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Abstract: Ambient particulate matter (PM10) and its chemical composition in polycyclic aromatic
hydrocarbons (PAHs) were studied in areas of specific interest, between September 2015 and July 2016.
The principal aim of this study was to assess the different PAH source profiles in each area, as well
as their potential health risk. In particular, the studied areas were (a) the semiurban industrialized
zone of the Municipality of Peloponnese (Meligalas, Messini) of Messinia prefecture, due to the
intensive olive-productive activity in the extensive area, (b) the industrialized zone of Oinofyta
in Voiotia prefecture, and (c) the urban/traffic center of Athens (Aristotelous). Intense spatial
and seasonal variations in PAH levels were observed among the study areas collectively, but also
for each one individually. During the winter period, the total PAHs average concentration was
11.45 and 9.84 ng/m3 at Meligalas–Skala (S1, S2 stations), 8.84 ng/m3 at Messini (S3 station), and
6.30 ng/m3 at the center of Athens (Aristotelous). During the summer campaign, the corresponding
levels were 0.99, 1.20, and 0.70 ng/m3 (S1, S2, and S3 stations), and 5.84 ng/m3 (Aristotelous),
respectively. The highest potential cancer risk of the PAHs mixture was estimated based on winter
season measurements taken at the Municipality of Peloponnese. In order to determine PAH sources,
two different source apportionment techniques were applied, i.e., diagnostic ratios (DRs) and the
positive matrix factorization (PMF) model.

Keywords: PAHs; kernel olive industries; diagnostic ratios; PMF; risk assessment; source identification;
air quality

1. Introduction

In recent decades, much attention has been given to the study of airborne particulate
matter (PM) due to its potential adverse effect on human health. According to the World
Health Organization (WHO)’s update for 2023, worldwide air pollution is the greatest
environmental threat to public health, causing 7 million premature deaths every year. In
2019, 99% of the world population was living in places where the WHO’s strictest 2021 air
quality guideline levels were not met [1]. Particulate matter (PM10 and PM2.5) is linked
with several deadly illnesses, such as heart disease, stroke, respiratory mortality (COPD
and acute lower respiratory infections, such as pneumonia), cardiovascular mortality
(cerebrovascular disease and IHD), and chronic obstructive pulmonary diseases [2,3].
Numerous inorganic and organic compounds have been detected in PM10, formed by a
wide variety of mechanisms related to natural and anthropogenic sources. Much attention
has been given to the organic fraction, and especially to persistent organic pollutants (POPs),
including polycyclic aromatic hydrocarbons (PAHs), due to their potential to bioaccumulate
and pose a risk of causing adverse effects to human health and the environment [4,5].
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Consequently, an expanding body of research has concentrated on gathering additional
data concerning PAHs, determining their sources, and assessing potential health impacts on
humans, aiming to enhance the understanding of these complicated mechanisms. Source
apportionment approaches comprise a robust method for characterizing and attributing the
sources of PAHs [6]. An increasing number of studies have been directed towards urban
areas due to human activities [7–10]. In addition, the spatial distribution of sources can yield
crucial insights into pollutant dynamics, helping to identify different pollution patterns
and develop control strategies to prevent health risks [11–14]. The relation between the air
pollutants and health effects has been extensively documented in studies [15,16], including
the indoor and outdoor exposure of children and adults to harmful substances [17–20].

PAHs are a class of complex organic chemicals which only include carbon and hy-
drogen arranged in two or more fused aromatic rings and are formed by the incomplete
combustion of organic materials. The main emission sources of PAHs include residential
combustion processes (open fires, coal and wood burning for heating purposes, etc.), in-
dustrial metal production processes, and the road transport sector. Their carcinogenic and
mutagenic potential and their wide distribution mean that 16 PAHs have been included on
the list of priority pollutants by the United States Environmental Protection Agency. Among
them, Benzo[a]anthracene, Benzo[a]pyrene, dibenzo[a,h]anthracene, benzo[b]fluoranthene,
benzo[k]fluoranthene, benzo[ghi]perylene, and indeno[1,2,3-cd]pyrene have been classified
as probable human carcinogens. Benzo[a]pyrene (BaP) has been classified by the Interna-
tional Agency for Research on Cancer (IARC) as a known carcinogen to humans, and for
this reason, it is used as an indicator of exposure to harmful PAHs [21]. Atmospheric PAHs
can be distributed between the PM and gas phases. Lighter PAHs like naphthalene are
predominantly present in the gas phase. On the other hand, heavier PAHs such as B[a]P
are primarily absorbed onto particles. These findings suggest that particulate PAHs pose
significant health hazards to the human respiratory system through inhalation. Further-
more, depending on atmospheric conditions, these PAHs may be airborne for days and
transported over long distances, which is the reason why the pollution status of an area is
considered as a mixed signature of both local and external sources.

Based on the above, and especially regarding health concerns, several studies have
been focused on the identification of concentration levels and sources of these compounds.
Studies indicate that the most significant concentration levels of PAHs have been observed
for urban and industrialized areas rather than for rural areas [22]. For the determination
of sources, receptor models have been widely used in different environments; among
these, positive matrix factorization (PMF), chemical mass balance (CMB), and principal
component analysis (PCA) have been used extensively for the identification of sources and
estimation of the contribution of measured PM samples [23].

The present study aims to assess the variance of PAH concentrations, as well as to
identify and quantify the contribution of pollution sources of these hazardous compounds
in three areas with different characteristics. More specifically, an industrialized zone of
Oinofyta, where several heavy industries (i.e., metallurgy and metal processing, chemical
manufacturing, plastic production, food processing, textile manufacturing) are located,
an area with intense olive-productive activity in the Peloponnese region, and an urban
site with heavy traffic in the Athens city center were selected for an approximately 1-year
sampling campaign. To the best of our knowledge, this study constitutes a first attempt to
assess the impact of combined data from heavy industrial areas, olive-productive areas,
and traffic-related urban environments on air quality and human health, specifically the
carcinogenic equivalent concentration (TEQ). In addition, two source apportionment tools
were applied on the collected data, i.e., the diagnostic ratios (DRs) and the PMF model, in
order to identify the main PAH sources contributing to measured air pollution levels in
each area.
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2. Data and Methodology
2.1. Study Areas Characteristics

Sampling of ambient PM10 was conducted in three areas with different kind of ac-
tivities from September 2015 to July 2016 (Figure 1). The first sampling area includes the
semiurban industrialized zone of the Municipality of Peloponnese in the Messinia Region,
characterized by intensive olive production in the extensive area. Three monitoring stations
were selected and positioned to cover the area where four olive pomace industries are
located (Table A1). The sampling site (S1) was located to the north, while (S2) was situated
to the south of the industries, in the Meligalas area. In Messini, site (S3) was located to the
west of the industries (Figure 2).

Atmosphere 2024, 15, x FOR PEER REVIEW 3 of 37 
 

 

order to identify the main PAH sources contributing to measured air pollution levels in 
each area. 

2. Data and Methodology 
2.1. Study Areas Characteristics 

Sampling of ambient PM10 was conducted in three areas with different kind of activ-
ities from September 2015 to July 2016 (Figure 1). The first sampling area includes the 
semiurban industrialized zone of the Municipality of Peloponnese in the Messinia Region, 
characterized by intensive olive production in the extensive area. Three monitoring sta-
tions were selected and positioned to cover the area where four olive pomace industries 
are located (Table A1). The sampling site (S1) was located to the north, while (S2) was 
situated to the south of the industries, in the Meligalas area. In Messini, site (S3) was lo-
cated to the west of the industries (Figure 2). 

 
Figure 1. The sampling sites of Peloponnese, Aristotelous, and Oinofyta. 

  
(a) (b) 

Figure 2. (a) The sampling sites S1, S2, and (b) S3 in Municipality of Peloponnese. 

The second sampling area is the urban center of Athens (Figure 3). The sampling site 
(Y1) was located on the first floor of the Greek Ministry of Health, facing Aristotelous 
Street and a three-way junction characterized by dense vehicular traffic and commercial 
activity. 

Figure 1. The sampling sites of Peloponnese, Aristotelous, and Oinofyta.

Atmosphere 2024, 15, x FOR PEER REVIEW 3 of 37 
 

 

order to identify the main PAH sources contributing to measured air pollution levels in 
each area. 

2. Data and Methodology 
2.1. Study Areas Characteristics 

Sampling of ambient PM10 was conducted in three areas with different kind of activ-
ities from September 2015 to July 2016 (Figure 1). The first sampling area includes the 
semiurban industrialized zone of the Municipality of Peloponnese in the Messinia Region, 
characterized by intensive olive production in the extensive area. Three monitoring sta-
tions were selected and positioned to cover the area where four olive pomace industries 
are located (Table A1). The sampling site (S1) was located to the north, while (S2) was 
situated to the south of the industries, in the Meligalas area. In Messini, site (S3) was lo-
cated to the west of the industries (Figure 2). 

 
Figure 1. The sampling sites of Peloponnese, Aristotelous, and Oinofyta. 

  
(a) (b) 

Figure 2. (a) The sampling sites S1, S2, and (b) S3 in Municipality of Peloponnese. 

