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 29 

Abstract  30 

The identification of PM sources and their contribution to measured PM concentrations is crucial 31 

for the environmental policy making since the findings be able to conduce to the development of 32 

relevant legislation in order to achieve effective air quality manage. In this study, the sources of 33 

PM10 at three receptors with different characteristics, within the Western Macedonia (WM) in NW 34 

Greece, were investigated: S1 in the center of Kozani, a medium sized city located at the southern 35 

edge of the industrial axis of WM, where urban activities and traffic density occur. S2 in the city of 36 

Ptolemaida, a medium sized city located in the centre of industrial zone, and S3 in the village of 37 

Eratyra, a rural residential district outside of the industrial area. For this purpose the multivariate 38 

Positive Matrix Factorization (EPA PMF 5.0) receptor model was applied on elemental data. 39 

Specifically, PM10 samples, obtained by filtration during 1-year sampling campaign, were 40 
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analyzed by ICP-MS instrument. Twenty five elements were detected at quantifiable concentrations 41 

in the investigated PM samples. For the particle samples obtained in areas within and proximal from 42 

mining and power station operations, a six-factor model gave source profiles that attributed to be 43 

vehicle exhaust, road dust, soil dust, coal combustion, oil combustion and biomass burning. 44 

Furthermore, at the background site, the major contributors were biomass burning, soil dust and oil 45 

burning while no distant transport from industrial axis was recorded. 46 

 47 

 48 
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 50 

Introduction 51 

In general, airborne particles originate from several types of sources classified into two main 52 

categories natural (soil dust, marine aerosol, natural forest fires, volcanic activity...) and 53 

anthropogenic (industrial emissions, transportation, wood burning, consumption of fossil fuels …) 54 

and can be emitted directly or as secondary pollutant (Diapouli et al. 2017). 55 

Due to their perilous effects on human health and the negative environmental effects, particulate 56 

matter emissions seem to be one of the most serious air quality problems for the people living in 57 

urban-industrial areas (Triantafyllou 2001; WHO 2003). In recent decades, suspended particles with 58 

a diameter smaller or equal to 10μm (PM10) have attracted research interest and have been put 59 

“under the microscope”. This results from the fact that these particles exhibit high penetration 60 

capability into the human respiratory system and easily trapped within the pulmonary alveoli. Many 61 

studies have brought to light a link between the ambient PM10 concentrations and their chemical 62 

composition with respiratory and cardiovascular ailments (Dockery and Pope 1994; Schwartz, et al. 63 

1996; Cruz et al. 2015). 64 
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With a view to evolve a plan of action for efficient air quality control policy to implement the EU 65 

directive (2008/50/EC) it is of great importance to determine PM emission sources and estimate 66 

their contribution on atmospheric PM mass. Bearing that in mind, it is useful to be identified the 67 

elemental composition of ambient particulate matter (Manousakas et al. 2015).  68 

Receptor modelling is an assessment technique that can give information for PM sources grounded 69 

on elemental composition data. Positive matrix factorization (PMF) is one of the multivariate 70 

statistic models that seem to have great applicability to many areas affected by various emission 71 

sources (Paatero and Tapper 1994).  72 

There are several investigations related to airborne particulate matter levels (Triantafyllou 2001; 73 

Triantafyllou et al. 2006; Petaloti et al. 2006; Triantafyllou et al. 2007) but only three source 74 

apportionment studies (Samara 2005; Samara et al. 2018; Tolis et al. 2014) for the area of Western 75 

Macedonia (W.M.), Greece. More specifically, Samara (2005) estimated the contribution of 76 

emission sources to Total Suspended Particles (TSP) using the Chemical Mass Balance (CMB) 77 

approach for Kozani, Ptolemaida and other eight urban and rural sites in the industrial basin of WM. 78 

In that research, the most significant sources were found to be diesel burning (as the major 79 

contributor at all sites), domestic coal burning, vegetative burning and refuse burning. Furthermore, 80 

the other study (Samara et al. 2018) carried out at four residential sites in the vicinity of lignite 81 

mining and combustion activities of the Western Macedonia Lignite Center (WMLC) by CMB 82 

model indicated vehicular traffic, biomass burning and mine operations as the most important PM10 83 

emission sources. Correspondingly, Tolis et al. (2014) conducted source apportionment of ambient 84 

PM10 using 4-factor PMF technique but the number of PM samples was very limited and these 85 

only concerned the city of Kozani. Nevertheless, their study indicated biomass combustion, traffic 86 

and lignite power plants emissions as the major atmospheric PM10 sources in Kozani. 87 

The aim of the current work was: 1) to determine the atmospheric PM10 concentrations and their 88 

chemical composition, 2) to identify the possible emission sources and 3) to estimate their 89 

contribution to ambient PM10 values in areas within, proximal and far from mining and power 90 
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station operations in WM, Greece. For this purpose, three different sampling sites were selected to 91 

investigate. In particular, two urban sites (Kozani, Ptolemaida) with specific features located in 92 

different distances from the industrial zone of Western Macedonia (W.M.), Greece, were chosen 93 

and one in a rural residential district (Eratyra). Additionally, the last one can be considered as a 94 

background sampling site since it is placed away from the industrial activities. 95 

