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Abstract: This paper investigates the removal efficiency of a honeycomb electrostatic precipitator
(ESP) applied to control particulate matter (PM) emissions from a small-scale boiler with combustion
lignite and hard coal. The specifics of the precipitation of emissions from small-scale boilers are
discussed, and the design principles for relevant ESPs are presented and used. The ion-induced
nucleation of sulfuric acid occurred, causing the drastic penetration of 19 nm particles through the
ESP. Despite this, the overall collection efficiency was sufficient to meet the EU’s Ecodesign Directive
requirements. Back corona was not detected. The optimal ESP performance is defined with further
parameters: a current density of 0.5 mA/m2 at an electric field strength of about 2.7 × 105 V/m; a
minimal specific collecting area of ESP (SCA) of 60 m2/(m3/s); and Nt-product of 4.5 × 1014 s/m3.
Such parameters of ESPs should ensure adequate PM emissions control for any type of boiler with
similar emissions characteristics. The composition of collected fly ash particles was analysed, and
a method for fly ash utilisation was proposed. This research may be helpful for designing ESPs to
control PM emissions for small-scale units with fossil fuel combustion.

Keywords: electrostatic precipitator; small-scale boiler; particulate matter; pollution control; nucleation

1. Introduction

Small-scale boilers for heating purposes are currently used by residential and com-
mercial units mainly with solid fuel combustion, including fossil fuels. The present work
focuses on the emission of particulate matter (PM) from small-scale boilers with the com-
bustion of lignites and coals. Such fine particles’ atmospheric pollution contributes to
smog formation and plays a vital role in growing public health problems associated with
respiratory system diseases.

Due to the worldwide distribution and low efficiency of small-scale combustion units,
these emissions have become a severe global environmental problem. To prevent this
pollution, some legislative limits have been implemented. For example, the EU’s Ecodesign
Directive [1] sets a clear limit on the polluting emissions of small-scale boilers; the PM
concentration is limited to 40 mg/m3 (0 ◦C, 101.3 kPa; at reference O2 = 10 vol%).

Some decreases in environmental impact have been observed: a positive social health
impact has been confirmed in Ireland since the end of coal use in 1990 [2]. However, the
complete prohibition of coal usage for households has not been met with broad support:
the relatively low price and availability of fossil fuels are the primary reasons for opposing
a more environmentally friendly choice. Currently, fossil fuel combustion for individual
heating is still significant and remains the primary household fuel in some countries.
Despite renewable energy progress, this trend is predicted to continue until 2050 [3].

The massive improvement of small-scale burning equipment could reduce household
emissions [4]. Positive effects on the environment were also observed with fuel refining [5]
or using fuel additives [6]. Replacing coal with biomass has a substantially positive effect,
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as stated in [7] and confirmed in [8]. However, such methods may not always be available,
and they may fail to promote the required reduction in ash concentration in very rare
cases. Therefore, treating combustion emissions with appropriate gas cleaning technology
is necessary to mitigate the air pollution.

High removal efficiency for particles in the submicron size range, low power consump-
tion, and simple maintenance make electrostatic precipitation the most suitable technology
to control emissions. A more substantive discussion of technologies to control emissions
can be found elsewhere [9].

1.1. Basics of Electrostatic Precipitation

The particle removal in electrostatic precipitators (ESP) is follows. The electric field in
a typical ESP is created by applying a high voltage between the discharge and collecting
electrodes. The corona discharge initiates at some specific high voltage value, and the
gaseous medium becomes ionised. The corona discharge initial voltage and the concentra-
tion of generated ions are determined primarily by the discharge electrode design, whose
lower curvature results in a higher ion-generating ability [10]. Suspended particles arrive
in this medium and charge in this electric field through collisions with generated ions. Due
to the Columb force, charged particles redirect to the electrodes and are removed from the
gas flow. Cleaned combustion gases leave the apparatus. The removal efficiency for each
specific particle size can be predicted using the Deutsch equation [11]:

ηESP = 1− exp
(
−wf

A
V

)
, (1)

where

wf =
EQp

3πµdp
·Cc. (2)

The removal efficiency is given by the technological and structural parameters of
ESP and the particle size and chemical composition, defining the ability of particles to
take charge and remove. The particle charging process is commonly related to (i) the
field charging mechanism, which considers the particle is charged by ions moving directly
in an electric field, and (ii) the diffusion mechanism, considering that only ions moving
randomly due to thermal diffusion can reach the surface of the particle. The field charging
mechanism is predominant for large particles, while diffusion charging is vital for particles
with diameters less than 100 nm.

