrid WES-ESP systems tailored
to the chemical and physical characteristics of Kazakhstani
flue gases, including strategies for managing spray droplets,
corrosion and wastewater;

4. creating digital twins of ESP installations that
integrate physics-based models with real-time data to
simulate control scenarios and  support reinforcement
learning;

5. performing techno-economic analyses comparing the
lifecycle costs and benefits of different control strategies
and hybrid configurations to inform policy and investment
decisions.
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