Ambient PM10 samples were analyzed by ICP-MS technique (Method IO-3.5, EPA). In total, 96 

twenty five major, minor and trace elements were detected at quantifiable concentrations in the 97 

examined PM samples. Data obtained from one year sampling/analysis campaign. 98 

In order to determine the main PM10 source types and estimate their relative contribution the 99 

multivariate Positive Matrix Factorization (PMF) receptor model was applied. 100 

Note that in the present work, PM10 source apportionment study using the PMF model for the city 101 

of Ptolemaida (the most populated site in the centre of the WMLC) and for a residential site out of 102 

the industrial basin (Eratyra) carried out for the first time. 103 

Monitoring and Modeling  104 

Study area  105 

 106 

The industrial area of W. M. Greece, extends along the axis of the provincial cities of Florina, 107 

Ptolemais and Kozani, from northwest to southeast direction (Fig. 1). The main industrial activity 108 

takes place in a broad, relatively flat bottomed basin surrounded by mountains. In this zone four 109 

lignite power plants (LPPs) are operated by the Greek Public Power Corporation (GPPC). The LPPs 110 

use raw lignite as fuel that is mined in the nearby open-pit-mines and is transported in the power 111 

stations (PS) by trucks, wagons and conveyor belts. Large quantities of ash are emitted from stacks 112 

since the huge amount of lignite (about 64 Mt/year; Samara et al. 2018) is consumed. An additional 113 

significant source of particulates is the fugitive dust originated from mining activities (excavation, 114 

transport by trucks on unpaved roads, deposition of lignite and ash) and probably generated by 115 
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resuspension due to strong winds (Triantafyllou et al. 2006). The climate of the area is continental 116 

Mediterranean characterized by low temperatures during winter and high ones during summer 117 

(Matthaios et al. 2013). From the data obtained by meteorological station (MS, 40.406o N, 21.768o 118 

E and 702m above sea level, Fig. 1) for the period January 2008-December 2012 it results that the 119 

average daily winter temperature is 3.8oC, the mean maximum daily winter temperature is 7.1 oC, 120 

and the mean minimum daily winter temperature is 0.8 oC. During the summer months these 121 

temperature values are 23.7, 29.4 and 17.9 oC, respectively. For the same period, the prevailing 122 

winds in the industrial basin are weak to mediocre and mainly blow with NW/SE direction (Fig. 2) 123 

due to channeling of the synoptic wind (Matthaios et al. 2018). Strong ground base nocturnal 124 

inversions are observed in the basin where the main industrial activity take place during the whole 125 

period of the year. The destruction of the nocturnal inversions is made early in the morning or late 126 

noon in relation to the season of the year following different patterns (Triantafyllou et al. 1995; 127 

Triantafyllou A.G. 2001).  128 

 129 

 130 

 131 
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Figure 1. Map showing the lignite power stations (PS) and the opencast lignite mines in Western 132 

Macedonia, Greece. Receptor sites Kozani (S1), Ptolemaida (S2) and Eratyra (S3) are also shown. 133 

(MS: meteorological station). 134 

 135 

 136 

 137 

Figure 2. Wind rose (2008-2012). The frequency of calms is also indicated. 138 

 139 

 140 

Three receptor sites with different characteristics were chosen in order to investigate the PM10-141 

bonded elements in samples of atmospheric particles: 142 

S1 within the building tissue of Kozani (40.299o Ν, 21.799ο E, 711 m above sea level), where 143 

urban activities and traffic density occur. Kozani is the major city in Western Macedonia, Greece 144 

(50,000 inhabitants) located at the southern edge of the industrial zone about  13, 43, 56 km (S) and 145 

14 km (SW) to the lignite power plants PS3, PS2, PS1 and PS4, respectively and about 11 – 35 km 146 

S to the opencast lignite mines South Field, Kardia, Mavropigi and Amyntaio (Fig. 1). 147 

S2 in the city of Ptolemaida (40.513o Ν, 21.677ο E and 610 m asl), the second most populated city 148 

of the area (32,000 inhabitants), which is located in the centre of the industrial area with opencast 149 

coal mining and lignite combustion activities. More specifically, Ptolemaida is located about 31 km 150 
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(S), 17 km (S), 13 km (N) and 25 km (NW) to the lignite power plants PS1, PS2, PS3 and PS4, 151 

respectively. Furthermore, the city is surrounded by four opencast lignite mine, namely the South 152 

Field (in a distance of 17 km SE),  Kardia (12 km SSE), Mavropigi (6 km SSE) and Amyntaio (12 153 

km N) (Fig. 1). 154 

S3 in Eratyra (40.341o Ν, 21.511ο E and 740 m asl), a village in a rural residential district, with 155 

