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Abstract: Nowadays, the high share of electricity production from renewables drives coal-fired power
plants to adopt a more flexible operation scheme and, at the same time, maintain flue gas emissions
within respective standards. A 500 kWth pulverized coal furnace was used to study pre-dried lignite
combustion or co-combustion as an available option for these plants. Bituminous coal from Czech
Republic and pre-dried lignite from Greece were blended for the experiments. Particle emissions
measurements with a heated Electrical Low Pressure Impactor (ELPI+) and Scanning Electron
Microscopy with Energy Dispersive Spectroscopy (SEM/EDS) analyses were performed. The effect
of the pre-dried lignite proportions in the fuel feed and the combustion conditions regarding the
combustion air staging were the two parameters selected for this study. Skeletal density values were
measured from the cyclone prior to the impactor. Results are depicted with respect to the aerodynamic
and Stokes diameter for impactor stages. The presence of pre-dried lignite in the fuel blend lowers
the particle matter (PM) PM2.5, PM1 and PM0.1 emissions, thus having a positive impact on ESP’s
fractional and overall efficiency. The staged combustion air feed reduces the particle emissions in all
cases. Sulfur content follows a pattern of higher concentration values for finer particles.

Keywords: pre-dried lignite; nanoparticle emissions; co-combustion; skeletal density; PM2.5; PM1;
ash analysis

1. Introduction

The high renewable energy sources’ (RES) penetration in the grid and low carbon emission
policies implemented by the European Union (EU) [1] drive the conventional thermal power units to
implement a new more flexible operation mode. The fluctuating and intermittent power production of
non-dispatchable RES led to a power- and energy-varying system. The dispatchable sources support
the system by adopting new operation schemes and adapting to technical requirements. A fast ramping
rate and new lower technical minimum load for solid fossil fuel power plants are the two main issues
that draw attention and effort. As this new operation mode imposes higher cycling costs for existing
power plants, both designers and operators are pursuing low cost solutions with minimum retrofit
and operational cost.
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Worldwide data for lignite and coal consumption have shown a stabilization of around 28% in the
energy mix, namely 3384–3937 Mtoe of total primary energy supply [2] during the decade 2008–2017.
Moreover, coal and lignite produced 38.25% of the worldwide electricity, with 9594 TWh in 2016 [3].
Coal’s share in electricity production is forecast to increase by 1.2% between 2016 and 2022; although its
share in the power mix falls by 36% by 2022, a rapid decline is rebutted as we cross the stagnation
decade of coal use [4]. Lignite has a considerable share in power production in several countries,
with Greece holding a high position, where the installed capacity of lignite-fired power plants reaches
4302 MW, with a 22.7% share in energy mix and a production of 22,107 GWh and 42.62% of total
electricity produced in 2015 [5]. The high moisture and volatile content are two contradictive factors,
with the first as an undesired one. Lignite moisture content follows Schurmann’s rule, where water
content decreases with burial depth [6]. Respectively, the volatile content of bituminous coals is
related to burial depth according to Hilt’s law [7]. To date, pre-dried lignite is reported mainly for
efficiency increases in power plants. Recently [8], pre-dried lignite firing systems have been installed to
substitute oil burners for start-up and support for low load operation. Among the different solutions,
the pre-dried lignite is proposed for reaching lower operation loads.

Solid fossil fuels, such as lignite and bituminous coal, are used for power production,
produce bottom and fly ash. Ash content varies depending on the originating deposit of each
fossil fuel. Combustion releases the fuel’s inherent ash into two forms: bottom and fly ash. The first
consists of heavier fraction particles and is trapped in the bottom area of the furnace, and the second
consists of lighter fraction particles and it is entrained in the flue gases. This fly ash is responsible
for the particle emissions of a power plant, and thus flue gas cleaning devices such as cyclones and
dry/wet electrostatic precipitators are installed. In EU, the emissions of dust, including particle matter
(PM) PM10 and PM2.5, are monitored at the emitting source [9] and in the ambient air [10] and are
subject to emission limits [9]. PM10 are considered pollutants with dire effects on respiratory health for
short-term exposure, whereas PM2.5 present a stronger risk factor with mortal effects for long-term
exposure [11]. Coal-fired power plants monitor their particulate matter emissions, ashes, and the
performance of the equipment [12] and take measures to reduce the formation of fine particles [13].