The second sampling area is the urban center of Athens (Figure 3). The sampling site 
(Y1) was located on the first floor of the Greek Ministry of Health, facing Aristotelous 
Street and a three-way junction characterized by dense vehicular traffic and commercial 
activity. 

Figure 2. (a) The sampling sites S1, S2, and (b) S3 in Municipality of Peloponnese.

The second sampling area is the urban center of Athens (Figure 3). The sampling site
(Y1) was located on the first floor of the Greek Ministry of Health, facing Aristotelous Street
and a three-way junction characterized by dense vehicular traffic and commercial activity.
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The sampling area of Oinofyta in the Voiotia (Figure 4) prefecture is located in a highly
industrialized zone, near the national highway. Four sampling sites (A1–A4) were selected
across the area.
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Figure 4. The sampling sites A1, A2, A3, and A4 in Oinofyta.

The number of samples collected at each sampling site during the campaigns was 45,
17, and 90 for the Municipality of Peloponnese, Oinofyta, and Aristotelous, respectively.
The sampling period for the Municipality of Peloponnese was from 6 November 2015
to 1 April 2016. This period is characterized by intense activity of the olive pomace oil
industries which contribute to poor air quality in the area. To achieve a more comprehensive
recording of the targeted pollutants to provide a strongly documented scientific perspective,
at the end of the operation of the olive pomace oil industries (November–March 2016),
further sampling was performed (1–10 July 2016) to determine the level of background
concentrations. For the Oinofyta area, the sampling campaign was conducted between
21 September 2015 and 20 October 2015, while for Aristotelous Street, it was conducted
between 25 December 2015 and 6 March 2016 and again from 30 May 2016 to 20 July 2016.
Table 1 summarizes the characteristics of each area and provides information on each
sampling campaign.
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Table 1. Summary information of sampling areas.

Municipality of
Oichalia–Messini

(Peloponnese, Greece)

Oinofyta
(Voiotia, Greece)

Aristotelous
(Athens, Greece)

Sampling sites

Meligalas (S1) A1

Y1
Skala (S2) A2

Messini (S3) A3
A4

Sampling period November 2015–March 2016
July 2016

September–
October 2015

December 2015–March 2016
May–July 2016

Number of samples 45 17 90

Area characteristics Semiurban industrialized/
olive pomace-productive zone Traffic/industrial zone Traffic/urban center

2.2. Sampling and Analytical Techniques and Quality Control

At all sites, PM10 sampling was conducted using low-volume samplers operating ac-
cording to the specifications for PM10 designated by the European EN12341:2014 (Ambient
Air-Standard gravimetric measurement method for the determination of the PM10 or the
PM2.5 mass concentration of suspended particulate matter) [24]. The flow rate was set at
2.3 m3 h, and the operation time was 24 h. Ambient PM10 was collected on microfiber
quartz filters with diameters of 47 and 50 mm. Before sampling, filters were cleaned by
thermal treatment and weighed on an analytical balance after 24 h of conditioning in a
darkened desiccator at a constant temperature (23–25 ◦C) and relative humidity (40–50%).
Loaded filters were similarly conditioned and weighed for gravimetric determination of
particle mass concentration. Afterwards, loaded filters were wrapped in solvent-rinsed
aluminum foil and kept refrigerated until extraction and analysis.

Twenty-two PAHs were quantified on the collected samples: 1,2-dimethylnaphthalene
(1,2 DM-Nap), 2,6-dimethyl-naphthalene (2,6 DM-Nap) acenaphthene (Ace), 2,3,5-trimethylnap
hthalene (2,3,5-TM-Nap), acenaphthylene (Acy), anthracene (Ant), benzo[a]anthracene (B[a]A),
benzo[a]pyrene (B[a]P) benzo[e]pyrene (B[e]P), benzo[b]flouoranthene (B[b]F), benzo[k]fluora
nthene (B[k]F), benzo[g,h,i]perylene (B[ghi]Per), chrysene(Chry), dibenzo[a,h]anthracene
(DBA), fluoranthene (Fla), fluorene (Flu), perylene (Per), indeno(1,2,3c,d)pyrene (IND), phenan-
threne (Phe), pyrene (Pyr), 3,6-dimethylphenanthrene (3,6-dMePhe), 1-methylphenanthrene(1-
MePhe). The sampling and analysis of the PAHs were performed according to ISO 12884
using a gas chromatograph (GC Agilent 5975C, Agilent, Santa Clara, CA, USA) coupled to a
mass spectrometry detector (Agilent 7890A MS, Agilent, Santa Clara, CA, USA).

Briefly, the filter was extracted by Soxhlet with n-hexane for 24 h at a reflux rate of
about 4 cycles per hour after the addition of an internal standard solution (d8-Nap, d10-A,
d10-Phe, d10-Chr, d10-Pyr, d12-B[ghi]P, and d12-Perylene) to monitor recovery. Samples
were concentrated by a rotary evaporator to 1 mL. Solid-phase extraction (SPE) cartridges
were used as a preseparation step before injection of the sample into the GC/MS. The SPE
cartridges containing 2 g of silica were washed/conditioned with 10 mL of n-hexane. Then,
the concentrated raw extract was loaded on top of the SPE cartridge and eluted with a
mixture of n-hexane/dichloromethane (3:2). This eluted fraction was collected and finally
concentrated in a pure N2 stream. Each compound was quantified by GC/MS operating at
an electron impact energy of 70 eV and using the selected ion monitoring (SIM) mode. A
capillary column (30 m × 0.25 mm internal diameter × 0.25 µm film thickness) was used
to quantify PAHs, and 1 mL of sample was injected in splitless mode. The GC conditions
were as follows: 1.1 mL/min helium flow and a temperature–time program of 60–300 ◦C.
The injector temperature was set to 285 ◦C, the transfer line to 280 ◦C, and the ion trap
to 230 ◦C. Calibration curves were prepared with PAH concentrations between 0.05 and
10 ng in isooctane. The NIST (1649b) certified reference material (CRM) was also used to
ensure good accuracy and precision of PAH analysis. The expanded uncertainty (Uexp
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k = 2) ranged from 6.3% to 23%, while the LOD of the method ranged from 0.6 pg/uL to
12.8 pg/uL (Supplementary Material, Table S1).

2.3. Data Analysis

The data collected from each sampling campaign were further analyzed using diag-
nostic PAH ratios (DRs) and PMF model. In addition, the concentrations of pollutants
were used to estimate their potential health effects on humans and determine whether a
substance, chemical or not, constitutes a potential risk to human health.

2.3.1. Diagnostic Ratios

The ratio values of individual PAH species in ambient air samples are commonly
utilized as diagnostic tools to determine the origin of measured PAHs [25]. However,
diagnostic ratios should be used with caution, as it can be challenging to distinguish
between various sources, and they may be influenced by the reactivity of certain PAH
species. The emission profile of PAHs from a specific source is influenced by the processes
involved in their production [26]. For instance, low-temperature processes like wood
burning typically result in the formation of low-molecular-weight PAHs, whereas high-
temperature processes such as fuel combustion in engines tend to release higher-molecular-
weight PAH compounds [27]. At elevated temperatures, organic compounds undergo
cracking to form reactive radicals, which subsequently react to produce stable PAHs
through pyrosynthesis. These PAHs exhibit lower levels of alkylation and contain more
aromatic rings compared to petrogenic PAHs [28].

Diagnostic ratios of PAHs provide a means to differentiate between PAHs [29] and
pyrolytic sources (e.g., fuel combustion), as well as various products of crude oil processing
and biomass burning activities, such as bush, savanna, and grass fires, or coal [30]. Table 2
presents the diagnostic ratios commonly used in the literature for source identification,
which were also used in the present study.

Table 2. Diagnostic ratios for PAHs source identification.

PAH Diagnostic Ratio Indicator Source Value Range Reference

Ant/(Ant + Phe)
Petrogenic sources <0.1

Fahr et al., 2022 [31]Pyrogenic sources >0.1

IND/(IND +
B[ghi]P)

Petrogenic sources <0.2 G.O. Duodu et al., 2017 [32]
Marek & Jasec, 2012 [29]
Yunker et al., 2002 [30]

Combustion of liquid fuels 0.2–0.50
Grass, wood, and coal combustion >0.5

Fluo/(Fluo + Pyr) Gasoline <0.5
Ravindra et al., 2008a [25]Diesel >0.5

B[a]P/(B[a]P +
Chry)

Petrogenic sources <0.2
Inam et al., 2016 [33]Mixed (petrogenic/pyrogenic) 0.2–0.50

Pyrogenic sources >0.5
B[b]Fl /B[k]Fl Diesel >0.5 Ravindra et al., 2008a [25]

Flua/(Flua + Pyr)
Petrogenic sources <0.4

Fahr et al., 2022 [31];
Marek & Jasec, 2012 [29]

Liquid fossil fuel burning 0.4–0.5
Coal, wood, and grass burning >0.5

B[a]P/B[ghi]P Non-traffic emissions <0.6 Marek & Jasec, 2012 [29];
Fiore et al., 2021 [34]Traffic emissions >0.6

IND/B[ghi]P Gasoline
Diesel

<0.4
~1 Ravindra et al., 2008 [25]

Pyr/B[a]P Gasoline ~1
Ravindra et al., 2008 [25]Diesel ~10

B[a]A/
(B[a]A + Chry)

Petrogenic sources <0.2
Fiore et al., 2021 [34];
Fahr et al., 2022 [31]

Petroleum and fuel oil combustion 0.2–0.35
Coal, wood, and grass combustion >0.35
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Table 2. Cont.