1,400 inhabitants (Fig. 1). It is located on the south, south-west sector, in a distance of about 21 - 51 156 

km away from the mining and power station operations, outside of the basin where the main 157 

industrial activity occurs. In addition, it must be mentioned that the Askio Mountain (with an 158 

altitude of about 2000 m) is interposed between the village and the industrialized zone. So, since it 159 

is not directly influenced by industrial emissions it is considered as a background station.   160 

 161 

Ambient sampling 162 

 163 

The sampling campaign was carried out in the course of a year at three receptors S1 (08 / 2015 to 07 164 

/ 2016), S2 and S3 (11 / 2013 to 10 / 2014). Samples were collected on PTFE membrane filters 165 

(teflo, Pall) using low volume air samplers equipped with PM10-selective head (PM162M 166 

Environnement S.A. and Derenda LVS) while each sampling lasted twenty-four hours starting at 167 

midnight. Loaded and unloaded filters were weighted after being exposed for 48 h in an air-168 

conditioned weighing room at constant temperature (23-25o C) and relative humidity (40-50%) for 169 

the gravimetric determination of the particle mass concentration. 170 

Finally, 64, 163 and 62 PM10 samples were obtained at three receptor sites Kozani (S1), 171 

Ptolemaida (S2) and Eratyra (S3) respectively. 172 

 173 

Elemental analysis 174 

 175 
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A cross-section of the PM10 samples, for each receptor, underwent an elemental analysis in order to 176 

define major, minor and trace elements in the atmospheric particles. In particular, 33, 44 and 21 177 

filters were analysed for S1, S2 and S3 sampling site respectively. The selection of samples to be 178 

analyzed was carried out taking into account the seasonality and the variability of meteorological 179 

conditions and so can be considered representative for whole sampling period. It must be noted that 180 

the samples corresponding to Sahara Dust events were excluded. 181 

Inductively coupled plasma mass spectrometry (ICP-MS) was used for the determination of Be, Na, 182 

Mg, Al, K, Ca, V, Cr, Mn, Fe, Ni, Co, Cu, Zn, As, Se, Mo, Ag, Cd, Sb, Ba, Tl, Pb, Th and U in 183 

suspended particles with a diameter smaller or equal to 10μm. 184 

Loaded filters were extracted by hot acid procedure (Method IO-3.1, EPA) with 8 mL mixed acid 185 

(1:3 ratio of high purity HNO3 and HCl). All the extracts were filtered through 0.45μm membrane 186 

filter and were diluted to 25 mL with high purity water. Eventually, the resulted aqueous solutions 187 

were analysed using ICP-MS (Agilent 7500) according to analytical procedures reported by the 188 

instrument manufacturer. The extraction procedure and the analytical method have been described 189 

in Garas et al. (2017). 190 

The final elemental concentrations presented here have been properly corrected using the recovery 191 

rates and blank filters. 192 

 193 

Positive matrix factorization  194 

 195 

Positive Matrix Factorization (PMF) is an advanced receptor model developed by Paatero and 196 

Tapper (1993), with the purpose of evolving a modern multivariate factor analysis technique. PMF 197 

can be used in soils, wastewater, air quality and source apportionment studies (Comero et al. 2009). 198 

The main characteristics of PMF are: the weighing of data points using their experimental 199 

uncertainties and the ability to manage missing data and outliers. Furthermore, the objective of 200 

multivariate Positive Matrix Factorization receptor modeling is to specify the total number of 201 
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factors (PM10 emission sources) p, the profile (elemental composition) of each source and the 202 

contribution of the p factors to each atmospheric PM10 sample (Comero et al. 2009). The PMF 203 

model can be described with the general equation (Eq. 1): 204 

 205 

X = GF + E                                                                (1) 206 

 207 
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 210 

X is an (n x m) data matrix consisting of the concentrations of n chemical species in m PM10 211 

samples, G is an (n x p) matrix of emission source profiles and F is a (p x m) matrix of factor 212 

contributions to the samples. Moreover,  G depicts the temporal variation of the emission sources 213 

while E represents the unmodeled by the p-factor model data (residual matrix).The objective  of 214 

PMF is minimizing the Q-value described (Eq. 2) as the sum of square of the residuals (eij) 215 

weighted inversely with uncertainties (sij) of the measured elemental mass concentrations. 216 

Results and discussion 217 

PM10 concentrations 218 

 219 

The mean annual PM10 concentrations measured at Kozani and Eratyra were 29 and 18 μgm-3 220 

respectively and were below the annual limit of 40 μgm-3 that is proposed by the EU (83/399/ECC). 221 

On the contrary, the mean annual value at the third receptor site S2 (Ptolemaida) was 40 μgm-3, 222 

equal to the current standard. 223 

The percentage of daily PM10 concentrations that were higher than the 24-h limit value of 50 μgm-3 224 

ranged between 0% and 28.2%, across the three sites with the highest value being recorded at 225 