The fly ash trapped in flue gas cleaning devices, such as electrostatic precipitators, scrubbers,
cyclones and baghouse filters, has a variety of industrial uses [14–16] and remains a subject of research.
The portion that constitutes the particulate matter is under intensive analysis over the formation of and
emissions from the coal-fired power plants. Two mechanisms are identified to dominate the formation
of particulate matter and they are related to mineral properties [17–21]. Concerning the first one,
minerals in solid state direct forming fine particles [22,23]. The second one proposes that minerals
are first volatilized and, during the cooling phase, they form agglomerates, forming fine particles
less than 1µm in diameter [17]. A more comprehensive description of the fly ash particles’ formation
mechanism from coal combustion can be found in [24], revealing that they have a more effective
surface and are more reactive with oxy-anion elements than fly ash particles with supermicron particles.
Several studies deal with the characterization of the particulates in terms of composition [25,26]
and shape [27,28] from coal combustion and under various conditions [29,30]. Fly ash composition,
e.g., alumina content, and shape, e.g., cenospheres content, are related to industrial uses, e.g., alumina
recycle, an additive to cement and concrete [27,31], of this inevitable by-product from solid fuel
combustion. There is a notable amount of super fine particles escaping from the post-combustion flue
gas treatment devices and released to the atmosphere [32,33] with a significant dispersion around the
emitting source [34,35]. The released particles have raised the interest of many research groups due to
their high health effects with a more in depth survey of their chemical composition. Toxic elements,
such as As, Hg, Cr, Pb, Sb, Zn and others, have been traced in fine ash particles [36,37]. The presence of
toxic elements in superfine particles from combustion systems is a key knowledge factor for the further
improvement in the particles’ control technologies and for the health risk assessment of the ash aerosols.
Thus, the regulations of particle emissions are formed and implemented based on scientific results.
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The measurement technologies in recent years have provided classifications with particle diameters
less than 1.0 µm and these particles have been to with health effects as they are highly inhalable [38,39].

Different factors affecting the formation of fine particulate matter from coal combustion are
presented in a publicly available bibliography. Various rank coals were tested in [40–44], combustion
temperature in [45,46] and combustion conditions in [47,48]. Pilot scale combustion tests [49,50] for
the particle emissions were in use with a wide range of fuels, including coal, lignite and biomass.

As pre-dried lignite has a potential use as a co-firing fuel for bituminous coal-fired power plants,
the authors identify that the bibliography lacks published results from the co-firing in a pilot scale test
rig. The present work aims at investigating the emissions of fine particulate matter from the co-firing
of bituminous coal with pre-dried lignite in a pilot scale combustor, measured by a heated Electrical
Low Pressure Impactor (ELPI+), and subsequent impact on flue gas-cleaning devices. Two pulverized
fuels were selected, Czech bituminous coal and Greek pre-dried lignite, already characterized in [51].
The effect of the pre-dried lignite proportions in the fuel feed and the combustion conditions regarding
the combustion air staging were the two parameters selected for this study.

2. Materials and Methods

2.1. Fuel Samples

For the experimental campaign, two fossil fuels were used, creating blends with different ratios.
The first was Bituminous Coal (BC) from the Czech Republic, Darkov mine, received from ECO thermal
power plant in Opole, Poland. The second was pre-dried Greek lignite (GL), Ptolemais south field,
received from Public Power Corporation and mechanically pre-dried to a moisture content of 15.1% at
a large scale rotary drier. Proximate, ultimate, heating value and elemental ash analyses of the two
fuels are taken from [51] and presented in Table 1.

Table 1. Characterization of Czech bituminous coal and Greek pre-dried lignite.

Analysis Czech Bituminous Coal (BC) Greek Pre-Dried Lignite (GL)

Net Calorific Value
(kJ/kg) (a.r.) 25971 9567

Proximate (% w.t.)
Moisture 0.94 15.1

Volatile matter (dry) 23.62 43.46
Fixed Carbon (dry) 54.17 18.85

Ash (dry) 22.21 37.69
Ultimate (% w.t. daf)

Carbon 85.52 56.52
Hydrogen 5.11 4.40
Nitrogen 1.48 1.55

Sulfur 0.57 1.29
Chlorine 0.07 0.04
Oxygen 7.25 36.20

Ash analysis (% w.t.)
Si 25.45 14.67
Al 11.60 7.43
Fe 5.76 3.30
Mg 1.75 2.26
Ca 3.09 26.93
Na 0.33 0.24
K 2.20 0.88
Ti 0.58 0.32
P 0.06 0.14

Ba 0.08 0.04
Mn 0.13 0.03
Sr 0.03 0.04
S 1.48 2.42
O 47.47 41.29
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2.2. Unit Overview-Experimental Matrix

The measurements were conducted in University of Stuttgart (USTUTT’s) technical scale 500 kWth
pulverized coal furnace KohleStaubVerbrennungsAnlage (KSVA). The scheme of the rig is presented
in Figure 1. The facility provides the capacity for combustion of different pulverized fuels, as well
as to control combustion conditions regarding air introduction (staged and un-staged conditions).
The sampling point is located after the electrostatic precipitators (ESPs) and before the fabric filter of
the unit on a vertical flue gas tube through a 3 inch access port.