PAH Diagnostic Ratio Indicator Source Value Range Reference

Flua/Pyr Petrogenic sources <1
G.O. Duodu et al., 2017 [32]Combustion of solid fuel >1

ΣCOMP/Σ16PAHs Combustion ~1 Fahr et al., 2022 [31]

B[a]P/ B[a]P+ B[e]P
Fresh particles ~0.5

Marek & Jasec, 2012 [29]Photolysis <0.5

LMW/HMW
Pyrogenic sources (coal, grass, and

burning of wood) <1.0 Fahr et al., 2022 [31];
Marek & Jasec, 2012 [29]Petrogenic sources (fuel or one

refined petroleum product) >1.0

Phe/Ant
Combustion of solid fuel <10

G.O. Duodu et al., 2017 [32]Petrogenic >10
Total Index [Flua/(Flua + Pyr),

Ant/(Ant + Phe), B[a]A/(B[a]A +
Chry), IND/(IND + B[ghi]P)]

Low-temperature source (petroleum) <4
Bootdee et al., 2016 [35]High-temperature source

(combustion) >4

CΠAΥ/ΣΠAΥ Combustion ~1 Ravindra et al., 2008 [25]

Additionally, the total index, as described by Bootdee et al., 2016 [35], was used to
confirm emission and identify the profile of PAHs (Supplementary Equation (S1)).

2.3.2. Positive Matrix Factorization (PMF) Model

Receptor models are widely used to analyze and reconstruct the contributions of
various emission sources of atmospheric pollutants, such as particulate matter. This recon-
struction is based on ambient measurement data, specifically the chemical composition
of particulate matter, obtained from monitoring sites (i.e., receptors). The receptor model
used in this study was the positive matrix factorization (PMF). It incorporates a weighting
system that considers the errors associated with data points, by using them as individual
weights. This approach also adjusts error estimates to accommodate missing data and
points below the detection limit [36]. Additionally, non-negative constraints are applied
to ensure the derivation of factors that are more aligned with physical interpretations. In
this study, the USEPA PMF version 5.0 was used, which offers three advanced tools to
evaluate the rotational ambiguity and investigate the uncertainty of the derived solution:
bootstrap (BS) analysis, the displacement (DISP) method, and a combination of DISP and BS
(BS–DISP), as well as the possibility to apply constraints to the solution. These additional
features were used in the present study for assessing and improving the solution.

2.3.3. Data Pretreatment, Model Runs, and Evaluation of PMF Solutions

PMFv.5 model was run for each sampling site, with datasets consisting of n = 45 and
n = 90 samples for the Municipality of Peloponnese and Aristotelous sites, respectively
(i.e., datasets with sufficient data for the model’s application). For the model input matrix,
low-molecular-weight PAHs were excluded due to their volatility [37]. Therefore, the
sum of the high-molecular-weight PAHs (i.e., benzo[b]fluoranthene, benzo[k]fluoranthene,
benzo[e]pyrene, benzo[a]pyrene, indeno[1,2,3-cd]pyrene and benzo[ghi]perylene) was
considered as one species, “SPAHs”. To avoid double mass counting of certain species,
where applicable, either the ion or the elemental form of these species was included in the
analysis (e.g., Ca and Ca2+), depending on their uncertainty and impact on the model’s
solution. “Bad” species were excluded from the analysis due to a high percentage of missing
values or very low signal/noise ratio (<0.2). Furthermore, depending on the case, some
species were set as “weak” due to their low signal/noise ratio (0.2 < S/N < 2) and/or poor
scaled residuals (d-matrix). Finally, outliers were excluded from the analysis. Data below
the detection limit (with the maximum reported detection limit was used as a conservative
limit for all samples) were substituted with one-half of the detection limit, and missing
concentration data were substituted with the median value [38]. The additional modeling
uncertainty was adjusted to 8–12%.
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A range of solutions was examined with different numbers of factors (3–8) in each
case. Thirty runs were executed for each scenario. The robustness of the solutions was
assessed according to the recommendations of the European guide on air pollution source
apportionment with receptor models [39].

PMFv.5 provides three advanced tools to evaluate the rotational ambiguity of the
derived PMF solution: bootstrap (BS) analysis, the displacement (DISP) method, and a
combination of DISP and BS (BS–DISP). BS estimates the effect that random errors in the
matrix/dataset have on the solution; DISP explicitly explores the rotational ambiguity,
and BS–DISP is a combination of both [22]. In the present study, BS, DISP, and BS–DISP
runs were conducted to evaluating the model’s solutions. Specifically, 100 bootstrap
runs were executed for each dataset (with the default minimum correlation r2 = 0.6),
and the results were considered reliable if >80% of the factors were mapped. DISP runs
resulted in the validity of the final PMF solutions, as no factor swaps (i.e., exchanges) were
observed for the smallest dQmax = 4 while the decrement of Q was <1%. Through BS–DISP
analysis, the final solution was considered to be valid according to [40]. A good correlation
was noticed between the model-predicted and the measured PM10 mass concentration
(r2 > 0.8) in all cases. In the following, the results from PMF application for the Municipality
of Peloponnese and Aristotelous are presented.

2.4. Carcinogenic Lifetime Risk Assessment

Assessing whether a substance, whether chemical or not, poses a potential risk to
human health comprises a multifaceted procedure. Dose–response assessment entails
examining the relationship between exposure to a substance and the occurrence of adverse
health effects among those exposed. The probability of developing cancer over a lifetime
for people living in selected areas was estimated based on the study by M.M. Jackson
(2005) [41]. In quantitative carcinogenic risk assessment, the dose–response correlation
is expressed in terms of a potency slope, which is used to calculate the probability of
carcinogenic risk associated with an estimated exposure (95th percentile upper confidence
limit of the slope of the dose–response curve) [42]. The cancer risk (CR) values of 10−6–10−4

are categorized as negligible risk, potential risk, and serious high cancer risks, with values
bellow <10−6 considered acceptable, and 10−6 regarded as the most tolerable risk [17,43,44].
Finally, the cancer risk for each pollutant was aggregated to calculate the total cancer risk,
and then the overall cancer risk was expressed as “chances per million”:

(Total Cancer Risk) (1 × 106) = Total Cancer Risk in chances per million

Different hypothetical scenarios of human exposure were selected for application to
the population. Specifically, the following cases were considered:

• The case of a male and a female living and working at the place of exposure, i.e.,
24 h/day.

• The case of a male and a female living at the place of exposure (their place of residence)
for 14 h/day, and working outside of that region.

• The cases of a child in the age groups of 0–2 and 2–16 years old, living at the place of
exposure, i.e., 24 h/day.

The exposure period was selected to be 350 days/year in all cases. Furthermore,
specific values for the parameters IR (inhalation rate) and BW (body weight) were chosen
according to the literature [43,45] for the residents. Specifically:

• For males: IR = 16.4 (m3/day) and BW = 76 (kg);
• For females: IR = 12.6 (m3/day) and BW = 63 (kg);
• For children of age 2–16 years old: IR = 10.8 (m3/day) and BW = 32.5 (kg);
• For children of age 0–2 years old: IR = 4.9 (m3/day) and BW = 10.3 (kg).



Atmosphere 2024, 15, 938 9 of 35

2.5. Approach Used for the Estimation of Potential Cancer Risk

In the study by M.M. Jackson (2005) [41], the contribution of road traffic to air pollution
levels in Dar-es-Salaam, Tasmania, was examined, and a risk assessment was conducted
for people in the nearby area. In the present study, the same methodology was used to
estimate the potential cancer risk for residents in the region due to various of pollutants,
considered as potentially carcinogenic substances. The cancer risk (R) was calculated using
Equations (1) and (2):

CDI =
CA × IR × ED × EF × L

BW × AT × 365
(1)

R = CDI × P (2)

where P is the cancer potency for the pollutants (mg·kg−1·day−1)−1 that were selected
according to US-EPA Regional Screening Level (RSL) Summary Supplementary 2019 [46].
The CDI (chronic daily intake) dose (mg·kg−1·day−1) was calculated from Equation (1),
with CA: the concentration of pollutant in the air (mg/m3), IR: the inhalation rate (m3/h),
EF: the exposure frequency (days/year), ED: the exposure duration per day (h/day), L: the
length of the exposure (years), BW: the average body weight (kg), and AT: the averaging
time of 80 years length for carcinogens [43].

The potential risk and characterization of a complex PAH mixture can also be identified
using the equivalent toxicity concentration (TEQ), as described by Bootdee et al., 2016 [35].
This parameter is calculated by summing the concentrations of individual PAHs, each
multiplied by its toxic equivalent factor (TEF) relative to the carcinogenic potency of BaP
(Equation (3)), which is used as a reference carcinogenic compound. According to recent
knowledge, BaP is responsible for approximately 50% of the carcinogenic potential of PAHs,
and this scientific background is considered sufficient for establishing a limit value. The
toxicity equivalent concentration (TEQ) was calculated based on the work of Nisbet and
LaGoy (1992) [47], who provided a set of TEFs that more accurately reflects the current
understanding of the relative potencies of the different PAHs. BaP and DBA are defined
as the most carcinogenic components, with TEF equal to 1.0, while noncarcinogenic PAHs
have TEF equal to 0. The European Union sets the limit value for equivalent toxicity
concentration at 1 ng/m3.