Ptolemaida. In particular, 46 mean daily values (28.2% of PM10 values) in 163 samples, exceeded 226 
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the daily limit value (50μgm-3, not to be exceeded over 35 times in a year, EC 1999). These results 227 

are lower than those referred in literature for urban-industrial sites in South, Central and Eastern 228 

Europe (D. Voutsa et al. 2002; X. Querol et al. 2002; Jannsen et al. 1997; Houthuijs et al. 2001) but 229 

slightly higher than those reported for North and Western Europe (Lazaridis et al. 2002). In the case 230 

of Kozani, 4 exceedances (6.2%) in 64 cases were observed. These findings are significant lower 231 

than those previous reported regarding the same area for the years 1991 – 1994 (Triantafyllou, A.G. 232 

2001). This might be attributed to antipollution actions of GPPC (Triantafyllou et al. 2006) and / or 233 

–more likely- to operation of the installed district heating system. It should be noted that, since 234 

1993, a district heating (also known as heat network or teleheating) system has been installed and is 235 

available in most households of Kozani. This heating system distributes heat, through isolated 236 

pipes, generated in a remote location for residential and commercial heating requirements. In the 237 

present case the heat is obtained from nearby power plants burning coal. However, no value 238 

recorded on a 24-hour basis exceeded the daily limit in the S3 background station at the village of 239 

Eratyra. 240 

 241 

 Elemental concentrations 242 

 243 

PM10 chemical composition at the three receptor sites is presented in Figure 3. The summed mass 244 

of the 25 elements that were determined in this study corresponded in 12.5, 12.6 and 5.9 % of the 245 

PM10 mass for S1, S2 and S3 receptor sites respectively. 246 

Crustal matter (Al, Ca, Mg, Fe), was the main component of PM10 (fig. 4). The concentrations of 247 

Ca, Fe, Mg, Al, Na, K, Mn, Co, As, Cd and Pb were relatively higher at the S2 receptor site which 248 

is located, as it is mentioned above, close to the opencast coal mining and lignite power plants and it 249 

is directly affected by industrial emissions. It must be noted that the major elements (Ca, Fe, Mg, 250 

Al, Na, K) are mainly originated from crustal source (Lopez et al. 2005), while, at the same time, 251 

these elements are the main components of coal fly ash (US EPA 1999; Samara C. 2005). 252 
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Regarding the trace elements (Mn, Co, As, Cd and Pb) are known to arise at high temperatures 253 

during the combustion of coal (Izquierdo and Querol 2012). At all three sites the mean lead 254 

concentrations were well below the ambient air quality standard of 500ngm-3 (as annual mean, EC, 255 

1999).The mean values of As, Cd and Ni were also lower than the proposed assessment thresholds 256 

(6, 5 and 20ngm-3, respectively, EC, 2003). In the case of V, the proposed 24-h concentration limit 257 

value of 1μg/m3 (WHO 2000)   never exceeded during the sampling campaign. Finally, the mean 258 

total concentration of Mn was lower than the annual tolerance concentration included in the WHO 259 

Air Quality Guidelines (150ngm-3, WHO 2000).  260 

 261 

 262 

Figure 3. Ambient PM10 profiles at receptor sites Kozani (S1), Ptolemaida (S2) and Eratyra (S3) 263 

 264 

 265 

 266 
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 267 

Figure 4. Mean elemental composition of ambient PM10 268 

 269 

 270 

Determination of the number of sources 271 

 272 

Generally, receptor models permit to extract information on emission sources number, composition 273 

and contribution to air pollutant concentration at receptor site. 274 

For this purpose the multivariate Positive Matrix Factorization (PMF) receptor model was applied 275 

and an attempt was made to identify the main ambient PM10 sources that affect the sampling sites. 276 

In PMF, the selection for the input data is crucial and based on analytical sensitivity, accuracy, and 277 

detection limit. Due to the fact that the measured sum of elements is a small part of gravimetrically 278 

measured atmospheric PM10 mass since it fluctuated from 5.9 to 12.6% at three sampling sites, the 279 

ambient PM10 concentration time series purvey addable information to PMF receptor model (Gupta 280 

et al. 2012). Consequently, particle matter with an aerodynamic diameter less or equal to 10μm is 281 

considered as a distinct species and so, it participates in the input data matrixes. Eventually, in order 282 

to carry out analyzes on PM10 sources, data matrixes with dimensions of 33×26, 44×26 and 21×26 283 

for S1, S2 and S3 receptor sites were prepared with 25 metal elements in addition to PM10 mass 284 

concentrations. The data less than detection limit, were replaced with a half value of detection limit 285 

for each element and their error estimates were used for 5/6 of those detection limits (Polissar et al. 286 