The most widely used assumption for the combined action of both charging mech-
anisms was suggested by White [12], who proposed the approximate charge evaluation
for a particle of size Qp as the sum of the individual action of field Qf

p and diffusion
Qdiff

p mechanisms.
Qp = Qf

p + Qdiff
p
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dp
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The time spent by a particle in an ionised medium is essential for particle charging by
both mechanisms and can be characterised by the parameter Nt-product—the product of ion
concentration (N) and the residence time of the particle in the electric field (t). Nt-product
characterises the ability of discharge electrodes to generate an ion concentration together
with the size of ESP, ensuring a particular residence time of gases in an electric field.

The ion concentration in corona discharge can be obtained as follows:

N =
j

uieEav
. (4)
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Thus, the precipitation efficiency can be evaluated with technological parameters,
which are as follows: the specific collecting area (SCA), defined as the ratio of the collecting
area (A) to the gas flow (V); corona current density (j), represented by the total electric
current in ESP (I) related to the collecting area (A); the electric field strength (E); and
Nt-product. These technological parameters are applicable to every ESP of any type
and design.

1.2. Some Specificities of Industrial Electrostatic Precipitation

ESPs have broad application, including in the heating and power generation industry.
Industrial ESPs are faced with cleaning significant volumes of combustion gases with
high fly ash content with a concentration of the order of tens of grams per cubic meter,
represented by particles with a distribution of the size of approximately 2–10 µm. The
negligible content of ultrafine particles is stated [13] and has been recently confirmed, e.g.,
in [14]. A high content of large particles makes the field charging mechanism predominant
for particle charging and precipitation in industrial ESPs. The particle charging due to the
field charging mechanism is strongly affected by the dielectric constant ε [15], which is
dependent on the chemical composition of fly ash particles. The high combustion efficiency
of industrial boilers ensures the specific chemical composition of fly ash, characterised by
a low carbon content and a high content of mineral compounds. The dielectric constant
value for particles emitted from power plants with fossil fuel combustion ranges from
2.25 to 5.6 [16–18], affecting the precipitation efficiency.

High removal efficiency is required for these devices, which is achieved by improving
the design and operational parameters. Regarding specific industrial emissions, industrial
ESPs are mainly multisection devices that tend to increase the distance between the dis-
charge and collecting electrodes. Collecting electrodes are designed to provide the most
extensive collection area and to prevent re-entrainment of collected ash by flowing gases.
Discharge electrodes are designed to provide a higher possible electric current to increase
ions’ concentration. Each section is powered individually, keeping the voltage as high as
possible and close to the spark voltage.

Some phenomena that occur in the corona discharge of industrial ESP due to the
specifics of industrial emissions should be discussed here.

The formation of secondary aerosol during the dedusting in ESP of the combustion
gases from coal-fired power plants was previously identified by Flagan [19]. Later, Sorokin
et al. [20] found that the formation of ultrafine fractions of aerosol in corona discharge can
be explained by ion-induced nucleation of sulfuric acid vapours, leading to the formation of
radicals H2SO4–H2O and their subsequent growth to particles with sizes of 10–50 nm. More
detailed information on nucleation in the corona discharge can be found elsewhere [21].

Industry ESP operation can be complicated by the back corona caused by collection
on electrodes of fly ash with a high electrical resistivity over 108 Ω m. This negative
phenomenon decreases the ESP removal efficiency [12], including the effect of the electro-
hydrodynamic flow distortion, which impedes the drift and deposition of charged particles
on the electrodes [22]. Moreover, the back corona initiates the secondary emission of toxic
compounds from the already collected fly ash [23]. The high content of inorganic salts with
essentially no organic compounds in fly ash is responsible for low conductivity and causes
problems associated with insufficient particle charging and back corona formation. More
detailed information on back corona can be found elsewhere [24].

Considering the specifics above, industrial ESPs tend to be designed for each case
individually, and the chemical composition of fly ash is of primary importance for industrial
ESPs. Nevertheless, modern industrial ESPs can generally be characterised by a high SCA
of over 90 m2/(m3/s) and high Nt-product values, exceeding 8 × 1014 s/m3.

1.3. The Collected Ash Classification and Utilisation

Globally, 25% of the fly ash collected from fossil fuel industrial combustion is recy-
cled [25]; for some developed countries, such as the Netherlands or Italy, this utilisation
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rate is 100% [26]. More than 15% of recycled ash is used in road construction, 9% is utilised
for mine filling, and about 44% is reused in cement or concrete production worldwide [27].

Therefore, fly ash is classified with priority for use in the cement industry into two
chemical types, namely class C and class F. Detailed information on this can be found in
the American Standard ASTM C618 [28]; some parameters of the chemical composition for
fly ash according to ASTM C618 are shown in Table 1.