A total of six experiments were carried out in partial load operation of the furnace of 300 kWth,
for different fuel mixtures, as presented in the experimental matrix given in Table 2. Experiments are
coded as A, B, C for different fuel ratios and 1, 2 for un-staged and staged conditions, respectively.
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Figure 1. Scheme of 500 kWth test facility KSVA.

Table 2. Experimental matrix.

Experiment Pre-Dried Lignite
Thermal Share

Hard Coal
Thermal Share Conditions Air Ratio

(Burner)
Total Air

Ratio

A1 10% 90% Un-staged 1.15 1.15
A2 10% 90% Staged 0.8 1.15
B1 50% 50% Un-staged 1.15 1.15
B2 50% 50% Staged 0.8 1.15
C1 100% 0% Un-staged 1.15 1.15
C2 100% 0% Staged 0.8 1.15

2.3. Sample System and Analysis Method

Sampling and analysis for the particulate matter distribution is carried out with the DEKATI HT
ELPI+ instrument, which is a 15 stage impactor. The sampling line, which was connected to the flue
gas line after the ESP, is presented in Figure 2. A heated sampling probe with an isokinetic nozzle,
pitot nozzles and type K thermocouple, is inserted in a 3 inch horizontal opening to the flue gas line,
followed by an accompanying cyclone. Flue gas velocity, based on the geometry of the sampling
port and the relevant fuel and oxidant mass flows, was calculated, facilitating the selection of the
appropriate nozzle diameter to ensure isokinetic suction. The sampling probe was heated at a constant
temperature of 180 ◦C. The cyclone served the purpose to hold particles at 180 ◦C with D50 cut-off

point of 12.39 µm (collecting 50% of particles) at a volumetric flow of 12.37 lt per minute so that the
ELPI + instrument does not end up with very large particles and false measurements are generated.
Following the cyclone, a flexible heating line is placed, operating at 180 ◦C, which in turn is connected
with the High Temperature module of the ELPI+ instrument (HT ELPI+). The high temperature
module provides a greater accuracy in exhaust gas analyses and does not cause phenomena such as



Energies 2020, 13, 2373 5 of 19

flue gas cooling, which leads to PM loss as it sticks to cool surfaces. After ELPI +, a flow meter and a
suitable suction pump were installed to generate exhaust gas flow to the sampling line.
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Since the aerodynamic properties of the ELPI+ impactor are given at 20 ◦C, the values for 180 ◦C
were calculated using internal routines of the instrument. In Table 3, the technical specifications for
each of the 15 stages of ELPI+ are given, including the cut-off points for the experiments’ temperature
of 180 ◦C.

Table 3. Cut points and downstream stagnation pressures for DEKATI® Impactor.

Stage Number of Jets Pressure (kPa)
Calculated

Aerodynamic
D50 (µm) @ 180 ◦C

Calculated Stage
Midpoints

Di (µm) @ 180 ◦C

Inlet - 101.33 - -
15 1 101.32 10.34 -
14 1 101.30 6.95 8.477
13 3 101.25 4.13 5.361
12 14 101.18 2.45 3.185
11 17 101.01 1.62 1.996
10 20 100.49 0.944 1.238
9 48 99.63 0.594 0.749
8 50 97.20 0.353 0.458
7 27 89.05 0.228 0.284
6 19 68.70 0.123 0.168
5 21 38.33 0.0668 0.091
4 58 21.67 0.0362 0.049
3 69 9.77 0.0199 0.027
2 174 4.26 0.0111 0.015
1 filter 4.00 0.0060 0.008

Ash analyses of the gathered particles were carried out using Scanning Electron Microscope Energy
Dispersive X-ray Spectroscopy (SEM-EDS) technique on instrument JEOL JSM-5600, combined with
microanalyzer energy dispersive system OXFORD LINK ISIS 300, with software ZAF correction
quantitative analysis. The system was calibrated with OXFORD ME-XRS multi-element X-RAY
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reference standards. The system operated at 20KV, 0.5nA and 60 sec time of analysis. An EDS
microprobe analysis was used with 60–72 eV resolution. The elements chosen to be measured are
classified in major and minor elements as suggested in [52], presenting an environmental interest.

