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Abstract: Under the pressure of competition, primarily caused by the high price of carbon dioxide
emission allowances, lignite production in Western Macedonia Lignite Centre dramatically reduced
in the last decade. This development affects the ambient air quality of the greater lignite mine area, as
evidenced by the reducing particulate matter concentrations and the number of exceedances of daily
average concentrations per year. Moreover, differences in air quality measurements of monitoring
stations, with regard to their distance from mining activities, now tend to be minimized. Based on
these facts, it can be predicted that, after the phase-out of electricity generation activities, the ambient
air quality will reach the levels that are typical for rural areas of Northern Greece well before the end
of the mines’ land reclamation programs.
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1. Introduction

The elimination of the coal and lignite share in the energy mix is a priority of EU
energy policy. In this context, many European power utilities have already started to
implement programs to gradually reduce the use of coal and lignite, turning either to
natural gas as a transitional fuel or directly to renewable energy sources [1].

The exploitation of lignite deposits in the Ptolemaida basin (region of Western Macedo-
nia) dominated the electricity sector of Greece for more than six decades, boosting economic
growth and energy security [2—4]. Until recently, plans were provided for the operation of
mines and steam power stations until 2042 [3]. However, under the pressure of competition
mainly caused by the high price of carbon dioxide emission allowances, lignite transformed
from a blessing to an environmental, social, political and economic problem [4]. In this
frame, lignite production dramatically reduced in recent years, while the definitive closure
of mining activity was rescheduled for 2028 [1]. However, there are still doubts about
how this evolution will be environmentally friendly [4], socially just and effective across
multiple sustainability dimensions [2].

In addition to the clear negative impacts, this development positively affects the ambi-
ent air quality of the greater lignite mines area, as evidenced by the data of a dense network
of monitoring stations, which makes the basin of Ptolemaida the best monitored area
throughout Greece. Based on these records, many researchers thoroughly investigated the
relation of particulates emissions and ambient air quality in relation to the surface mining
and electricity generation activities carried out in Ptolemaida basin. A spatial-temporal
analysis of the particle size distribution of fly ash and fugitive dust in combination with
the Total Suspended Particles and PM10 concentrations recorded in 13 monitoring stations
for a seven-year-period, indicated that the complex terrain, the different characteristics
of the pollution sources and the variable meteorological conditions considerably affect
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the pollution due to emissions of particulates [5]. Moreover, a fractal analysis of measure-
ments carried out in the commercial center of the city of Kozani, the capital of the Western
Macedonia region, showing that the mean PM10 and PM2.5 concentrations exceeded the
specified limits, while the average PM2.5/PM10 ratio was 0.42, which was indicative of
the large portion of coarser particles in PM content. The study also concluded that the
sources responsible for background measurements were not the same as those responsible
for high pollution episodes [6]. Another study, which investigated the contribution of fly
ash emissions of lignite-fired power stations to the air pollution of the Western Macedonia
region, determined that fly ash particles, such as cenospheres, vesicular spheres, spheroids,
dense spheres and chars were found in almost every filter collected in the area, with those
located close to power plants appearing to have fly ash particles that were coarser and
greater in number [7].

To quantify particulates emissions, dispersion simulation models are usually used,
incorporating emission factors that characterize various pollution sources. Bibliographical
sources detail the limited availability of such factors, which are not representative for all
mining operations [8]. Therefore, in the case of the lignite surface mines of the Ptolemaida
basin, a three-year campaign of field measurements was carried out to collect the necessary
meteorological data and upwind—downwind concentration levels in the vicinity of the
main particulates” emission sources derived from the surface mines [9]. By applying an
inverse dispersion approach using two different models, emissions factors were calculated,
and empirical formulas were developed for the total fugitive dust emission estimations,
in accordance with the EU Regulation 166/2006, which imposes mining enterprises to
quantify their pollutants emissions from their fugitive sources [9-11].