Table 1. Classification of fly ash according to ASTM C618 (%).

Class Content Σ (SiO2 + Al2O3 + Fe2O3) SO3 Content

C ≥50 ≤5
F ≥70 ≤3

Data on the characteristics of fly ash collected by ESPs for small boilers and its utilisa-
tion methods are lacking in the published literature.

1.4. Distinctions of Electrostatic Precipitation for Small-Scale Combustion

In contrast, PM emissions from modern small-scale boilers are distinguished by rel-
atively low concentrations, averaging about 100 mg/m3. The combustion conditions
significantly affect the size distribution of generated particles and their chemical compo-
sition. Nevertheless, particles emitted from small installations are distinct in their fine
dispersion: the overwhelming majority of particles range from 0.05 to 0.4 µm [29]. The par-
ticle chemical composition is generally characterised by a high content of carbon, reducing
the electric resistance of particles, and a high content of carbon compounds, increasing fly
ash adhesion.

Accordingly, ESP for small boilers should treat small gas volumes with low concentra-
tions of fly ash, represented by ultrafine particles with considerably low removal efficiency.
In addition, the size of cleaning apparatus for domestic boilers should be minimised as
much as possible if the ESP is integrated as an add-on solution [30] or to be encased in the
unused space of the boiler body [31].

Even though the PM emissions from low-scale boilers have been studied in depth,
the methods for their suppression are at an early stage of development, with poorly repre-
sented research results. An in-depth review of the ESPs used for household combustion
was recently carried out by Jaworek et al. [32]. Most of the published work represents
experimental research into specific small-scale ESPs without a detailed analysis of the
impact of particle properties and the ESP technological parameters of removal efficiency,
such as [33]. Therefore, commercially available low-scale boilers equipped with combustion
gas dedusting systems are noted in isolated cases.

1.5. The Aims and Novelty of the Research

We believe that small-scale boilers’ emissions control cannot be solved by copying
industrial technology but requires new principles for ESP design considering the specifics
of emissions and the processes that occur when cleaning these emissions.

Currently, the design of ESPs for small-scale boilers is based mainly on the involve-
ment of complex mathematical resolvers, for example, in [31], or related to sophisticated
theoretical models describing the particle transport in an electric field by the convective
diffusion equation [34]. For average boiler manufacturers, however, such methods are
usually inaccessible; therefore, simplified and less laborious methods are required for
practical ESP engineering. To meet these demands, the ESP performance is subjected
here to the technological parameters applicable to ESP of any type and construction: the
specific collecting area (SCA), the electric field strength (E), corona current density (j),
and Nt-product.

The optimal values of ESP technological parameters should be developed, correspond-
ing to the specificity of emissions from small-scale boilers while ensuring the required PM
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concentration limits. Developing ESPs for small-scale combustion is less individual than for
industrial ESPs. So, obtaining optimal values can significantly simplify the process of ESP
design and help to optimise the ESP structural parameters at the design stage, minimising
its volume and power consumption. In that way, the implementation of electrostatic precip-
itation technology can be widened for small-scale combustion, contributing to a reduction
in global pollution.

The present work examines the ability of a honeycomb ESP to remove particles emitted
from a 450 kW boiler with coal and lignite combustion. The investigation focused on:

− features of electrostatic precipitation of particles from small-scale boilers;
− developing optimal values of the ESP technological parameters to meet the required

removal efficiency;
− the chemical composition of the collected fly ash in terms of its utilisation.

The results of the present study support the practical engineering of electrostatic
precipitators for small-scale coal and lignite combustion along with industrial ESPs used to
remove fly ash with similar characteristics.

2. Experimental Setup and Evaluation

The ESP was investigated in the experimental setup shown in Figure 1.

Figure 1. The experimental setup.

The experimental setup remained unchanged throughout the tests. All experiments
were carried out following the standard EN 303-5:2013 [35], which governs testing for
boilers with a heat output of up to 500 kW. The combustion gas extraction was provided
by a fan (not figured), and this fan was controlled throughout the entire testing to ensure
constant negative pressure in the duct.

2.1. Boiler and Fuels

Combustion gases were generated by a typical commercially available 450 kW boiler
with automatic feeding by coal and lignite as fuel. The fossil fuels used were typical of
those used in Eastern European countries and by local power plants. The fuel composition
of the fuels is presented in Table 2.

Table 2. Fuel composition.