3. Results and Discussion

3.1. Skeletal Density

The skeletal density of the fly ash collected by the pre-separator cyclone was measured using
the helium pycnometer Accupyc 1330 of Micromeritics, and is presented in Table 4. Skeletal density
measurements serve the scope of calculating the Stokes particle diameter, which gives more precise
results and is used instead of the aerodynamic particle diameter. On top of that, the current bibliography
lacks skeletal density measurements for calculating nanoparticles’ mass, while the most common
magnitude in use is the aerodynamic particle diameter. It is noted that skeletal density values are
higher with the increased pre-dried lignite share due to greater concentrations of heavier minerals in
the lignite ash.

Table 4. Skeletal density of cyclone fly ash for each experiment.

Experiment Skeletal Density ± Bituminous Coal Pre-Dried Lignite Conditions

gr/cm3 gr/cm3 Thermal Share

A1 2.3854 0.0744 90% 10% Un-staged
A2 2.4045 0.0836 90% 10% Staged
B1 2.5605 0.0664 50% 50% Un-staged
B2 2.4717 0.1003 50% 50% Staged
C1 2.6425 0.0355 0% 100% Un-staged
C2 2.6480 0.0519 0% 100% Staged

3.2. Fine PM Concentrations

The results for the number of particles produced in each of the aforementioned experiments are
given in Figures 3 and 4. Comparing the experiments, two trends are observed. First, by increasing
the substitution percentage of bituminous coal from pre-dried lignite (Experiments A1 and A2 vs.
B1 and B2 vs. C1 and C2), there is a notable shift in the number of particles produced in larger
diameters while, at the same time, the number of smaller diameter particles decreases. For instance,
experiments A1 and A2 present the highest production of particles in diameters ranging from 0.001 to
0.1 µm and the lowest for diameters 0.4 to 10 µm, while experiments C1 and C2 present the greatest
production of particles with diameters ranging from 0.4 to 10 µm and the lowest for diameters 0.001 to
0.1 µm. Therefore, pre-dried lignite combustion leads to the production of larger particles compared
to bituminous coal combustion. Second, by introducing the combustion air through different stages,
a slight decrease is observed in most cases for the particle number produced within the same pre-dried
lignite substitution percentage. This staged feeding of combustion air benefits the low thermal NOx

production as well. Lignites rich in alkaline earth metal elements produce larger quantities of particles
above PM2.5 compared to other types of lignites or bituminous coals, as presented by [44]. This was
mainly attributed to high calcium concentrations in the fuels’ ash. Furthermore, a similar trend was
shown by [43], where, in the co-combustion of high in calcium and high silica lignite blends, the more
the high silica lignite, the lower the production in PM10.
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Figure 4. Number of particles emitted (1/cm3) for sampling stages 8 to 15.

In Figure 5, the particle mass distribution between the aforementioned stages is given. The calculation
took place based on internal conversion factors of instrument ELPI+, utilizing the skeletal density
measured from the ash pre-separator cyclone for each experiment. Higher contents of pre-dried lignite
produce a higher total mass (mg/m3). Comparing experiments A1, B1 and C1, it is observed that C1
has the higher mass concentration in total for all stages (6463 mg/m3) and also presents the highest
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peak in particles mass concentration for stage 15 and 4380 mg/m3. Experiment A1 has a total mass
concentration of 1019 mg/m3 and a peak at stage 15 with 496 mg/m3, while B1 presents a total of
1767 mg/m3 and a peak of 1041 mg/m3 at stage 15, respectively. Comparing experiments A2, B2, C2,
it is shown that C2 also presents a higher total mass concentration of 5554 mg/m3 and the highest peak
in stage 15 of 3755 mg/m3. Experiment A2 has a total mass concentration of 861 mg/m3 and a peak at
stage 15 with 449 mg/m3, while B2 presents a total of 1737 mg/m3 and a peak of 853 mg/m3 at stage
15, respectively.
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Moreover, observing experiments with the same percentage of pre-dried lignite substitution
but with different points of air insertion (A1 vs. A2, B1 vs. B2, C1 vs. C2), the results suggest that
the air-staged cases lead to lower particle emissions both in total mass concentration and in peak
mass concentration.

In Table 5, PM0.1, PM1 and PM2.5 concentrations are provided as fractions of the total mass of
particles analyzed per cm3. Since the aerodynamic diameters of each stage do not fall exactly on the
particle diameter under investigation, the closest stage is used. For example, for PM1, concentrations
up to stage 10 (0.944 µm) were used. It is observed that, in all of the experiments, PM0.1 makes up
less than 0.06% of the produced particles. In addition, we can observe that the PM0.1 appears to be
higher in the staged cases A2 and B2. This can be attributed to the effect of the reduction zone on
combustion. A reducing atmosphere favors the persistence of soot in the fly ash [53], which typically
has a particle size in the 0.1 µm range. This difference is not observed when comparing cases C1 and
C2. However, the mass fractions are overall much lower in comparison to cases A and B. Furthermore,
PM1 composed, at most, 5.5% of the produced particles, and this is observed in the cases where BC
represents the highest percentage of fuel input. Finally, PM2.5 makes up, at maximum, 31% of the
produced particles for each experiment and it is the particle diameter which presents the highest
deviation between experiments with different fuel ratios. It is also observed that experiments with
a higher pre-dried lignite ratio, produced a lower mass of small diameter particles (PM0.1, PM1 and
PM2.5). This can mostly be attributed to the particle size of the pre-dried lignite, which is significantly
higher than that of the hard coal [51].