1998).The species to be included in the PMF analysis were selected using the signal to noise (S/N) 287 

0% 20% 40% 60% 80% 100%
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Be Na Mg Al K Ca V Cr Mn

Fe Ni Co Cu Zn As Se Mo Ag

Cd Sb Ba Tl Pb Th U
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ratio. A variable is called “weak” if the S/N ratio is between 0.9 and 4. Species with S/N ratio less 288 

than 0.9 are denoted as “bad” variables and are excluded from the analysis. 289 

A basic step in PMF analysis is the determination of the number of factors. Analysis of the 290 

goodness of model fit, Q, as defined in eq 2, can be used to help determine the optimal number of 291 

factors. Qrobust is calculated excluding outliers and the Qtrue is calculated including all points. 292 

Solutions where Qtrue is greater than 1.5 times of Qrobust indicate that peak events may be 293 

disproportionately influencing the model (Gupta et al. 2012). It must be noticed that the base model 294 

run with the lowest Qrobustwas automatically selected by the program for Fpeak runs. The Fpeak 295 

parameter was used to refine the source profiles, and there were no significant differences than 296 

those obtained with zero Fpeak value. 297 

A tool for selecting the optimal number of factors based on the expected Q (Qexp) value (Bzdusek et 298 

al. 2006), which is given by (Paatero and Tapper 1993; Eq. 3): 299 

 300 

 301 

Qexp = (n – p)x(m – p)                 (3) 302 

 303 

 304 

It must be noticed that the Qexp value gives important information about the quality of the fit since 305 

the optimal solution should have a Q not too different from the Qexp value. 306 

Data-sets of receptor sites Kozani (S1), Ptolemaida (S2) and Eratyra (S3), from 3 to 8 factors were 307 

tested (with FPEAK=0) and the resulting Qtrue/Qexp values were plotted (fig.5): 308 

 309 

 310 

 311 

 312 

 313 
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 314 

 315 

 316 

 317 

 318 

Figure 5. Qtrue/Qexp values from different number of factors for receptor sites a)Kozani (S1), 319 

b)Ptolemaida (S2) and c) Eratyra (S3) 320 
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The Qtrue/Qexp values steadily decrease except from factor 3 to 4, 3 to 5 and 2 to 3 for S1, S2 and S3 323 

receptor site respectively, where the slopes are greater. This suggests that the solutions with 3, 3 and 324 

4 and 2 factors respectively, should be rejected.  325 

In Positive Matrix Factorization, the selection of the number of factors is subjective. Using a 326 

maximum number of factors will create unrealistic sources without physical sense. On the other 327 

hand, using very few factors there is a risk to combine different sources together. 328 

 329 

 330 

 331 

 332 

 333 

 334 

 335 

Figure 6. IM and IS plot vs number of factors for receptor sites a)Kozani (S1), b)Ptolemaida (S2) 336 

and c) Eratyra (S3) 337 
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 338 

 339 

In order to reduce the range of the optimal number of factors, the maximum individual column 340 

mean (IM) and the maximum individual column standard deviation (IS), were used (Lee et al. 341 

1999). Starting from the scaled residual matrix R, these parameters are defined as follow: 342 

 343 

 344 

 345 

𝐼𝑀 =  max
𝑗=1…𝑚

(
1

𝑛
∑ 𝑟𝑖𝑗

𝑛

𝑖=1

)                                           (4) 346 

 347 

 348 

𝐼𝑆 =  max
𝑗=1…𝑚

(√
1

𝑛 − 1
∑(𝑟𝑖𝑗 − 𝑟̅𝑗)

2
𝑛

𝑖=1

)                              (5) 350 

 349 

 351 

Where rij= (eij/sij) is each element in matrix R and 𝑟𝑗 the mean over the ith row. 352 

 353 

As stated, IM represents the jth variable with greater scaled residuals mean and so the less accurate 354 

one. Instead IS reproduces the jth variable with greater scaled residual standard deviation and so the 355 

more imprecise fit. Plotting these parameters against the number of factors it is possible to reject 356 

some of them. When the number of factors approaches to a critical value, IM and IS show a drastic 357 

decrease. As shown in fig. 6a,b, analyzing IM values from the S1 and S2 receptor sites data-sets, 358 

was observed a rapid decrease of IM from 3 to 4 number of factors and a further decrease from 7 to 359 

8 and from 6 to 7 for Kozani and Ptolemaida respectively. On the contrary, the IS graphs (fig. 6a, b 360 

and c) show a first step between 4 and 5 number of factors. From all the above analyzes it seems 361 
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that solutions with 4 or more (for S1 and S2) and 3 or more (for S3) number of factors have a better 362 

fit. 363 

Finally, knowledge of the possible sources in the receptor sites (S1, S2 and S3) can provide an 364 

answer on choosing the most optimal number of factors between 3 and 7.Therefore, the 6, 6 and 3-365 

factor model was used to analyze data-sets and identify the main PM10 sources that affect the 366 

sampling sites at Kozani, Ptolemaida and Eratyra, respectively. 367 

 368 

Source identification 369 

 370 

The characterization of specific particle sources is particularly challenging due to a large number of 371 

urban and industrial sources presenting similar elemental profiles (Lee et al. 1999; Kim et al. 2007; 372 