TEQ = 0.001(NAP + ACY + ACE + FLUO + PHE + FLUA + PYR)
+0.01(ANT + BeP + CHR)

+0.1(BaA + BbF = BkF + IND) + BaP + DBA
(3)

Furthermore, the mutagenic equivalent concentration (MEQ) can be used for assess-
ments associated with adverse health effects (e.g., pulmonary diseases) but not for assessing
cancer risk. The MEQ was determined by multiplying the concentration of each PAH com-
pound by the mutagenic equivalent factor (MEF) relative to the mutagenic potency of BaP
(Equation (4)).

MEQ = 0.082(BaA) + 0.017(CHR) + 0.25(BbF) + 0.11(BkF)
+0.31(IND) + 0.29(DbA) + 0.19(BPER) + BaP

(4)

The inhalation cancer risk (ICR) was determined to estimate the value of the cancer
risk from PAHs exposure, according to the following equation (Equation (5)).

ICR = TEQ × IURBaP (5)

where IURBap, or the inhalation unit risk, represents the probability of the maximum the-
oretical limit of the number of people with cancer in the respiratory system caused by
inhalation at an equivalent concentration of 1 µg/m3 BaP over a lifetime of 70 years.
Two different IURBaP values were selected for the inhalation cancer risk assessment,
1.10 × 10−6 per m3/ng, according to the California Environmental Protection Agency
(CalEPA), and 8.70 × 10−5 per m3/ng, according to the World Health Organization [48,49].
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3. Results and Discussion
3.1. PAH Concentration Levels

Statistics of individual and total PAH concentrations for the winter and summer cam-
paigns at each area are presented in the Supplementary Material (Tables S2–S4). For the
Municipality of Peloponnese, the highest total PAH concentrations (Σ22PAHs) during the
winter campaign were observed at station S1 (11.45 ng/m3), followed by those at station S2
(9.84 ng/m³) and station S3 (8.84 ng/m³). PAHs derived from combustion (COMPAHs) were
detected at concentrations equal to 11.95, 11.11, and 9.01 ng/m3, at S1, S2, and S3, respec-
tively. In all three stations, high values of concentrations were observed for six compounds
classified as potential carcinogenic to humans (CANPAHs): BaA (benz(a)anthracene), BbF
(benzo(b)fluoranthene), BkF (benzo(k)fluoranthene), IcdP (indeno(1,2,3-c,d)pyrene), Chry
(chrysene), and the well-known carcinogen BaP (benzo(a)pyrene). For the winter period,
BaP was detected at concentrations of 1.28 ng/m3, 1.26 ng/m3, and 1.13 ng/m3 at S1, S3,
and S2, exceeding the threshold of 1 ng/m3 (EU Directive 2004/107 /EC). During the
summer period, much lower (compared to the winter period) concentrations of total PAHs
(Σ22PAHs) were observed as olive pomace industries were out of operation. The concen-
trations at sites S1, S2, and S3 were 0.99, 1.20, and 0.70 ng/m³, respectively. ΣCOMPAHs
average values were 0.70, 0.78, and 0.52 ng/m3 at S1, S2, and S3, respectively. It must be
pointed out that CANPAHs were absent at all sampling sites during the summer campaign,
except for Chry, which was detected at low concentrations only at sites S1 and S2. The
compositional pattern of PAHs by total rings calculated from all the data at the three sites
of Peloponnese (S1, S2, and S3) for winter period is shown in Figure 5.
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As observed in Figure 5, high-molecular-weight PAHs (five and six rings) are the
most abundant, averaging ~75% of total PAHs across the three areas. The four-ring PAHs
averaged accounted for approximately 20%. The three-ring PAHs percentages were lower,
i.e., at 3.60%, 3.88%, and 5.08%, respectively, for the three areas (S1, S2, and S3), respec-
tively. In contrast, a noticeable seasonal difference was observed in the composition of
PAHs during the summer campaign, with most PAHs concentrations being below the
detection limit. Specifically, only PAHs with three and four rings were observed during the
summer period, and the difference between seasons is evident in Figure 6. The average
concentration from the three sites was calculated to be nine times higher during winter,
with total averaged concentration from three sites to be 12.1 and 1.34 ng/m3 for winter and
summer, respectively.
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Numerous studies have investigated the concentration levels of PAHs in areas around
olive pomace oils [25,50,51]. However, the footprint of olive pomace industries on air
quality remains unknown. The study by Leon-Camacho et al., 2003 [52] mentions that
the ‘’two stage” pomace has a humidity of around 70% and contains numerous chemical
compounds, such as metals, both alkaline and alkaline-earths, sugars, and polyphenols.
Due to the harsh conditions of the drying process, unusually high amounts of PAHs have
been detected in crude olive pomace oil (400–200 ppb of BaP). In another study, a high
number of PAHs with a wide range of molecular weights in very high concentrations were
detected in olive pomace oils [53]. Therefore, the potential for significant PAH emissions
during the harsh conditions of the pomace drying process (except for olive pomace oils)
should be further investigated.

Regarding PAH’s concentrations at Oinofyta (all sites), the total PAHs (Σ22PAHs)
average levels were A1: 2.17 ng/m3, A2: 0.93 ng/m3, A3: 1.08 ng/m3, and A4: 0.75 ng/m3.
The average ΣCOMPAHs level of A1 and A4 was, on average, 0.39 ng/m3, while the
average level of A2 and A3 was 0.50 ng/m3. ΣCANPAHs were detected at very low
concentration levels. The well-known carcinogen benzo(a)pyrene had average levels of
0.03, 0.05, 0.04, and 0.04 ng/m3 at A1, A2, A3, and A4, respectively. Although industries
with diverse activities exist within the broader area, low concentrations of total PAHs were
observed. This can be attributed to the sampling period, i.e., September to October, during
which contribution to combustion from residential heating or winter starting of vehicles’
engines are almost absent [26]. For comparison, a study by [54] conducted in the industrial
area of Elefsina, Greece, between November 2001 and June 2002 found significantly higher
total PAHs (Σ13PAHs) at 7.93 ng/m3, while the known carcinogen B(a)P had an average
value equal to 0.71 ng/m3. Also, higher total PAH values were found in the industrial
region of Taichung, central Taiwan [55], during the summer period, where total PAHs
(Σ22PAHs) were 13.24 and 13.55 ng/m3, respectively.

At the urban/traffic center of Aristotelous during the winter campaign, the total PAHs
(Σ22PAHs) concentration was 6.30 ng/m3. ΣCOMPAHs was 5.87 ng/m3 and CANPAHs
was 3.89 ng/m3, while the average value of B(a)P was 0.51 ng/m3. Considering the data
collected during the summer campaign, a total PAH value of 5.84 ng/m³ was observed.
A significant increase in the concentrations of acenaphthene, fluorene, and especially
phenanthrene was measured during the period between 13 July and 20 July 2016. The total
concentration of COMPAHs was 1.09 ng/m3. The total value of CANPAHs was detected at
0.52 ng/m3, while the average value of B(a)P was 0.08 ng/m3. The concentrations observed
at Aristotelous are higher compared to those reported from a previous study conducted at
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the center of Athens [56]; however, they are in the lowest range of reported values for other
Greek and European urban locations [26].

As far as the concentration of the most well-known carcinogen, BaP, is concerned,
much lower values were recorded in the present study, compared to those measured at
individual sites in three other large European cities: 1.8 ng/m3 (over one year) in central
Genoa at a busy and “canyon” street [57], 1.9 ng/m3 (over 19 months) in central London
at a street with moderate traffic [58], and 4.4 ng/m3 (during winter months) at a busy
street in Copenhagen [59]. An indicative comparison with the annual limit value (1 ng/m3)
showed exceedances in all three sites in the area of Peloponnese. In the following table
(Table 3), the statistics of PAHs for the winter campaign in the Municipality of Peloponnese
are presented.
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Table 3. Statistics of PAHs concentrations (ng/m3) adsorbed to ambient PM10 (ng/m3) for winter campaign in Municipality of Peloponnese (N.D. = not detected).

S1 (Meligalas, n = 10) S2 (Skala, n = 10) S3 (Messini, n = 10)

Mean Min–Max Stdev Mean Min–Max Stdev Mean Min–Max Stdev

Acenaphthylene 0.022 0.016–0.028 0.006 0.029 0.003–0.092 0.032 0.032 0.017–0.045 0.013
1,2-dimethylnaphthalene 0.022 0.007–0.040 0.011 0.020 0.004–0.047 0.016 0.027 0.001–0.053 0.016
2,6-dimethylnaphthalene 0.012 0.005–0.021 0.005 0.012 0.003–0.021 0.007 0.016 0.007–0.050 0.013

Acenaphthene 0.111 0.032–0.255 0.074 0.104 0.008–0.200 0.070 0.104 0.027–0.155 0.048
2,3,5-trimethylnaphthalene 0.021 0.015–0.028 0.004 0.021 0.003–0.030 0.008 0.030 0.016–0.085 0.021

Fluorene 0.128 0.000–0.440 0.179 0.088 0.018–0.181 0.059 0.139 0.019–0.294 0.097
Phenanthrene 0.248 0.034–0.755 0.247 0.193 0.040–0.304 0.115 0.260 0.016–0.500 0.161

1-methylphenanthrene N.D. N.D. N.D. 0.012 0.012–0.012 N.D. 0.112 0.087–0.136 0.035
3,6-dimethyl phenanthrene N.D. N.D. N.D. 0.011 0.010–0.011 0.001 0.100 0.100–0.100 N.D.