This shift in particles’ diameter to higher values caused by the increasing share of pre-dried lignite
in the fuel has a beneficial effect on the dry/wet ESP’s efficiency [54–56]. The particle size is reported as
a key factor, among others, for measuring the efficiency of an ESP [57]. The latter contains two different
definitions. The fractional efficiency refers to the mass captured by the device for each particle size
class, with respect to particle diameter, and the total efficiency refers to all particle size classes detained
from the ESP device [58].

Table 5. Particle matter as mass and number fraction for each experiment.

Experiment PM0.1 PM1 PM2.5

Mass Fraction Mass Fraction Mass Fraction

A1 0.052% 5.445% 31.212%
A2 0.058% 4.102% 25.081%
B1 0.011% 2.745% 20.191%
B2 0.022% 3.323% 25.837%
C1 0.002% 2.184% 15.280%
C2 0.002% 2.450% 14.780%

3.3. Scanning Electron Microscopy with Energy Dispersive Spectroscopy (SEM/EDS) Analysis

Elemental analysis was performed for the fly ash trapped in the cyclone and for the impactor stages
from 15 (D50 10.34 µm) to 6 (D50 0.006 µm), and results are presented in Tables 6 and 7. Stages from 7
to 2 could not have been analyzed with SEM/EDS spectroscopy as the calculated sampling time was
not enough for these stages, and thus insignificant mass was actually collected in each one. In Figure 6,
SEM pictures from stage 15 of the impactor for all experiments are depicted.

In Figure 7, the elemental concentration for fly ash particles is given as a percentage (%) of fly ash
composition. The sulfur content shows an initial low concentration at the first stage (15) and a slightly
higher value for the next stage (14), with a clearly particle-size-dependent inclination towards lower
particle diameters. This follows a trend also depicted by [44], where sulfur content in the analyzed ash
decreased with the increased in particle diameter.
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Table 6. Elemental concentration (wt% of fly ash particles) per stage and experiment for staged combustion conditions.

Experiment C2 B2 A2 C2 B2 A2 C2 B2 A2 C2 B2 A2 C2 B2 A2 C2 B2 A2 C2 B2 A2 C2 B2 A2 C2 B2 A2

Stage Stage Stage Stage Stage Stage Stage Stage Stage

Element Cyclone 1 Cyclone Cyclone 3 15 15 15 14 14 14 1 13 13 13 12 12 12 11 11 4 11 10 10 10 9 9 1,2 9 8 8 2 8