Watson et al. 2004). Despite the fact that the trace elements participate in small quantities in the 373 

total particulate mass, they play a crucial role in the classification of the sources that affect the 374 

receptor sites. The identification of sources was conducted using major marker species that can be 375 

estimated based on number of references. 376 

 377 

The case of Kozani (S1). A total of six factors (sources) were obtained for the sampling site at city 378 

of Kozani. More specifically, two traffic sources (Road dust and Vehicle exhaust), Soil dust, 379 

Biomass burning, Coal and oil combustion were identified. The PMF factor profiles for Kozani are 380 

given in figure 7. Furthermore, the pie-chart in figure 8 presents the average source contribution for 381 

the sampling period. 382 

The coefficient of determination between predicted PM10 concentrations from all sources and the 383 

observed PM10 concentrations was 0.80. This proves that the identified factors reproduce with 384 

fairly high precision the measured PM10 concentrations. 385 

The first factor was dominated by Mg (26%), Ca (25%), Cu (23%), Fe (13%), Sb (27%) and Ba 386 

(20%). This source is estimated to be road dust and was traced by elements that come from brake, 387 



 

19 
 

tire and vehicle body wear (Cu, Fe, Zn) (Diapouli et al. 2017; Schauer et al. 2006), while it also 388 

contained crustal metals from road–surfacing material wear (Mg, Ca,Fe) which are resuspended by 389 

vehicular traffic (Diapouli et al. 2017). Other elements contributing to the road dust profiles were 390 

Sb and Ba which can be used as the major marker species (Pakkanen et al. 2001).  According to the 391 

literature, Ba is an additive and may be emitted from the combustion of lubricating oil (Monaci and 392 

Bagagli 1987). The contribution of this factor was 27.5% of PM10 mass on an average 7.5 μg m−3 393 

at S1 receptor site. 394 

The second source is assumed to be the oil combustion. This factor was dominated by Cr (50.3%), 395 

Zn (33.1%), V (37.1%) and As (24.9%). Cr originates from coal and oil combustion, at high 396 

temperatures (Lim et al. 2010; Uberoi and Shadman 1991) while V comes from oil combustion 397 

(Vallius et al. 2005) used in the power stations to start up generators (27000 tonesy-1; Kalaitzoglou 398 

et al. 2014) and constitutes a typical indicator for this process. Zn and As are assigned as marker 399 

species for coal combustion (Lee et al. 2002; Morishita et al. 2006; Chueinta et al. 2000). The 400 

identification of Zn, As and V in the particular factor, indicates combined use of coal and oil 401 

combustion. This source (oil – start up fuel combustion) constitutes about 5.1% of PM10 during the 402 

whole period. 403 

The next factor was dominated by Sb (35.2 %), Pb (32.2 %) and Zn (27.5 %). This emission source 404 

is estimated to be vehicle exhaust. Zn may be contributed from galvanized materials and tire wear 405 

(Diapouli et al. 2017; Santoso et al. 2008) and may be also originated from the combustion of 406 

lubricating oil (Viana et al. 2008). Pb comes from a variety of emission sources, traffic and tire 407 

wear, incineration, fossil fuel combustion, etc (Smichowski et al., 2008). Pb used to be one of the 408 

trace elements considered as a marker of vehicle traffic for years. However, with the 409 

implementation of legislation on the use of unleaded fuel in Europe (EC 1998), gasoline is not a 410 

dominant pollution source of Pb. Huang et al., 1994 assigned Sb and Br as markers for vehicular 411 

exhaust. Vehicle exhaust factor constitutes about 27.2% of PM10 during the sampling period with 412 

an average of 7.4 μg m−3. 413 
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Figure 7. PMF factor profile forKozani (S1) 419 

 420 

 421 
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The fourth source is typical soil dust including natural windblown dust from surrounding regions 422 

and fugitive dust emissions from agricultural and mining activities. This factor is represented by 423 

elements Al (49.7 %), Mg (40.6 %), Ca (22.3 %), Mn (37.6 %), Fe (37.3 %), Ni (31.0 %), Co (38.1 424 

%), Ba (27.4 %) and Th (70.5 %) which are mainly originated from crustal source (Lopez et al. 425 

2005). Soil dust constitutes about 22.3 % of the PM10 during the whole period with an average of 426 

6.1 μg m−3. 427 

The fifth factor is characterized by the presence of Be (51.2 %), Ca (20.8 %), Cr (20.4 %), Ni (24.4 428 