Carbon Hydrogen Sulphur Nitrogen Oxygen Water Ash

Content in coal (mass %) 63.1 3.97 0.56 1.06 6.34 6.79 18.17
Content in lignite (mass %) 51.74 4.03 0.5 0.63 13.45 26.08 3.57
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2.2. ESP

Combustion gases were subjected to uniform distribution and subsequently cleaned
in an ESP (Figure 2). The electric field was created by honeycomb collecting electrodes,
formed of 78 hexagons of 45 mm in length, and discharge electrodes made of stainless-steel
wire with a diameter of 0.2 mm, which were installed along the axis of each hexagon cell.
The position of discharge electrodes was fixed by frames installed in the upper and lower
parts of each honeycomb section. The active length of the ESP was 1000 mm. The total
collecting area of the ESP (A) was 21 m2.

Figure 2. ESP.

The regeneration was carried out after each series of experiments to keep the electrode
surface clean during the testing. The regeneration was provided by a typical hammer/anvil
rapping system individually for discharge and collecting electrodes. The collecting elec-
trode rapping system was installed outside the ESP housing. Each section was individually
hung by its upper part, allowing the pendulum movement of the section inside the ESP
housing. Such a design leads to quite effective regeneration of the collecting electrode
surface. Rapping mechanisms for discharge electrode regeneration were installed on the
top frames of electrodes.

A high voltage (HV) with negative polarity was generated from an XP Glassmann
high-voltage power unit.

2.3. Operating Modes

The boiler was operated in two heat output modes for each fuel type to ensure different
conditions for particle precipitation. The high power mode was determined by the technical
capabilities of the boiler at 450 kW. The low power mode was settled at 150 kW according
to standard EN 303-5:2013.

The change in operating mode determines the flow rate value (V), as well as the fly
ash particle concentration and size distribution. The ESP operating mode was settled
at voltages of 12.5 kV, providing an electric current value of 40 mA. The changes in the
flow gas rate through the ESP ensured a variety of NT-product values. Therefore, the ESP
efficiency at various technological parameters could be estimated.

The measurements were carried out under stable boiler operation with a constant
CO concentration and flue gas temperature, keeping all experimental conditions close to
constant. All the samplings were conducted five times repeatedly for each operation mode,
with the ESP alternately turned off/on.
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2.4. Sampling Techniques and Analysis

The sampling was conducted downstream of the boiler in the straight duct section with
a constant diameter of 250 mm. The sampling points were at least five diameters’ distance
from the nearest nonstraightness, according to the EN 303-5:2013 standard requirements.
All samples were isokinetic and were conducted strictly in the centre of the gas duct.

An ABB analyser was used to measure combustion gas compounds such as O2, CO,
NOx, and CO2, and the gas temperature was measured with a K-type thermocouple.

Gravimetrical measurements for PM concentration were provided according to
the norm [36].

The particle number concentration was determined with a Dekati® electrical low-
pressure impactor (ELPI), which enables real-time monitoring of the particle number
concentration and size distribution.

A detailed description of ELPI operation principles is given in [37]; thorough ELPI
performance information is given in [38].

It is known [39] that some results could be distorted by the small particle losses in
individual impactor stages due to three loss mechanisms: diffusion, space charge, and
image charge deposition. Moreover, some fractions can be measured incorrectly or may
not be reflected since their concentrations may be below the detection limit of ELPI [40].
However, ELPI measurement results are quite accurate, are recognised as similar to SMPS
and FMPS results for the particle size distribution [41], and are comparable to CPC in terms
of total number concentration measurements [42].

Some mismatched measurement results are known to have been recorded for different
surfaces of the impactor stages [41]; the bare steel surface was chosen for the impactor
stages due to its fair agreement with the measurement results of SMPS.

To adapt the samples to the ELPI operating conditions, a Dekati® FPS-4000 fine particle
sampler was used. This dilution system consisted of two stages; in that way, problems
of nozzle clogging and condensation were avoided. The initial dilution of the flue gas
was involved in the first stage, presented by the perforated tube diluter (PTD). This stage
could be heated up to 350 ◦C. The ejector diluter (ED) was applied in the second dilution
stage. In addition to dilution, this system extracted the sample from the flue gases. The
mixing chamber connected downstream to the ED ensured a homogeneity of sampled
flue gas at the exit from the dilution system. ELPI was connected to the output of this
chamber. This dilution system is widespread in sampling from combustion installations,
and the inaccuracy introduced by a dilution system was studied and presented in [43]. The
dilution ratio was settled at 1:100. An ambient air pumped with a compressor to a pressure
of 4.5 bar and subsequently filtered by a HEPA filter to a particle concentration below
2000 #/cm3 was used for dilution. The actual dilution ratio was monitored by comparing
the concentrations of CO2 in the flue gas and the sample in the mixing chamber.