Na 0.89 0.33 - 0.97 1.02 1.30 0.67 1.06 0.78 1.03 0.99 1.07 0.91 1.04 0.70 0.84 0.81 0.47 0.72 0.96 0.68 0.75 0.98 0.59 0.79 1.06 0.88
Mg 2.17 2.07 1.55 2.10 1.90 1.94 1.96 2.01 1.83 1.94 1.87 1.93 1.80 1.79 1.71 1.71 1.75 1.75 1.68 1.73 1.69 1.59 1.64 1.68 1.68 1.73 1.84
Al 5.16 9.12 11.35 5.51 7.05 10.74 5.80 6.96 10.60 5.57 6.76 10.99 5.40 6.49 10.93 5.01 6.31 10.73 4.93 6.15 10.84 5.16 6.11 10.27 5.01 5.95 10.38
Si 10.85 14.55 19.21 9.77 12.19 17.63 10.26 12.33 17.67 9.53 11.25 17.18 8.82 10.77 16.78 8.34 10.16 16.25 8.25 9.68 15.78 7.88 9.43 15.16 7.78 9.25 15.56
S 2.75 2.42 1.08 5.10 4.01 1.58 4.31 3.72 1.46 5.60 4.86 2.01 6.44 5.77 2.67 7.29 6.75 3.34 7.89 7.79 3.71 8.80 8.08 4.26 9.14 8.42 4.53
K 1.06 1.54 2.39 1.12 1.70 2.61 1.28 1.73 2.74 1.17 1.59 2.68 1.04 1.47 2.66 0.92 1.34 2.45 0.89 1.06 2.24 0.78 1.05 2.28 0.73 0.92 2.22
Ca 32.88 21.90 12.74 30.45 25.16 13.28 30.68 25.78 13.31 29.90 26.00 12.82 29.51 25.17 12.51 29.28 24.25 12.41 28.39 23.71 12.14 27.26 23.32 12.39 26.31 22.36 12.25
Ti 0.38 0.46 0.62 0.23 0.40 0.80 0.31 0.43 0.78 0.24 0.32 0.70 0.32 0.42 0.67 0.18 0.41 0.57 0.22 0.25 0.72 - 0.39 0.76 0.14 0.43 0.74
Fe 3.94 3.77 6.05 3.02 4.08 6.23 3.25 4.00 6.64 2.82 3.65 6.17 3.04 3.76 6.22 3.19 3.53 6.25 3.14 3.72 6.27 3.01 3.73 6.39 3.19 3.84 4.62
Cu 0.33 1.03 0.37 - 0.29 0.33 0.15 - 0.58 - 0.13 0.39 - - 0.43 - 0.15 0.43 - - 0.54 - - 0.91 0.17 0.50 0.87
Zn - 0.58 0.22 - - - 0.19 - 0.22 - - 0.19 - - 0.43 - 0.16 0.62 - - 0.39 - - 0.24 - - 0.55
O 39.52 42.23 43.95 41.73 42.20 43.56 41.14 41.98 43.32 42.20 42.58 43.87 42.72 43.32 44.29 43.24 44.22 44.73 43.89 44.95 45.00 44.77 44.59 45.07 45.06 45.24 45.56

Any deviations related to total 100% refer to footnotes below. 1: traces of Chromium (Cr) were detected 2: traces of Lead (Pb) were detected 3: traces of Arsenic. (As) were detected.
4: traces of Cadmium (Cd) were detected.

Table 7. Elemental concentration (wt% of fly ash particles) per stage and experiment for un-staged combustion conditions.

Experiment C1 B1 A1 C1 B1 A1 C1 B1 A1 C1 B1 A1 C1 B1 A1 C1 B1 A1 C1 B1 A1 C1 B1 A1 C1 B1 A1

Stage Stage Stage Stage Stage Stage Stage Stage Stage

Element Cyclone Cyclone Cyclone 15 15 15 14 14 14 13 3 13 13 12 2 12 4 12 11 11 11 1 10 10 10 9 9 9 8 8 8

Na 0.26 1.46 1.02 0.97 0.96 1.43 0.63 1.07 1.37 0.95 1.14 1.27 0.70 0.72 1.47 0.95 0.79 0.96 0.89 0.79 0.96 1.00 1.09 1.05 0.93 0.98 1.08
Mg 2.26 2.29 1.99 1.98 1.93 2.01 1.87 2.08 1.93 1.81 1.92 1.97 1.78 1.72 1.88 1.84 1.58 1.71 1.78 1.64 1.88 1.91 1.76 1.76 1.83 1.77 1.78
Al 5.64 7.55 10.37 5.42 7.19 11.20 5.69 7.07 11.78 5.32 6.79 11.96 5.34 6.41 12.39 5.03 6.67 12.16 5.15 6.24 12.34 6.28 6.27 12.07 5.56 6.51 11.72
Si 11.32 14.88 19.34 9.54 12.40 18.43 10.19 12.24 19.08 9.41 11.27 19.11 8.81 10.72 19.00 8.33 10.30 18.31 8.58 9.80 18.14 8.08 9.83 17.29 8.30 10.18 16.67
S 3.03 2.43 1.00 5.75 4.26 1.30 4.80 3.91 1.09 5.75 4.89 1.12 6.96 6.23 1.42 8.22 6.98 1.85 8.43 7.68 2.21 9.07 8.13 2.68 8.43 7.62 3.12
K 1.06 1.61 2.47 1.20 1.64 2.61 1.34 1.65 2.78 1.29 1.53 2.74 1.09 1.39 2.72 0.87 1.26 2.64 0.85 1.22 2.54 0.75 1.14 2.38 0.83 1.28 2.29
Ca 30.93 22.41 12.50 29.46 24.08 12.28 29.81 24.72 11.13 29.29 24.77 10.55 28.45 23.82 10.25 27.31 22.85 10.40 26.53 22.58 9.81 24.54 21.41 9.94 26.26 22.04 10.65
Ti 0.27 0.46 0.71 0.23 0.39 0.79 0.34 0.50 0.70 0.32 0.42 0.71 0.25 0.29 0.68 0.28 0.47 0.74 0.23 0.43 0.83 0.24 0.40 0.84 0.17 0.32 0.95
Fe 3.77 4.18 6.28 3.14 4.12 6.03 3.23 4.10 5.97 3.18 4.16 5.87 3.20 4.08 5.52 2.81 4.25 5.69 2.81 4.37 5.93 2.48 4.23 6.03 2.92 3.93 6.00
Cu 0.78 0.89 0.47 - 0.38 - 0.18 0.37 - 0.13 0.52 0.31 0.13 0.34 - - 0.15 0.70 - 0.16 - - 0.34 0.77 - 0.30 0.35
Zn 0.58 - 0.19 - - - 0.33 0.18 - - - 0.17 - 0.39 - - 0.21 0.20 - 0.22 0.17 - - 0.16 - - 0.19
O 40.10 41.84 43.66 42.31 42.65 43.92 41.59 42.11 44.17 42.10 42.59 44.22 43.22 43.58 44.67 44.36 44.49 44.57 44.75 44.87 45.19 45.65 45.40 45.03 44.77 45.07 45.20