%), As (64.9 %), Cd (47.9 %), Pb (17.0 %) and Tl (31.4 %). It was identified as a coal combustion 429 

process. It should be noted that in the northern sector of Kozani, four lignite power stations are 430 

established and operated by the Greek Public Power Corporation. Calcium originates from lignite 431 

combustion since it is exist in fly ash, mainly as lime, anhydrite, calcite etc. and of course 432 

constitutes the most largely released element (Izquierdo and Querol 2012). Trace elements Be, Cr, 433 

Ni, As, Cd, Pb and Tl are known to arise at high temperatures during the combustion of coal 434 

(Izquierdo and Querol 2012). In accordance to literature (Chueinta et al. 2000), As is widely used as 435 

a marker for coal combustion. This source constitutes about 15.2% of PM10 during the whole 436 

sampling period with an average of 4.1 μg m−3. 437 

 438 

 439 

 440 

Figure 8. Source contribution for receptor site of Kozani (S1) 441 
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 442 

 443 

The sixth source was assigned to biomass burning by considering the high percentage of K (82.7 444 

%).  Wood combustion for residential heating and vegetation burning (field burning) emissions are 445 

potential sources. 67.8 % of Cu and 34.3 % of Zn were also present in this factor, which are tracers 446 

for waste burning (Bruin et al. 2006). The PMF model could not discern between these two sources. 447 

The contribution of biomass - waste burning was 2.7% of PM10 mass on an average of 0.7 μg m−3. 448 

 449 

The case of Ptolemaida (S2). Optimal number of sources (factors) chosen was six. More 450 

specifically, Road dust, Vehicle exhaust, Oil burning, Biomass burning, Soil dust and Coal 451 

combustion were identified. The PMF factor profiles for Ptolemaida are given in figure 9. 452 

Furthermore, the pie-chart in figure 10 presents the average source contribution for the sampling 453 

period. The r2 of determination between predicted PM10 concentrations from all sources and the 454 

observed PM10 concentrations was 0.86. 455 

The first factor was dominated by Mg (47.4%), Al (44.6%), Mn (44.1%), Fe (43.5%), Ni (40.2%), 456 

Co (40.4%), Zn (29.5%), Ba (35.6%), Tl (46.9%) and Th (49.6%). This source is estimated to be 457 

road dust. This factor was traced by elements (Fe, Zn) that originate from vehicle body, brake and 458 

tire wear (Diapouli et al. 2017; Schauer et al. 2006), while it also comprised metals (Al, Mg, Mn, 459 

Fe, Ni, Co and Th) which are mainly come from crustal emission source (Lopez et al. 2005). It 460 

should be noted that road dust is a source of particles accumulated on the road surface, which are 461 

emitted by resuspension due to vehicular traffic. Other element contributing to the road dust profile 462 

was Ba which can be used as the major marker (Pakkanen et al. 2001). The contribution of road 463 

dust was 13.9% of PM10 mass on an average of 4.6 μg m−3. 464 

The second source is assumed to be the oil combustion. This factor was dominated by V (50.8%), 465 

Cr (44.7%) and Zn (47.5%). V comes from oil combustion (Vallius et al., 2005) in Lignite Power 466 

Stations during their ignition and constitutes a typical indicator for this process. Cr originates from 467 
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coal and oil combustion, at high temperatures (Lim et al. 2010) while Zn is assigned as a marker for 468 

coal combustion (Lee et al. 2002; Morishita et al. 2006; Chueinta et al. 2000). The identification of 469 

V, Cr and Zn in the particular factor indicates combined use of oil and coal as a start up fuel at the 470 

Power Plants. This source constitutes about 9.9% of PM10 during the whole period on an average 471 

of 3.3 μgm−3. 472 

The next factor was dominated by Sb (62.2 %) and Pb (35.8 %).This emission source is estimated 473 

to be vehicle exhaust. Pb originates from a variety of pollution emissions, traffic and tire wear, 474 

fossil fuel combustion, etc. Sb is assigned as a marker for vehicular exhaust. This factor constitutes 475 

about 0.5% of PM10 during the sampling period. 476 

 477 
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 478 

Figure 9. PMF factor profile for Ptolemaida (S2) 479 

 480 

 481 

The fourth factor is represented by elements Al (30.9 %), Mg (27.5 %), Ca (55.1 %), Mn (23.5 %), 482 

Fe (27.4 %), Ni (24.4 %), Co (24.1 %), Ba (28.0 %) and Th (24.8 %) which are mainly originated 483 

from crustal source (Lopez et al. 2005).The identification of As (31.3%) and Cd (14.8%) in the 484 

particular factor, indicates participation of fly ash in the particle matter. This source is estimated to 485 

be Soil dust including natural windblown dust from surrounding regions and fugitive dust emissions 486 

from mining activities such as operation of mining equipment, translocation of soil or coal, vehicle 487 
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traffic on unpaved roads, transportation and deposition of lignite and lignite ash. Soil dust 488 

constitutes about 36.9% of the PM10 during the whole period with an average of 12.3 μg m−3. 489 