Anthracene N.D. N.D. N.D. 0.009 0.009–0.009 N.D. 0.080 0.069–0.090 0.015
Fluoranthene 0.238 0.094–0.679 0.211 0.218 0.020–0.652 0.205 0.181 0.083–0.430 0.115

Pyrene 0.317 0.089–0.936 0.297 0.276 0.029–0.968 0.295 0.239 0.122–0.518 0.153
benz(a)anthracene 0.800 0.306–1.701 0.619 0.880 0.255–2.047 0.736 0.518 0.185–1.051 0.391

Chrysene 1.560 0.210–3.306 1.120 1.401 0.164–3.065 1.100 1.154 0.170–2.674 1.013
benzo(b)fluoranthene 3.238 0.176–12.19 3.795 2.273 0.054–8.159 2.679 3.112 0.215–9.960 4.001
benzo(k)fluoranthene 1.146 0.214–2.588 0.804 0.813 0.022–1.782 0.693 0.857 0.077–2.069 0.849

benzo(e)pyrene 1.994 0.357–5.222 1.627 1.242 0.049–3.556 1.148 1.627 0.185–4.625 2.007
benzo(a)pyrene 1.277 0.121–3.987 1.415 1.126 0.016–2.689 1.081 1.263 0.277–1.818 0.857

perylene 0.382 0.175–0.691 0.220 0.349 0.204–0.489 0.147 0.354 0.335–0.373 0.027
indeno(1,2,3-c,d)pyrene 2.404 0.392–6.659 2.102 1.549 0.048–4.696 1.568 2.007 0.157–6.591 2.519
dibenzo(a,h)anthracene 0.339 0.119–0.758 0.290 0.247 0.089–0.499 0.168 0.392 0.104–0.622 0.263

benzo(ghi)perylene 1.943 0.158–5.026 1.591 1.338 0.088–3.886 1.225 1.407 0.177–4.759 1.689
ΣPAHs 11.45 0.210–45.60 13.27 9.839 0.445–30.78 10.11 8.836 0.424–33.82 11.77

ΣCANPAHs 8.396 0.176–31.48 9.356 6.509 0.141–20.87 7.312 7.218 0.334–22.91 8.848
ΣCOMPAHs 11.95 0.176–42.59 12.64 11.11 0.327–29.44 9.749 9.014 0.083–32.62 11.82

PM10 36.34 7.106–186.0 20.17 43.89 14.02–178.0 18.31 36.05 6.129–336.7 39.18
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3.2. Comparison and Seasonal Variation

Comparing the results from the two sampling campaigns at the Municipality of
Peloponnese, the total concentration of PAHs (Σ22PAHs) in the winter campaign was
increased by 91%, 83%, and 92% at sites S1, S2, and S3, respectively. In the Aristotelous
area, significant seasonal variation was recorded, with summer levels prevailing by 40%
compared to winter due to high concentrations in the last days of sampling. The lowest
PAH levels were observed in the industrialized area of Oinofyta, which were similar to
those in the Municipality of Peloponnese during the summer campaign.

Among all the analyzed compounds, B[b]F was the most abundant, constituting
approximately 20% of the total concentration of PAHs during the winter campaign at the
Municipality of Peloponnese. Meanwhile, B[ghi]P dominated, comprising approximately
19% of the total concentration of PAHs at Aristotelous (Figures 7 and 8). These findings align
closely with a previous study in the same area, highlighting the significant contribution
of vehicular emissions [54]. In summer, at the Municipality of Peloponnese, only the low-
molecular-weight compounds prevailed, while in Aristotelous, phenanthrene, fluorene,
and acenaphthene were the most abundant in high concentrations, likely from local sources,
transported pollutants, or both (Figure 9). Previous studies have reported that the pollution
status of an area is often considered a mixed signature of both local and external sources [60].
In the Oinofyta area, phenanthrene and benzo(ghi)perylene (indicators of vehicle emission
indicators) prevailed. The significant reduction in PAHs during the summer period in
Peloponnese, where the olive oil agricultural activities had ended, clearly indicates the
impact of olive pomace oil industries on local air quality during the winter period.
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28% compared to ΣPAHs, likely due to the high contributions from the national highway 
and the industries in the area. 
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flecting changes in prevailing meteorological conditions such as higher temperature in-
versions and increased photocatalytic and thermal decomposition of PAHs during the 

Figure 9. Spatial and seasonal differentiation of the average individual contribution (%) of PAHs in
all study areas.

The average concentrations of the well-known carcinogen B(a)P during the winter
campaign were observed to be higher in the areas of the Municipality of Peloponnese (Meli-
galas: 1.28 ng/m3, Skala: 1.13 ng/m3, Messini: 1.26 ng/m3) compared to the corresponding
average value in the area of Aristotelous (0.51 ng/m3). In the summer, B(a)P was below
the detection limit in the areas of the Municipality of Peloponnese, while concentrations
were similar among other sampling sites: 0.08 ng/m3 in Aristotelous, and 0.03 ng/m3,
0.05 ng/m3, 0.04 ng/m3, and 0.04 ng/m3 in A1, A2, A3, and A4 sites in Oinofyta area,
respectively (Figure 10b). In addition, Figure 10a confirms the seasonal variation in both
the Municipality of Peloponnese and Aristotelous.
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Figure 10. Spatial and seasonal variation of (a) the average individual contribution (%) of CANPAHs
and (b) the average concentration of BaP (ng/m3), in all study areas.

During the winter campaign, ΣCOMPAHs presented an approximately 53% increase
in the areas of the Municipality of Peloponnese compared to the area of Aristotelous,
likely due to increased emissions from residential heating in the area (i.e., mainly biomass
combustion). Additionally, the operation of olive pomace industries in this area possibly
contributes to the increased levels. In the area of Oinofyta, ΣCOMPAHs were approximately
28% compared to ΣPAHs, likely due to the high contributions from the national highway
and the industries in the area.

Furthermore, significant seasonality for ambient PAH levels has been reported by
several investigators [54]. Generally, PAH levels tend to decrease during the summer,
reflecting changes in prevailing meteorological conditions such as higher temperature
inversions and increased photocatalytic and thermal decomposition of PAHs during the
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summer campaign. Additionally, selective emissions are more prevalent during the winter
season. This situation was also observed in our study across all three areas of interest.

3.3. Health Risk Assessment

The potential health effects were estimated, using the methodologies described in the
previous paragraphs, for all the pollutants as a complex mixture (TEQ, MEQ, ICR; Table 4).
Assessments for each pollutant were conducted for different hypothetical scenarios of
human exposure (duration of the exposure, age), regarding their exposure intake (CDI)
and then cumulatively, to estimate the total lifetime cancer risk (R) for the residents of all
study areas (Table 5).

Table 4. TEQ and MEQ concentrations (mean ± SD) and ICR of PAHs of sites for both seasons.

Sampling Sites/
Risk Assessment Variables

Saverage
Winter

Saverage
Summer

Aaverage
Winter

Y1
Winter

Y1
Summer

TEQ concentration (ng/m3)
2.23 ± 0.20

(n = 3)
4.15 × 10−3 ± 1.20
× 10−3, (n = 3)

0.05 ± 0.03
(n = 4)

0.92 ± 0.90
(n = 36)

0.11 ± 0.11
(n = 36)

MEQ concentration (ng/m3)
3.13 ± 0.34

(n = 3)
3.67 × 10−3 ± 1.73
× 10−3, (n = 3)

0.09 ± 0.06
(n = 4)

1.38 ± 1.21
(n = 36)

0.18 ± 0.17
(n = 36)

ICR
WHO (8.7 ×
10−5 m3/ng) 1.94 × 10−4 2.70 × 10−7 4.50 × 10−6 7.97 × 10−5 9.71 × 10−6

CalEPA (1.1 ×
10−6 m3/ng) 2.46 × 10−6 3.41 × 10−9 1.01 × 10−6 1.01 × 10−6 1.23 × 10−7

Risk (ICR × 106)
WHO 194.2 0.3 4.5 79.7 9.7

CalEPA 2.5 3.4 × 10−3 1.0 1.0 0.1

Table 5. Lifetime cancer risk (adults, 80 years) of PAHs in composite of sites for both seasons.