Any deviations related to total 100% refer to footnotes below. 1: traces of Vanadium (V) were detected 2: traces of Chromium (Cr) were detected 3: traces of Antimony (Sb) were detected
4: traces of Lead (Pb) were detected.



Energies 2020, 13, 2373 12 of 19
Energies 2020, 13, x FOR PEER REVIEW 13 of 21 

 

  
(a) (b) 

  
(c) (d) 

0

2

4

6

8

10

12

14

16

18

20

22

Cyclone 15 14 13 12 11 10 9 8

Co
nc

en
tra

tio
n 

(%
)

Stages

Experiment A1

Ca Si Al Fe

0

0.5

1

1.5

2

2.5

3

3.5
Cyclone

15

14

13

1211

10

9

8

Experiment A1

S Mg K Cu Zn Ti Na

0

2

4

6

8

10

12

14

16

18

20

22

Cyclone 15 14 13 12 11 10 9 8

Co
nc

en
tra

tio
n 

(%
)

Stages

Experiment A2

Ca Si Al Fe

0
0.5

1
1.5

2
2.5

3
3.5

4
4.5

5
Cyclone

15

14

13

1211

10

9

8

Experiment A2

S Mg K Cu Zn Ti Na

Figure 7. Cont.



Energies 2020, 13, 2373 13 of 19
Energies 2020, 13, x FOR PEER REVIEW 14 of 21 

 

  
(e) (f) 

  
(g) (h) 

0

2

4
6

8

10
12

14

16
18

20

22
24

26

28

Cyclone 15 14 13 12 11 10 9 8

Co
nc

en
tra

tio
n 

(%
)

Stages

Experiment B1

Ca Si Al Fe

0
1
2
3
4
5
6
7
8
9
Cyclone

15

14

13

1211

10

9

8

Experiment B1

S Mg K Cu Zn Ti Na

0
2
4
6
8

10
12
14
16
18
20
22
24
26
28

Cyclone 15 14 13 12 11 10 9 8

Co
nc

en
tra

tio
n 

(%
)

Stages

Experiment B2

Ca Si Al Fe

0
1
2
3
4
5
6
7
8
9
Cyclone

15

14

13

1211

10

9

8

Experiment B2

S Mg K Cu Zn Ti Na

Figure 7. Cont.



Energies 2020, 13, 2373 14 of 19
Energies 2020, 13, x FOR PEER REVIEW 15 of 21 

 

  
(i) (j) 

  
(k) (l) 

0
2
4
6
8

10
12
14
16
18
20
22
24
26
28
30
32
34

Cyclone 15 14 13 12 11 10 9 8

Co
nc

en
tra

tio
n 

(%
)

Stages

Experiment C1

Ca Si Al Fe

0
1
2
3
4
5
6
7
8
9

10
Cyclone

15

14

13

1211

10

9

8

Experiment C1

S Mg K Cu Zn Ti Na

0
2
4
6
8

10
12
14
16
18
20
22
24
26
28
30
32
34
36

Cyclone 15 14 13 12 11 10 9 8

Co
nc

en
tra

tio
n 

(%
)

Stages

Experiment C2

Ca Si Al Fe

0
1
2
3
4
5
6
7
8
9

10
Cyclone

15

14

13

1211

10

9

8

Experiment C2

S Mg K Cu Zn Ti Na

Figure 7. Elemental concentration (wt%) for fly ash particles for stages Cyclone, 15, 14, 13, 12, 11, 10, 9, 8 in bar chart for elements Ca, Si, Al, Fe and spider chart for
elements S, Mg, K, Cu, Zn, Ti, Na for experiment: (a) A1; (b) A1; (c) A2; (d) A2; (e) B1; (f) B1; (g) B2; (h) B2; (i) C1; (j) C1; (k) C2; (l) C2.