The fifth factor is characterized by the presence of As (58.2 %), Cd (48.5 %) and Pb (30.9 %). It 490 

was identified as a coal combustion process. Trace elements As, Cd and Pb are known to arise at 491 

high temperatures during the combustion of coal (Izquierdo and Querol 2012) while As is used as a 492 

marker for coal combustion (Chueinta et al. 2000). This source constitutes about 30.8% of PM10 493 

during the whole sampling period with an average of 10.2 μg m−3. 494 

The sixth factor was assigned to biomass burning. This source was dominated by K (82.1 %). Wood 495 

combustion for residential heating and vegetation burning emissions are potential sources. It must 496 

be noted that during the sampling campaign the biomass was used as fuel (mixture 8% of dried 497 

cultivated plants in coal; unofficial data by the GPPC) in the Power Station of Kardia (PS3, fig. 1). 498 

The contribution of this factor was 8.1% of PM10 mass on an average of 2.7 μg m−3. 499 

 500 

 501 

 502 

Figure 10. Source contribution for receptor site of Ptolemaida (S2) 503 

 504 
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The case of Eratyra (S3). A total of three sources were obtained for the sampling site (S3) at village 506 
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PMF factor profiles for Eratyra are given in figure 11. Furthermore, the pie-chart in figure 12 508 

presents the average source contribution. The r2 of determination between predicted PM10 509 

concentrations from all sources and the observed PM10 concentrations was 0.91. 510 

 511 

 512 

 513 

 514 

 515 

Figure 11. PMF factor profile for Eratyra (S3) 516 

 517 

The first factor is characterized by the presence of high percentage of K (57.1 %). This source was 518 

assigned to biomass burning, including Wood combustion for residential heating and vegetation 519 

burning (field burning), emissions. The contribution of biomass was 67.2% of PM10 mass on an 520 

average of 11.8 μg m−3. 521 

 522 
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 523 

 524 

Figure 12. Source contribution for receptor site of Eratyra (S3) 525 

 526 

 527 

The next source is typical soil dust including natural windblown dust and fugitive dust emissions 528 

from agricultural activities. This factor is represented by elements Al (80.9 %), Mg (72.1 %), Ca 529 

(64 %), Mn (70.3 %), Fe (73.2 %), Ni (72.4 %), Co (75.7 %), Ba (63.3 %) and Th (92.3 %) which 530 

are mainly originated from crustal source (Lopez et al. 2005). Soil dust constitutes about 20.5 % of 531 

the PM10 during the whole period with an average of 3.6 μg m−3. 532 

Finally, the third factor is assumed to be the oil combustion for residential heating. This factor was 533 

dominated by V (57.2%), Cr (72.9%), Zn (72.6%), As (72,3%) and Cd (71.2%). In accordance to 534 

literature (Vallius et al. 2005), V originates from oil combustion and it is widely used as a typical 535 

marker. The contribution of oil combustion was 12.4% of PM10 mass on an average of 2.2 μg m−3. 536 

Conclusions 537 

PM10 measurement campaign was conducted throughout one year period at three receptor sites 538 

with different features in Western Macedonia, a region in NW Greece with mining and lignite 539 

power operations.  540 
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The mean PM10 concentrations in areas proximal and far from mining and power station operations 541 

were below the annual limit while the mean annual concentration at receptor site in the centre of 542 

industrial zone was equal to the current standard value of 40μgm-3. 543 

Furthermore, the highest PM10 daily values were also recorded at the site in the vicinity of the 544 

industrial activities, namely, 46 mean daily values (28.2%) of 163 samples, exceeded the daily EU 545 

limit value. 546 

At all receptor sites, the mean values of Pb, V, As, Cd and Ni were lower than the proposed 547 

assessment thresholds. 548 

EPA PMF5.0 was used to analyze the elemental data obtained from three sites in the area of 549 

interest. At urban-industrial sites, a total of six source types were identified to be important which 550 

include: soil dust, coal combustion, road dust, vehicle exhaust, oil combustion and biomass burning. 551 

The major contributors of PM10 at the site located proximal to the industrial zone, where urban 552 

activities and traffic density take place, were vehicle exhaust (27.2%), road dust (27.5%) and soil 553 

dust (22.3%). On the contrary, at the second sampling site, located close to the industrial area with 554 

opencast coal mining and lignite combustion activities, major air pollution sources were identified 555 

as soil dust (36.8%) and coal combustion (30.8%). The major sources at the background site located 556 

in a rural residential district not directly influenced by traffic or industrial emissions were biomass 557 

burning (67.1%), soil dust (20.5%) and oil burning (12.4%).  558 

Consequently, the final results point out that all three receptors were mostly affected by emission 559 

sources in the vicinity of the sampling sites, while no distant transport from industrial activities to 560 

the area outside of the industrial axis was observed. 561 
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