The overall and fractional precipitation efficiencies for all regimes were obtained. The
overall precipitation efficiency was determined by comparing the total particle concentra-
tions measured during the ESP on/off regimes in both number (#/m3) and mass terms
ηPM (mg/m3):

ηPN(PM) = 1− CESP on

CESP off
. (5)

The ESP collection efficiency as a function of particle size was evaluated in terms of
fractional precipitation efficiency ηFi and fractional penetration PFi.

Fractional penetration PFi. was determined for each fraction CFi (#/m3) in the ESP
on/off regimes by the changes in particle concentrations for fractions at 6, 13.8, 19, 33.3,
50.7, 98, 169, 315, 590, 910, 1630, 2470, 3660, and 5370 nm:

PFi =
CFi on

CFi off
. (6)
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The fractional precipitation efficiency ηFi is:

ηFi = 1− PFi. (7)

The concentration values were normalised to the volume unit of dry gas at 101.325 kPa,
0 ◦C, and reference O2 at 10%.

3. Results and Discussion

The combustion gases’ composition, temperature, particle size distribution and concen-
trations, and experimental ESP operation electrical parameters correspond to the previously
published ESPs for small-scale boilers, for example, [44,45].

Information about the conditions of the experiments for specific boiler regimes is given
in Table 3.

Table 3. Average experimental conditions for specific boiler regimes.

Parameter Unit Low Power Mode
Coal/Lignite

High Power Mode
Coal/Lignite

Flue gas temperature, T ◦C 71/80 120/99
Combustion gas flow rate, V ** m3/h 453/667 1244/970

Content of N2 in flue gases vol% 75.88/74.7 75.53/71.8
Content of CO2 in flue gases vol% 7.98/5.79 9.51/11.43
Content of O2 in flue gases vol% 10.9/13.22 9.03/5.98

Content of H2O in flue gases vol% 5.22/6.27 5.9/10.75
CO * mg/m3 150/682 301/253

NOX * mg/m3 360/336 308/275
SOX * mg/m3 530/1617 417/1533

* In dry flue gas (0 ◦C, 101.3 kPa); at reference O2 = 10 vol%. ** Effective value, valid at the given actual temperatures.

3.1. ESP Performance

The experimental characteristics were obtained for ESP in clean air and are shown
in Figure 3. The figure allows for monitoring changes in electric current via the green
dotted line in the horizontal plane, with the ion concentration related to ESP voltage and
current. Deviations between current–voltage characteristics in clean air and combustion
gases under the boiler operating conditions were negligible.

Figure 3. The ESP current–voltage and ion concentration characteristics.
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Current and voltage values in the ESP were stable and the same for each experi-
ment. Due to the low input concentration of ash particles, a thick enough layer on the
collecting/discharge electrodes could not be formed to change the ESP voltage/current.
Therefore, regeneration of the discharge and collecting electrodes was not required during
measurements but was carried out after each experiment.

Information about the ESP operation parameters under specific boiler operation
regimes is presented in Table 4.

Table 4. Averaged experimental parameters of the ESP for specific regimes.

Parameter Unit
Low Power Mode High Power Mode

Coal Lignite Coal Lignite

Residence time in ESP, t s 3.1 2.1 1.1 1.5
Specific collecting area, SCA m2/(m3/s) 167.36 113.67 60.95 78.16

Ion concentration, N #/m3 2.25 × 1014

Average electric field strength, E V/m 2.8 × 105

PM concentration, ESP off/on, Cmass mg/m3 67/7 76/13 73/13 98/21
Precipitation efficiency ηPM * - 0.9 0.83 0.82 0.79

PN concentration, ESP off/on, CN ×106 #/m3 20.7/0.5 21.5/0.92 55.0/11 75.0/8
Precipitation efficiency ηPN * - 0.97 0.96 0.80 0.89

* Calculated according to Equation (5).

The average value of electric field strength Eav is obtained by dividing applied voltage
U by the distance between discharge and collecting electrodes R. The mobility of negative
ions ui is accepted at a value of 2.1 × 10−4 m2/V × s.

In all heat output modes of the boiler, the ESP current–voltage characteristics were
observed to have no deviations specific to the formation of a back corona. This can be
explained by (i) high carbon concentrations, which clearly reduce the fly ash resistivity,
improving precipitation [46]; (ii) significant concentrations of sulphuric oxides in com-
bustion gases [47]. The low specific resistivity of studied fly ash was also predicted to be
in the order of 108 Ω·m when using the technique put forward by Bickelhaupt [48], and
calculations were confirmed using the prediction method from Zheng et al. [49]. Such
resistivity could not affect the removal efficiency [50].