Energies 2020, 13, 2373 15 of 19

The calcium shows a minor concentration dependence from the particle diameter with a
slight decline as the particles’ diameter drops. The same behavior for high-calcareous lignites
was observed by [44], were the greater the diameter of the particle, the higher the calcium concentration.
More specifically, for diameters above 1 µm they found concentrations of Ca around 30%. The initial
concentration is related to bituminous coal and pre-dried lignite proportions, having higher value for
higher pre-dried lignite share, and the level dependent one is reversible proportional to those of the
sulfur, as described before. As for the burning conditions, the air un-staged burning conditions favor a
lower concentration for finer particles.

The aluminum concentration depicts minor fluctuation across the particle size levels and is
dependent only on fuel mixture composition with greater values as the bituminous coal share increases.
For experiments A1 and A2, high in BC, it was observed that, as the particle diameter increases, so does
the concentration of Al in the particle. Particularly, up to PM2.5, aluminum concentration increases,
and afterwards it is observed to have a plateau of around an average value. Similar behavior was
observed by [43,59,60] for silica- and aluminum-rich coals.

The silica concentration shows a consistent drop towards to finer particles. As the particle’s
diameter declines, the air staged firing conditions show a more rapid drop in concentration than the
un-staged ones. Again, the dependence of the fuel mixture is evident, where higher the bituminous
coal proportion, the higher the silica concentration. The silica concentration presents the same pattern
as aluminum in silica-rich experiments, a trend which is also observed by [43,60].

The ferrous concentration does not reveal a dependence on the particle size of form fuel mixture.
Maybe this is masked by the attrition of equipment, as also reported in the bibliography [27].

The potassium shows a small decline in concentration values as the particles gets smaller.
The concentration values per level are not affected by the burning conditions, whereas the increasing
presence of bituminous coal in the fuel mixture drives them to higher values.

The titanium concentration values are affected by the combustion conditions depicting a minimum
value in middle levels. The air un-staged burning conditions drive the minimum to larger particles
with a significant raise of concentration to finer particles.

The magnesium concentration values present a slight decrease as the particles’ diameter lessens.
The fuel composition and the air burning conditions do not have significant effect on these values.

Sodium appears in each sample without a construable correlation. Moreover, copper and zinc
presence is observed in several cases with very low concentration but not in a regular manner across
all particle diameters. Finally, traces of chromium, lead, arsenic, cadmium, vanadium and antimony
were found in some samples.

The composition of particles affects the electrical resistivity, which is one of the characteristic
properties of fly ash influencing the operation of an ESP device. The influence of the chemical
composition of particles to electrical resistivity values is reported in [58]. An increase in silicon and
aluminum may raise the resistivity and thus reduce the collection efficiency. The same effect is also
observed for brown coal, related to the ratio of alkali oxides to iron trioxide. As concerns the presence
of sulfur trioxide, a strong effect on electrical resistivity with respect to the temperature is reported
as well.

4. Conclusions

The co-combustion of pre-dried lignite with bituminous coal is assessed regarding particle
emissions under two parameters: fuel mixture and combustion air staging. Pre-dried lignite has a
greater ash content and thus higher amounts of fly ash are produced, and PM10 follows the same high
emission values. The sulfur content shows an inclination towards higher concentration values as the
particle diameter drops.

The combustion air feed in stages leads to lower PM10 particle emissions. Un-staged combustion
air conditions favor the formation of finer particles and the presence of heavy minerals such as Ca
and Fe.
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Skeletal density was measured and used for the calculation of Stokes diameter for the ash particles.
Particles with lignite origin are denser due to higher concentrations of heavy minerals. Air-staged
combustion conditions drive the particles to be slightly denser, in contrast with the un-staged ones.

With the increase in the substitution percentage of bituminous coal from pre-dried lignite, a larger
number of particles was produced in greater diameters while, at the same time, the number of smaller
diameter particles decreases. Therefore, pre-dried lignite combustion leads to the production of larger
particles compared to bituminous coal combustion, with a positive effect on the fractional efficiency,
and overall efficiency, of the ESP devices. Furthermore, by introducing the combustion air through
different stages, a slight decrease is observed in most cases for the particle number produced within
the same pre-dried lignite substitution percentage.

It was found that PM0.1 made up less than 0.06% w.t. of the produced particles, while PM1

composed, at most, 5.5% w.t. of the produced particles, and PM2.5 made up, at maximum, 31% w.t. of
the produced particles for each experiment. It is observed that experiments with a higher pre-dried
lignite ratio produce a lower mass of small diameter particles (PM0.1, PM1 and PM2.5).
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