Sampling Sites/
Pollutants

Saverage
Winter

Saverage
Summer

Aaverage
Winter

Y1
Winter

Y1
Summer

BaP 0.28 N.D. 0.01 0.12 0.02
BaA 0.02 N.D. 1.50 × 10−4 0.01 8.11 × 10−4

BbF 0.06 N.D. 1.37 × 10−3 0.02 3.45 × 10−3

BkF 2.18 × 10−3 N.D. 1.46 × 10−4 2.00 × 10−3 2.60 × 10−4

CHRY 3.18 × 10−4 1.94 × 10−5 3.75 × 10−6 1.02 × 10−4 1.62 × 10−5

DBahA 0.08 N.D. N.D. 0.03 4.87 × 10−3

I123cdP 0.05 N.D. 1.35 × 10−3 0.02 3.06 × 10−3

1Methyl 2.78 × 10−4 6.27 × 10−4 5.59 × 10−5 1.76 × 10−4 2.42 × 10−4

Ace 1.48 × 10−3 N.D. 2.29 × 10−4 7.77 × 10−5 0.04
Fluo 1.10 × 10−3 N.D. 3.22 × 10−4 1.18 × 10−4 0.03
Ant 3.09 × 10−3 3.71 × 10−4 4.10 × 10−4 3.24 × 10−3 2.71 × 10−3

Flua 1.97 × 10−3 1.38 × 10−3 1.59 × 10−4 1.08 × 10−3 2.32 × 10−3

Pyr 1.93 × 10−3 8.34 × 10−5 9.86 × 10−4 8.62 × 10−4 7.79 × 10−4

Σ 0.50 2.48 × 10−3 0.01 0.20 0.10

3.3.1. TEQ, MEQ, and Inhalation Cancer Risk Assessment

Due to minor differences observed among the concentrations measured at sites within
the Municipality of Peloponnese (S1, S2, and S3) and in the area of Oinofyta (A1, A2, A3,
and A4), the concentrations were merged into averaged values, denoted as Saverage and
Aaverage, respectively, to provide representative assessments across the study areas. As a
result, this approach ensures a comprehensive analysis while accounting for variations
among individual sites.

For the Municipality of Peloponnese, during the winter campaign, the average value
of equivalent toxicity concentration (TEQ) was calculated to be equal to 2.41, 1.95, and
2.33 ng/m3 at sites S1, S2, and S3, respectively, with overall average TEQ concentration of
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2.23 ng/m3 (Saverage). Specifically, BaP contributed for 53%, 58%, and 54% of the carcino-
genic activity of TEQ at sites S1, S2, and S3, respectively. During the summer campaign,
TEQ was detected in low concentrations: 0.004, 0.004, and 0.001 ng/m3 at S1, S2, and S3,
respectively, with overall average TEQ concentration equal to 4.15 × 10−3 ng/m3 (Saverage).
Given these considerations, during the winter period, the values of TEQ and MEQ were
higher due to elevated concentrations of PAHs. On the contrary, during the summer period,
they were nearly negligible due to significantly reduced PAH concentrations (Figure 11).
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Figure 11. Seasonal variation of TEQ and MEQ (ng/m3) in the Municipality of Peloponnese.

The average values of TEQ and MEQ for Aristotelous were estimated to be 0.92 and
1.38 ng/m3, respectively, for the winter campaign, and 0.11 and 0.18 for the summer
campaign. With regard to these observations, there is obvious seasonal variation, which is
attributed to the significant differences in the concentrations of measured PAHs (Figure 12).
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The ICR average values during the winter period were estimated to be 79.7 × 10−6

and 1.01 × 10−6 according to WHO and CalEPA, respectively. For the summer campaign,
ICR average values were calculated to be 9.71 × 10−6 and 1.23 × 10−7. Therefore, for
both seasons, the number of cancer cases per million people were within the ICR range of
potential health risk (10−6–10−4), indicating 79.7 and 1 cases of cancer per million people
for the winter period, according to WHO and CalEPA, respectively. Furthermore, for the
summer period, the inhalation cancer risk was lower, with an estimated 9.7 cancer cases
according to WHO, which were within the ICR range of potential health risk (10−6–10−4).
In addition, the estimated cancer cases per million people were 0.1 according to CalEPA,
indicating a lower-bound zero risk during the same period (Figure 13).
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ICR calculations were detected in negligible values for the summer period, with
ICR according to CalEPA at 3.41 × 10−9 and based on WHO 2.70 × 10−7. During the
winter campaign, the ICR values were calculated to be 2.46 × 10−6 and 1.94 × 10−4

according to CalEPA and WHO, respectively. Hence, if a million people were exposed
to 2.23 ng/m3 TEQ (Saverage, winter period) for 70 years, 194 and 2.5 persons may have a
chance of developing cancer according to WHO and CalEPA, respectively. The calculated
ICR values were found to be between ICR values (10−6–10−4) and in the high potential
health risk (WHO: 194) for the people. Conversely, according to the estimated ICR values
(2.70 × 10−7 and 3.41 × 10−9) from the summer campaign (TEQ: 4.15 × 10−3), the average
excess inhalation cancer risks associated with 0.3 and 3.4 × 10−3 per million people,
according to WHO and CalEPA, respectively. These values represent lower bounds of the
acceptable risk threshold of 10−6.

In the area of Oinofyta, as previously mentioned, the individual sites (A1–A4) were
merged into a combined dataset (Table 4, Aaverage) due to the short distances between
them and the similarity in concentrations observed. The average values of TEQ and MEQ
were calculated to be 0.05 and 0.09 ng/m3, respectively. The ICR was calculated to be
4.50 × 10−6 and 1.01 × 10−6 according to WHO and CalEPA, respectively. Subsequently,
average estimated excess inhalation cancer risk was 4.5 and 1 cancer cases per million
people over an average lifetime of 70 years, for WHO and CalEPA, respectively; both
estimations were within the ICR range of potential risk (10−6–10−4).

According to the results, higher potential health risks were estimated for the winter
period across all three studies of interest, with the maximum potential cancer risk being
observed at the Municipality of Peloponnese during the winter campaign. When observing
Figure 14, attention should be given to the sites within the Municipality of Peloponnese (S1,
S2, and S3). To that end, each site was examined separately. This focused approach arises
from the consistently high concentrations of PAHs measured at these sites. Consequently,
the estimated cancer cases, as indicated by WHO standards, surpassed the upper threshold
(10−4), while the EPA’s evaluation placed them within the range of potential health risk.
Additionally, the variations in PAH concentrations across these sites highlight distinct
seasonal patterns and these fluctuations can be attributed to the activities of the olive
pomace industries, which are notably active during the winter period.

The TEQ values were higher than the European guideline (TEQ, EU Directive: 1 ng/m3),
while the total ICR value (sum of all stations) indicates that if a million people were exposed
approximately to 8 ng/m3 TEQ for 70 years, eight to nine persons may have a chance of
developing cancer.
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In studies conducted at other Greek locations, the average TEQ value was detected at
1.5 ng/m3 at an urban and traffic site in Thessaloniki, while in the industrialized area of
Elefsina it was found to be 2.76 ng/m3 [54]. ICR average values were calculated as 1.6–1.7
× 10−6 (urban-traffic site) and 3.0 × 10−6 in winter months, respectively. Globally, average
TEQ values were found to be equal to 3.6 ng/m3 in Venice-Mestre, Italy, 31.4 ng/m3 in Beijing,
China, and 0.25 ng/m3 in Chiang Mai, Thailand, during the winter months, while for one-year
sampling conducted in two urban and a rural station in Istanbul, average TEQ values were
found to be equal to 2.16 ng/m3, 2.65 ng/m3, and 1.26 ng/m3, respectively [61,62].

3.3.2. Chronic Daily Intake Dose and Cancer Risk Assessment

Risk assessments for short- and long-term daily exposure, as well as potential cancer
assessments, are presented below using the approach described previously [20,41]. A
key difference from the previous assessments was the consideration of various exposure
scenarios for those who have been exposed to pollutants. The sites in Peloponnese (S1,
S2, and S3) and Oinofyta (A1, A2, A3, and A4) were merged to Saverage and Aaverage,
respectively, due to the observed minor variations (Table 5).

According to the preceding table, cumulative estimated risk assessments over an 80-
year period are presented for individuals, including the different stages of age (Children0–2,
Children2–16, and Men16–80), along with the relevant parameters for each scenario (IR, BW,
EF, ED, and L). For comparison, the risk assessments for adults over the 80-year period
(Children0–2, Children2–16, and Men16–80) were chosen to be presented, as there would
be no differences to compare between the different scenarios. As a result, this specific
scenario with daily exposure occurring 24 h/day was selected for comparison among the
different sites, as it would have higher risk estimations. The results of the estimated risk
assessments for all different scenarios are presented subsequently (Supplementary Tables
S5–S9). For all three studies of interest, the total inhalation cancer risks were in a lower-
bound zero risk (10−6), with higher-risk assessments observed during the winter period.
At the Municipality of Peloponnese, the total potential cancer risks were the greatest,
then for the Aristotelous and the lowest for the Oinofyta, with lifetime cancer risks of
4.97 × 10−7, 2.03 × 10−07, and 1.49 × 10−08, and 0.05, 0.2, and 0.01 cancer cases per million
people, respectively. The estimated risk assessments were predominantly determined by
BaP (Figure 15), which accounted for 56.9%, 58.4%, and 65.1% of the total risk assessment
across different sites. This was due to the combination of BaP’s high cancer potency factor
(P) and its higher concentrations observed at all sites.
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Considering the summer campaign, the lifetime cancer risks were significantly lower,
due to lower concentrations of the PAHs for both areas (Peloponnese and Aristotelous).
The area of Oinofyta lacked measurements for the summer period. For the Municipality
of Peloponnese, the total risk assessment for adults over the 80-year period (Children0–2,
Children2–16, and Men16–80) was estimated at 2.48 × 10−3 cancer cases per million people,
which was significantly lower compared to the winter period (Figure 16). This can be
attributed to the activities of the olive pomace industries, which are inactive during this
period and are the main source of pollution to the nearby area. Subsequently, a great
portion of the PAHs concentrations were under the detection limit and for those that were
not, the concentrations were negligible.
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As a result, for the Municipality of Peloponnese, the estimated potential risk
(2.48 × 10−9) was found to be significantly lower than the lower-bound zero risk
10−6–10−4. In the area of Aristotelous, the total risk assessment for adults over the 80-year
period (Children0–2, Children2–16, and Men16–80) also was estimated as slightly lower, with
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0.1 cancer cases per million people, compared to the winter period. As expected, given
Aristotelous’ location in the urban center of Athens, minor differences were anticipated
due to seasonal variation. In contrast, the Peloponnese area experienced the absence of
olive pomace oil industries during the summer period, while consistent activities were
taking place in Aristotelous during both seasons. Likewise, for summer, the estimated
potential risk was 1 × 10−7, which, like the winter period, was significantly lower than the
lower-bound zero risk 10−6–10−4.