In order to optimise the studied ESP design and performance, ensuring the required
removal efficiency, the tested electrostatic precipitator was modelled with varying electric
parameters. In this step, the field in the honeycomb cell was approximated to a wire-
to-cylinder electrode system. Katsov described the inaccuracy of such approximation as
acceptable for engineering practice [51].

The precipitation efficiency was predicted using the Deutsch method (1). Required
charge values were obtained (3), respecting the residence time in ESP and based on the
calculated ion concentration values (4).

Since the particles with a diameter of 50 nm presented a modal size distribution, the
removal efficiency was modelled for these particles; modelling was based on the generally
recognised precipitation theory introduced by White [12]. At a specific voltage of the same
ESP, the corona current grows with a decrease in the wire diameter. For the studied ESP,
the curvature of the discharge electrodes varied when varying the corona current from 4 to
40 mA at each voltage value from 6 to 12.5 kV.

The calculated values for removal efficiency depending on the applied voltage and
current generated in the ESP are represented in Figure 4 as isolines. The graph shows that
the growth in current had a limited effect on removal efficiency: for all regimes of studied
ESP, the modelling demonstrates that a corona current increase over 12 mA had a negligible
effect on removal efficiency. In contrast, the impact of the growing applied voltage was
uniform. Other research [52] confirms such a conclusion.
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Figure 4. Expected and obtained precipitation efficiency depended on ESP electric parameters.

However, the measurement results for total removal efficiency appeared lower than
theoretically predicted. This discrepancy can be attributed to overestimated particle charge
values obtained due to the method used for ESP modelling. The White method, used in
this work, involves a simplified theory of diffusion charge based on the kinetic theory of
gases. However, the rough approximation of calculation results is a downside of such
simplification. White confirmed this inaccuracy of the predictions when comparing his
calculations with Arendt and Kallman’s measurements for submicron particles. The results
predicted by White were significantly overestimated but were still considered correct due to
the “very limited importance” of the diffusion charge in electrostatic precipitation [53]. This
statement is true for industrial electrostatic precipitators, and White’s prediction method
for such applications is satisfactory in terms of accuracy.

However, the diffusion charging mechanism is highly important for the fine particles of
the present study. This assertion is supported by a recent investigation by Zhang et al. [54],
who confirmed the negligible influence of the electric field strength and the significant
effect of the ion concentration on the charge of small particles. Thus, for ultrafine particles
with sizes of 10–100 nm, the electric field strengthening from 1 to 8 kV/m led to a growth
in charge only in the order of a few percentage points (1.08% for 10 nm particles), while an
almost 100% growth in particle charge was observed when the ion density increased from
1012 to 1016 ions/m3.

Thus, the understated diffusion charging mechanism and rough calculation approxi-
mations of the White method [53] led to the overestimation of particle charge in the present
work, resulting in inaccurate prediction of ESP efficiency.

For particles of other sizes, the dependence of the removal efficiency on ESP current
and voltage values was similar. Therefore, the optimal current density for ESP collecting
particles with similar properties was 0.5 mA/m2. Exceeding this value leads to a negligible
increase in removal efficiency with a significantly increased power consumption of ESP.
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This conclusion was confirmed by the dependence of total removal efficiency on Nt-product
value (Figure 5).

Figure 5. The total removal efficiency with NT-product.

Figure 5 demonstrates that the Nt-product value exceeding 4.7 × 1014 s/m3 results in
an insignificant increase in ESP removal efficiency. This confirms the conclusion [9] that
the Nt-product has a limit of 4.5 × 1014 s/m3, and growing above this value is impractical
because of the negligible growth in ESP efficiency, while the power consumption of the ESP
increases dramatically.

3.2. The Changes in Particle Concentration

Average particle size distributions for ESP ON/OFF regimes are shown in Figure 6 for
the boiler’s low and high output modes. The number size distributions of emitted particles
without precipitation were unimodal, with mode diameters of about 50–80 nm for both
fuels. Flagan attributed this peak in particle size distribution to the formation of particles
by condensation of vapours during combustion [19].
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Figure 6. Particle size distribution at ESP on/off regimes and ESP penetration.
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The ESP fractional efficiency was obtained by processing the results of Equation (7) and
presented here as particle penetration for convenience. The inaccuracy in the prediction of
the particle charging by the diffusion mechanism discussed above leads to a gross error in
calculations of removal efficiency. This demonstrates a need for a more accurate prediction
model of the charging of ultrafine particles acceptable for practical engineering.

Significant penetration was observed for particles of 20–40 nm ELPI, which was
explained in [55] by the partial electric charge of particles.