Another PM10 measurement campaign was conducted over one year at the three
receptor sites. The highest PM10 concentration values were recorded in the city of Ptole-
maida, where the mean annual concentration was equal to the limit value of 40 pug/m?3,
while 23% of PM10 concentrations exceeded the daily EU limit value (see next paragraph).
The source apportionment results of a positive matrix factorization (PMF) receptor model
identified that, in Kozani, the main particulates sources were coal combustion and road-
traffic emissions; in Ptolemaida, they were coal combustion, road-traffic emissions and
dust transferred from surface mines; and in Eratyra (rural area far away from the lignite
mines), they were soil dust and biomass-wood burning [12]. Furthermore, the contribution
of fugitive dust emissions from the lignite mines to the ambient levels of PM10 in the
surroundings was also estimated by performing chemical mass balance (CMB) receptor
modeling. Sources with significant contribution were vehicular traffic, biomass burning,
and secondary sulfate and nitrate aerosol. In contrast, the estimated total contribution
of mines ranged between 9 and 22% in the cold period, increasing to 36-42% in the dry,
warm period [13], despite the preventive, containment and suppression measures that were
applied for controlling all emissions sources [14].

2. Methods

The ambient air quality measurements used in the frame of the present study were
collected by a network of eleven monitoring stations that are dispersed in the entire basin
of Ptolemaida. The stations were installed by the Greek Public Power Corporation. The
recorded measurements are accessed online by the Region of Western Macedonia, which
acts as the supervisory authority.

For the purposes of this study, PM10 and PM2.5 concentrations were processed and
evaluated based on the following criteria: (i) the daily average limit value of PM10 is
50 pg/m? and must not be exceeded more than 35 times per calendar year; (i) the annual
average limit value of PM10 is 40 ug/m?; and (iii) the annual average limit value of
PM2.5 is 25 ug/m?3. These criteria are determined by the European Commission Directive
2008/50/EC.

Furthermore, ambient air quality measurements were correlated with data related to
the total excavations and lignite production of the lignite mines, which were obtained from
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the annual and monthly operational reports of the Western Macedonia Lignite Centre of
Public Power Corporation SA.

3. Results

The fluctuations of the total annual excavations of four surface lignite mines of the
Ptolemaida basin, and the main ambient air quality parameters of five monitoring stations
that were located in the greater mining area, are presented in Figure 1. Ambient air
quality is expressed as annual, average PM10 and PM2.5 concentrations and the number of
exceedances per annum of the daily average PM10 concentration limit of 50 nug/m?3. The
reduction in excavated rock volumes and, consequently, the reduction in lignite quantities
burnt in the thermal power plants located at the mine mouth resulted in a considerable
improvement in ambient air quality and the minimization of air pollution incidences.
However, this development exhibits different characteristics between the four examined
surface mines. For instance, the reduction in pollution incidences recorded in Proastio
monitoring station (Figure 1a) was gradual, while that of Kilada station (Figure 1c) exhib
large fluctuations that did not follow the annual fluctuations of the total excavated volumes
of the South Field mine.
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Figure 1. Annual variations of total rock excavations in four different lignite mining fields of the
Ptolemaida basin, average PM10 and PM2.5 concentrations and number of exceedances of the daily
average PM10 concentrations from the limit value of 50 ig/m3 as recorded in monitoring stations (MS)
located in the vicinity of the mines: (a) Main Field vs. Proastio MS; (b) Kardia Field vs. Pontokomi
MS; (c) South Field vs. Kilada MS; (d) Amynteo mine vs. Anargiri MS (solid line) and Amynteo MS
(dashed line).

In Figure 2, the correlation of the total annual excavations in each of the four surface
mines under investigation is presented, along with the ambient air quality, which is ex-
pressed as annual, average PM10 and PM2.5 concentrations and the number of exceedances
per annum of the daily PM10 concentration limit of 50 j1g/m?3. The correlation is considered
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strong for all four mines. The Mavropigi mine (Figure 2a) exhibits the highest R-squared
value for linear regression for all the three examined ambient air quality parameters. The
Kardia Field, South Field and Amynteo mines (Figure 2b—d) also demonstrate high R-
squared values, which are even higher in case of the number of exceedances of the specified
PM10 concentration limit for exponential regression.
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Figure 2. Correlation of the average PM10 and PM2.5 concentrations and number of exceedances of
the daily average PM10 concentrations from the limit value of 50 pg/m?3, as recorded in monitoring
stations (MS) located in the vicinity of the mines, with the total annual rock excavations in four
different lignite mining fields of Ptolemaida basin: (a) Main Field vs. Proastio MS; (b) Kardia Field vs.
Pontokomi MS; (c) South Field vs. Kilada MS; (d) Amynteo mine vs. Anargiri MS (solid line) and
Amynteo MS (dashed line).