In the preceding figure, lifetime cancer risk assessments for the winter period are
presented for individuals, including separately the different stages of age for people, as
well as the total lifetime cancer risk assessments as described before (adults over the
80-year period, Children0–2, Children2–16, and Men16–80, 24 h/day), for all sites of interest,
including the three sites in the Municipality of Peloponnese (S1, S2, and S3) and the Saverage
for comparison purposes. Comparison of sites S1, S2, and S3 in Peloponnese reveals that
during the winter period, cancer risk assessments were consistently higher across all sites
due to the presence of kernel olive industries, affecting each site equally. Consequently, the
composite site Saverage would offer no discernible difference for comparison purposes
in the estimated assessments. Furthermore, Figure 17 illustrates the differences in esti-
mated risks compared to the areas of Aristotelous and Oinofyta, with the latter showing
significantly lower risks (Supplementary Tables S6 and S7). At all sites, the cancer risk
assessments exhibited equal differences among the different scenarios, with the highest
estimated risks observed for men and women exposed 24 h per day, followed by those for
men and women exposed for 14 h per day. The lowest risk assessments were for children
aged 2–16 and children aged 0–2, respectively. This situation was expected, as despite the
differing concentrations across the sites, the same estimated scenarios were used for cancer
risk assessments at all sites, resulting in consistent differences. The differences in assess-
ments between scenarios are attributed to variations in exposure doses in every scenario
where the person was exposed, different inhalation rates, body weights, and portion of the
day that they were exposed (24 or 14 h/day), as well as the duration of exposure in years
across different life stages (e.g., Children0–2 and Men16–80). During the winter campaign in
the Municipality of Peloponnese, the risk assessments for individual PAHs and the total
inhalation cancer risk were estimated to be higher compared to the summer. This was
anticipated due to the higher concentrations of PAHs, which serve as indicators of the olive
kernel industries prevalent during the winter period.
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3.4. Source Apportionment

In an attempt to identify the potential PM10 sources and study their differentiation
between the three types of environments, two techniques were applied on the available
datasets. In particular, diagnostic ratios (DRs) and a PMF model (positive matrix factoriza-
tion) were used to identify the potential sources and estimate their contribution.

3.4.1. Diagnostic Ratios

Diagnostic ratios (DRs) are among the most significant methods for the identification
of sources of atmospheric PAHs; they are widely employed and reliant on the estimation
of experimental data. The ratio of specific PAHs to each other or to total PAHs can be
utilized to assess the potential of various sources to their atmospheric concentrations by
comparing these ratios with those of frequently encountered PAH emissions. However, it
must be pointed out that this method should be used with caution as it can be challenging
to distinguish between certain sources, such as differentiating between vehicle emissions
and those from coal or other biomass fuels [25]. As indicated in Table 6, DRs derived
from studies referenced in the literature were applied to the PAH concentrations for the
determination of specific areas of interest in this study. For the area of Oinofyta, we
presented the aggregated diagnostic ratios (Aaverage) due to minor differences observed in
the ratios. In general, during the winter period, due to incomplete combustion of organic
materials, such as grass, wood, or coal, the combustion process does not proceed efficiently.
As a result, the fuel does not burn completely, and various intermediate products, including
polycyclic aromatic hydrocarbons (PAHs), are formed. For example, when wood is burned
incompletely in a fire, the high temperatures break down the wood’s organic molecules,
releasing volatile compounds such as benzene, toluene, ethylbenzene, and xylene (BTEX).
These compounds can undergo further reactions and condensation processes in the hot
combustion environment to form PAHs, such as naphthalene, phenanthrene, and pyrene.
These PAHs are then emitted into the atmosphere as part of the smoke and particulate
matter produced by the incomplete combustion process. Once released, they can undergo
long-range transport and deposition, leading to their presence in various environmental
media, including air, soil, water, and sediments.

Table 6. Diagnostic ratios of the PAHs for all study areas between winter and summer campaigns.

PAH Diagnostic
Ratio Indicator Source Value Range S1 S2 S3 Aaverage Y1

Ant/(Ant + Phe) Petrogenic sources <0.1 0.13 (W)
N.D. (S)

0.18 (W)
N.D. (S)

0.15 (W)
N.D. (S) 0.21 (W) 0.23 (W) 0.09

(S)Pyrogenic sources >0.1

IND/(IND +
B[ghi]P)

Petrogenic sources <0.2
0.49 (W)
N.D. (S)

0.46 (W)
N.D. (S)

0.51 (W)
N.D. (S) 0.32 (W) 0.45 (W)

0.35 (S)
Combustion of liquid fuels 0.2–0.50

Grass, wood, and coal
combustion >0.5

Fluo/(Fluo + Pyr) Gasoline <0.5 0.22 (W)
N.D. (S)

0.33 (W)
N.D. (S)

0.45 (W)
N.D. (S) 0.52 (W) 0.18 (W)

0.69 (S)Diesel >0.5

B[a]P/(B[a]P +
Chry)

Petrogenic sources <0.2
0.40 (W)
N.D. (S)

0.48 (W)
N.D. (S)

0.38 (W)
N.D. (S) 0.77 (W) 0.60(W)

0.55 (S)
Mixed

(petrogenic/pyrogenic) 0.2–0.50

Pyrogenic sources >0.5

B[b]Fl /B[k]Fl Diesel >0.5 3.21 (W)
N.D. (S)

3.16 (W)
N.D. (S)

3.51 (W)
N.D. (S) 0.98 (W) 1.02 (W)

1.34 (S)

B[a]P/B[a]P+ B[e]P
Fresh particles ~0.5 0.30 (W)

N.D. (S)
0.36 (W)
N.D. (S)

0.53 (W)
N.D. (S) 0.41 (W) 0.41 (W)

0.33 (S)Photolysis <0.5

Flua/(Flua + Pyr)
Petrogenic sources <0.4

0.44 (W)
0.41 (S)

0.43 (W)
0.42 (S)

0.45 (W)
0.69 (S) 0.52 (W) 0.54 (W)

0.53 (S)
Liquid fossil fuel burning 0.4–0.5

Coal, wood, and grass
burning >0.5

B[a]P/B[ghi]P Non-traffic emissions <0.6 0.41 (W)
N.D. (S)

0.51 (W)
N.D. (S)

0.37 (W)
N.D. (S) 0.37 (W) 0.42 (W)

0.26 (S)Traffic emissions >0.6

IND/B[ghi]P Gasoline
Diesel

<0.4 0.99 (W)
N.D. (S)

0.89 (W)
N.D. (S)

1.08 (W)
N.D. (S) 0.48 (W) 0.90 (W)

0.55 (S)~1
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Table 6. Cont.