3.3. Sulphuric Acid Nucleation

An exceptionally high penetration was observed for 13.8 nm particles: 3.8/1.2 for
low/high power regimes with coal combustion and 9.5/7 for low/high power regimes
with lignite combustion. The ion-induced nucleation of the sulphuric acid liquid particles
was suggested to be responsible for this. Basic information on ion-induced nucleation can
be found in some of the studies mentioned below. Sorokin et al. [20] explored the nucleation
in binary H2SO4–H2O mixtures and determined the formation of aerosol with diameters of
about 2 nm. In his work, Borra (2008) studied the formation of the particles in plasmas of
different types of discharge and presented some parameters influencing the formation and
growth of the particles.

Mention should be made of the fact that particle penetration is much higher for lignite
combustion than for coal combustion; this can be explained by the higher content of sulphur
oxides and the moisture in lignite combustion gases.

Figure 7, developed based on the research above, shows a schematic model of particle
precipitation, respecting the mechanism for new particle formation due to ion-induced
nucleation of sulfuric acid–water clusters. It considers the formation and evolution of
neutral and charged clusters with various primary ions (H+, OH−, HSO4−), basic ligands
H2SO4 and H2O, and charged and neutral aerosol particles. In the present work, the authors
hypothesised that flue gases entering the ESP exclusively contain suspended particles
from combustion. However, with the ESP turned on, secondary aerosols were formed
and consequently grew; a portion of these aerosols, directly or due to interaction with
suspended particles, was collected in ESP. Therefore, the ESP penetration was represented
by newly formed secondary aerosols, coagulated secondary aerosols, a compound of
primary particles with secondary aerosols, and unprecipitated initial particles.

Figure 7. Schematic model of particle formation and precipitation in the ESP.
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The aforementioned ion-induced nucleation research does not allow reliable prediction
of ESP efficiency due to the neglect of the primary aerosol from the combustion zone. Since
ESPs for coal and lignite combustion have to charge and remove particles that arrived
from the combustion zone, and also newly nucleated particles, the accurate prediction
of ESP efficiency requires the following processes to be considered: (a) nucleation and
coagulation of secondary aerosols in the presence of initial particles; (b) interaction of
secondary aerosols with initial particles.

A detailed study of electrostatic precipitation accompanied by nucleation of a sec-
ond aerosol requires more thorough experiments with different temperature regimes of
combustion gases [56] and varying concentrations of sulphur oxides [54]. In addition,
high-temperature sampling without required diluting [57] should be used to reduce the
measurement error introduced by the dilution system and detection limit of ELPI. This
cannot be implemented within the framework of the present study but requires additional
research; therefore, nucleation phenomena do not need to be discussed further.

3.4. Chemical Composition of Collected Fly Ash

The chemical composition of fly ash was of particular interest. Therefore, ash precipi-
tated on the ESP electrodes and in the boiler’s heat exchanger was sampled and investigated.
Results are presented in Table 5.

Table 5. The major elements of fly ash chemical composition (mass %, dry).

Element
Coal Combustion Lignite Combustion

ToleranceESP Boiler ESP Boiler

Al2O3 13.6 11.1 13.4 11.8 ±8%
CaO 7.54 5.05 7.66 5.98 ±8%

Fe2O3 7.7 5.27 6.96 6.53 ±6%
K2O 1.77 1.18 1.45 0.86 ±6%
MgO 1.52 1.10 1.42 1.19 ±12%
Na2O 0.25 0.11 0.25 0.13 ±12%
P2O5 0.321 0.206 0.11 0.079 ±30%
SiO2 21.3 19.8 18.6 16.6 ±20%
SO3 8.02 4.56 9.67 7.22 ±9%
TiO2 0.77 0.585 0.83 0.723 ±10%

C 37.82/28.47 51.57/37.46 * 40.54/32.73 * 49.7/41.18 ±10%
Trace elements 0.45 0.44 0.30 0.31 ±8%

* Total/organic carbon.

The fly ash composition, including a high content of carbon, was recognised as typical
for small-scale combustion [29] and corresponded to emissions from modern combustion
units [58]. The analysis of samples shows a notable CaO content, indicating the self-
cementing properties of fly ash. Compared to industrial ash [59], the samples demonstrate
low Al2O3, SiO2, and Fe2O3, so the Σ(SiO2 + Al2O3 + Fe2O3) content in collected fly ash is
42.6% for coal and 38.96% for lignite. The unburned carbon content in collected fly ash far
exceeds that in industrial ashes [59–61]. The negative impact of high-carboned additives to
cementitious material was confirmed in recent in-depth research [62]. These circumstances,
together with the high sulphur trioxide content, indicate this ash cannot be used in the
cement industry.