Moreover, in the case of Amynteo mine, the records of two different monitoring
stations are correlated with the variation of excavated rock volumes. Anargiri station is
located in a village close to the mining activities, while Amynteo station is located in a small
town 5 km north of the mine. As expected, the air quality measurements in the monitoring
station located further from the mining activities exhibit a minimum correlation with the
fluctuations of the rock excavations.

4. Discussion

The reduction in the total annual excavations in the Ptolemaida basin mines resulted
in a considerable reduction in air pollution problems. The reduction in the number of
exceedances of the daily average PM10 concentration limit of 50 ug/m? per year, which
were recorded in five monitoring stations, varied between 78-99%, while for the annual
average PM10 and PM2.5 concentrations, the reduction varied between 42-72% and 50-62%,
respectively. The fact that this improvement is measured higher in terms of the number of
exceedances, rather than the average concentrations, confirms the conclusions of a previous
study [6] on the different pollution sources that are responsible for background and pick
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concentrations, implying that most of the air pollution episodes are related to the lignite
exploitation and the seasonal phenomenon of dust transfer from the Sahara desert.

The Amynteo monitoring station is located far from the mining activities in a direction
that does not favor the transport of particulates from the winds prevailing in this part
of Ptolemaida basin, and was used as reference station for a preliminary comparative
analysis. Accordingly, the gradual reduction in rock excavations in all four surface mines
under investigation corresponds to a tendency to minimize the differences between the
ambient air quality parameters measured in monitoring stations, which were located close
to the mines and thermal power plants (Proastio, Pontokomi, Kilada and Anargiri); these
parameters were measured in stations located relatively further away (Amynteo station).
Based on this fact, it can be safely predicted that the phase-out of lignite mining activities
will result in air pollution close to the background level for rural areas of Southern Europe,
which is determined mainly from seasonal agricultural activities and operation heating
systems during the winter. In addition, this development will happen regardless of the
progress of the land reclamation/repurposing program that is applied.

Furthermore, an effort was made to improve the correlation of ambient air quality
measurements of the Kilada monitoring station with the rock excavations of South Field
mine using meteorological data from the National Observatory of Athens monitoring
station, which was installed in the South Field mine. By taking into account the annual
precipitation values, the R-squared values for the correlation of mine excavations with
PM10 and PM2.5 concentrations and number of exceedances were increased from 0.6302,
0.4518 and 0.5662 to 0.7950, 0.5729 and 0.6769, respectively. Therefore, a stepwise regression
analysis is considered appropriate if the optimization of an algorithm for predicting ambient
air quality is required.

On the contrary, the use of dust emissions volumes, calculated based on the emis-
sions factors determined in previous studies [11] instead of the annual excavated rock
volumes, did not improve the already positive correlation with the examined ambient air
quality parameters.

5. Conclusions

The reduction in the excavated rock volumes and the lignite quantities produced in
the surface mines of Western Macedonia Lignite Centre during the last decade resulted in a
significant improvement in ambient air quality in the greater lignite-bearing basin. This
was found particularly in areas where mining activities had ceased operations, such as the
Amynteon and Kardia mines.

Based on the analysis presented in the previous paragraphs, it can be predicted that,
after the phase-out of electricity generation activities, the ambient air quality will reach
the levels that are typical for rural areas of Northern Greece. The contribution of diffuse
sources, such as the thousands of acres of excavation sites and, predominantly, dumps of
wasted rocks and ash that are covered by limited vegetation, seem to be insufficient for
causing a large number of pollution episodes. This is an important conclusion considering
that the closure of lignite mines has recently been rescheduled from 2042 to 2028 (with
the closure year likely to be revised from 2028 to another date depending on the future
electricity market). Moreover, the current ratio of active/already reclaimed mining areas
makes impossible the development and implementation of an effective land repurposing
program at that time.
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