The content of trace elements (TE) in ash samples was investigated, and the results are
presented in Table 6.

The fly ash collected from the ESP has increased contents of Hg, Pb, Zn, and Cu,
indicating the prevention of the emission of these elements into the atmosphere by the ESP.
However, reusing this material is problematic, for example, in road construction, due to the
high content of heavy metals (see Table 6). Thus, mine filling is proposed as a safe method
for the utilisation of fly ash from small-scale boilers with fossil fuel combustion.



Processes 2023, 11, 808 14 of 17

Table 6. Minor elements of fly ash chemical composition (mg/kg).

Element
Coal Combustion Lignite Combustion

ToleranceESP Boiler ESP Boiler

As 916 178 1170 325 ±10%
Ba 1800 1690 1030 790 ±10%
Be 8.1 5.57 6.95 7.33
Cd 8.1 2.0 6.6 6.7 ±50%
Co 149 123 145 112 ±30%
Cr 198 120 212 184 ±15%
Cu 232 89.5 202 118 ±15%
Hg 7.81 1.10 9.12 1.76 ±10%
Mn 686 465 660 618 ±12%
Mo 17.7 8.4 11.3 6.2 ±50%
Ni 164 92.7 167 129 ±15%
Pb 225 49.5 156 37.8 ±25%
Sb 10.6 ≤3.0 6.4 ≤3.0 ±50%
Se 88.0 17.1 79.3 19.8 ±30%
Sn 21.5 ≤3.0 16.6 ≤3.0 ±50%
Sr 1030 1070 - - ±10%
Tl 1.0 1.5 - - ±30%
V 441 257 559 494 ±20%

Zn 989 205 814 244 ±10%

4. Conclusions

The specifics of electrostatic precipitation for small-scale boiler combustion were
discussed, and design principles for appropriate ESPs were determined and implemented
to design a honeycomb ESP to control PM emissions from a 450 kW automatic boiler.
Experiments were conducted during the boiler’s nominal regime and a 30% reduced heat
output regime with hard coal and lignite combustion.

The following technical parameters were found to be optimal to ensure sufficient
removal efficiency: minimal SCA of 60 m2/(m3/s), current density of 0.5 mA/m2, and
electric field strength of about 2.7 × 105 V/m. The previously stated Nt-product limit value
of 4.7 × 1014 s/m3 was confirmed in the present work. The above parameters, maintained
for ESP operation, ensured a PM concentration in the boiler’s emissions of 7–21 mg/m3

depending on the heat output and fuel used. These values satisfy the limit set by Ecodesign,
which is 40 mg/m3.

The above technical parameters are based on electrostatic precipitation principles and
do not depend on the ESP type and construction; therefore, the determined values of these
parameters can be applied in any ESP to ensure the sufficient control of emissions from any
boiler with similar characteristics. Exceeding these parameters does not lead to a significant
increase in the efficiency of ESP.

No back corona formation was detected during the experimental testing.
The data presented on collected fly ash composition can be used to solve the utilisation

problem for fly ash collected from small-scale boilers.
Nucleation was observed for 14 nm particles, which were suggested to be formed by

water and sulphuric acid compounds. Further research should consider this phenomenon.
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Symbols and Constants

A m2 Total area of collecting electrodes
C Particle concentration

mg/m3 Mass
#/m3 Number

cESPon mg/m3, #/m3 Particle concentration: ESP on-regime
cESPoff mg/m3, #/m3 Particle concentration: ESP off-regime

Cc - Cunningham correction factor, Cc = 1 + λ
d ·
(

2.514 + 0.8·e−0.55· λd
)

CFi #/m3 Number fraction concentration
dp m Particle diameter

E (Eav) V/m Electric field strength (average value)
e C Elementary (electron) charge e = 1.6 × 10−19

I mA Electrostatic precipitation current
j mA/m2 Electric current density

kb J/K Boltzmann constant 1.3806488(13) × 10−23

N #/m3 Number concentration of ions
R m Distance from discharge wire to collecting electrode
T K Absolute gas temperature
t s Residence time

ui m2/V×s Ion mobility
U V ESP voltage
V m3/s Volume flow rate of combustion gases
v m/s Mean thermal velocity of ions

wf m/s Particle drift velocity
Qp C Particle charge
ηESP - Theoretical particle removal efficiency of ESP

e0 F/m Electric constant (vacuum permittivity) e0 = 8.85 × 10−12

ε - Particle dielectric constant (relative material permittivity)
µ Pa×s Dynamic viscosity of gaseous medium
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