PAH Diagnostic
Ratio Indicator Source Value Range S1 S2 S3 Aaverage Y1

B[a]A/
(B[a]A + Chry)

Petrogenic sources <0.2
0.21 (W)
N.D. (S)

0.32 (W)
N.D. (S)

0.25 (W)
N.D. (S) 0.28 (W) 0.43 (W)

0.29 (S)
Petroleum and fuel oil

combustion 0.2–0.35

Coal, wood, and grass
combustion >0.35

Flua/Pyr Petrogenic sources <1 0.79 (W)
0.69 (S)

0.76 (W)
N.D. (S)

0.82 (W)
0.69 (S) 1.18 (W) 2.19 (W)

1.44 (S)Combustion of solid fuel >1

Pyr/B[a]P Gasoline ~1 0.45 (W)
N.D. (S)

0.53 (W)
0.71 (S)

0.47 (W)
N.D. (S) 0.39 (W) 0.32 (W)

2.35 (S)Diesel ~10

LMW/HMW

Pyrogenic sources (coal,
grass, and burning of

wood)
<0.1 0.17 (W)

0.15 (S)
0.23 (W)
N.D. (S)

0.58 (W)
N.D. (S) 1.29 (W) 0.11 (W)

6.13 (S)
Petrogenic sources (fuel or

one refined petroleum
product)

>0.1

Phe/Ant
Combustion of solid fuel <10 N.D. (W)

N.D. (S)
N.D. (W)
N.D. (S)

5.84 (W)
N.D. (S) 24.48 (W) 5.01 (W)

63.50 (S)Petrogenic >10

Total Index (Flua, Pyr,
Ant, Phe, B[a]A, Chry,

IND, B[ghi]P)

Low-temperature source
(petroleum) <4 1.99 (W) 2.58 (W) 2.13 (W) 3.59 (W) 5.04 (W)

High-temperature source
(combustion) >4 N.D. (S) N.D. (S) N.D. (S) 2.78 (S)

CΠAΥ/ΣΠAΥ Combustion ~1 0.76 (W)
0.48 (S)

0.74 (W)
0.52 (S)

0.61 (W)
0.44 (S) 0.46 (W) 0.81 (W)

0.65 (S)

Winter Period

Specifically at the Municipality of Peloponnese, the estimated ratios of Flua/Pyr and
LMW/HMW indicated that PAHs during the winter period originated from petrogenic
sources, although several estimated ratios (IND/(IND + B[ghi]P), B[a]P/(B[a]P + Chry),
B[a]A/(B[a]A + Chry) were observed, indicating a combination of petrogenic/pyrogenic
sources for the winter period. It is important to note that both IND/(IND + B[ghi]P) and
B[a]P/(B[a]P + Chry) were near the upper limit of the ratio range, which indicates strong
relation with pyrogenic sources as well, with the only exception in S3 for winter period
being the DR for IND/(IND + B[ghi]P), indicating grass, wood, and coal combustion.
Additionally, the Flua/(Flua + Pyr) ratio suggested potential liquid fossil fuel burning as a
source. Considering pyrogenic sources, grass, wood, and coal combustion for winter period
were indicated from Ant/(Ant + Phe) and Phe/Ant. Specifically, the DRs for Phe/Ant were
calculated only for S3 (combustion of solid fuel), while for the sites S1 and S2 there were not
concentrations for the Ant or they were under the detection limit (Table 3). Furthermore, the
DRs from B[b]Fl /B[k]Fl and IND/B[ghi]P indicated diesel as potential source for all sites
(S1, S2, and S3). In contrast, the ratio of Fluo/(Fluo + Pyr) revealed gasoline as an indicator
source. For the Fluo/(Fluo + Pyr) ratio to indicate diesel as a potential source, this requires
Fluo concentrations to be higher than Pyr concentrations. In our study, the concentrations
of Pyr for the summer and the winter campaign were the same for the Municipality of
Peloponnese, despite the different activities and potential sources among seasons. As a
result, the gasoline as indicator source was attributed to the low concentrations of Fluo for
the winter period. The Pyr/B[a]P diagnostic ratios also suggested gasoline as a potential
source, likely due to the presence of B[a]P concentrations. For all sites of Peloponnese,
B[a]P/B[ghi]P ratio revealed non-traffic emissions as an indicator source. The B[a]P/B[a]P +
B[e]P ratio indicated photolysis for the sites S1 and S2, while for site S3, fresh particles were
demonstrated. The total index ratio also suggested a low-temperature source (petroleum)
as a potential source for all sites (S1, S2, and S3).

In the area of Oinofyta, the fluctuation profile of PAHs primarily indicated traffic-
related sources as DRs, aligning with the proximity of all sampling stations nearby the
national highway. In particular, ratios of Fluo/(Fluo + Pyr), IND/B[ghi]P and Pyr/B[a]P
indicated gasoline vehicles’ emissions. Concurrently, the B[a]P/B[ghi]P ratio revealed non-
traffic emission in a nearby area. Pyrogenic sources, grass, wood, and coal combustion, were
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demonstrated by Ant/(Ant + Phe), B[a]P/(B[a]P + Chry), Flua/(Flua + Pyr), and Flua/Pyr
ratios, while IND/(IND + B[ghi]P) and B[a]A/(B[a]A + Chry) indicated petroleum and fuel
oil combustion. The B[b]Fl/B[k]Fl ratio pointed to diesel as an indicator source. In addition,
LMW/HMW and Phe/Ant were indicated as petrogenic sources, such as fuel or one re-
fined petroleum product, a situation that can be attributed to the industrial activities in the
nearby area. Photolysis was demonstrated for the area of Oinofyta. The total index ratio
also suggested a low-temperature source (petroleum) as a potential indicator source. Con-
sidering the center of Athens (Aristotelous), during the winter period, non-traffic-related
sources (a mixture of gasoline and diesel vehicles), diesel sources (central heating/vehicles),
and possibly biomass combustion sources were identified. Notwithstanding that, the DRs
IND/B[ghi]P and B[b]Fl /B[k]Fl were indicated as diesel sources, and the Fluo/(Fluo +
Pyr) and Pyr/B[a]P showed gasoline sources. Pyrogenic and combustion of solid fuel
as indicator sources were demonstrated by the Ant/(Ant + Phe), B[a]P/(B[a]P + Chry),
Flua/(Flua + Pyr), B[a]A/(B[a]A + Chry), LMW/HMW, Flua/Pyr, and Phe/Ant ratios, and
the IND/ (IND + B[ghi]P) ratio indicated combustion of liquid fuels. For both seasons, the
DR B[a]P/B[a]P+ B[e]P indicated photolysis as an indicator source.

Summer Period

During the summer campaign in the Municipality of Peloponnese, significant indica-
tions of petrogenic sources such as fuel or refined petroleum products were also identified
through diagnostic ratios (Phe/Ant and LMW/HMW). However, a considerable portion
of PAHs was either absent or present at concentrations below the detection limit during
the summer period, for the three areas S1, S2, and S3, respectively. As a result, several DRs
could not be applied for the identification of potential sources. This could be attributed to
the absence of industrial activities related to kernel olive processing. Furthermore, liquid
fossil fuel burning as an indicator source was demonstrated by the Flua/(Flua + Pyr) ratio.
Although, in the winter period either gasoline or diesel were indicated as potential sources,
during the summer period, diesel was demonstrated as an potential source. In the area
of Aristotelous, significant indications of pyrogenic sources were also identified for the
summer period through several diagnostic ratios (B[a]P/(B[a]P + Chry), Flua/(Flua + Pyr),
and Flua/Pyr). The ratios of Ant/(Ant + Phe), LMW/HMW, and Phe/Ant suggested pet-
rogenic sources during the summer campaign, contrasting with the winter period, where
they indicated pyrogenic sources. This situation can be attributed to seasonal variations in
residents’ activities.

Although the diagnostic ratio of B[a]P/B[ghi]P for the summer campaign demon-
strated non-traffic emissions, as well as for the winter campaign, respectively, it is worth
mentioning that for the winter period there were fluctuations for the diagnostic ratio be-
tween traffic, or not, emissions (Figure 18). As a result, in spite of the majority of the
individual ratios indicating non-traffic emissions (<0.6), a significant portion of the sam-
pling days showed diagnostic ratios above the value of 0.6 (B[a]P/B[ghi]P), corresponding
to traffic sources. This underscores the complexity of the phenomenon and highlights that
the sources of emissions can vary from day to day, adding further intricacy and making
the identification of the potential sources more challenging. This is something worth men-
tioning, as most studies on source apportionment that utilize diagnostic ratios focus on
the averages of the indicated DRs in their results and discussions. This approach may
oversimplify and omit information by comparing averaged DRs rather than examining
individual ratios for each day separately.

An illustrative example of this phenomenon is observed in the DRs for B[a]A/(B[a]A
+ Chry) and Flua/Pyr for Aristotelous. During the summer period, the averaged DR for
B[a]A/(B[a]A + Chry) indicated petroleum and fuel oil combustion, while the averaged
Flua/Pyr ratio suggested combustion of solid fuel. Upon closer examination of the data
in Figure 19, it becomes evident that individual DRs for Flua/Pyr were divided between
the potential sources (combustion of solid fuel and petrogenic), with the majority of the
measured days (25 out of 36) indicating petrogenic sources, as their ratios were below the
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value of 1. However, the averaged DRs for Flua/Pyr were calculated above the value of 1
(1.44, Table 6), as depicted in Figure 19. This discrepancy arises because although individual
days with DR values higher than 1 were in the minority (11 out of 36), their values were
sufficiently high to influence the averaged DR. Concluding this, the combustion of solid fuel
emerges as a potential source based on Flua/Py’s DR, while the potential indicator sources
identified by B[a]An/(B[a]An + Chry were a mix of coal, wood, and grass combustion,
as well as petroleum and fuel oil combustion. Comparing this with Figure 20 from the
winter period, for both seasons there were activities from a combination of petrogenic and
combustion of solid fuel sources (Flua/Py). However, the indicator source demonstrated
by B[a]An/(B[a]An + Chry during the winter period was mainly coal, wood, and grass
combustion, in contrast with the summer period.
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Comparing this with Figure 20 from the winter period, for both seasons, there were
activities from a combination of petrogenic and combustion of solid fuel sources (Flua/Py).
However, the indicator source demonstrated by B[a]An/(B[a]An + Chry during the winter
period was mainly coal, wood, and grass combustion, in contrast with the summer period.
For the summer campaign, the presence of Aristotelous diesel as a potential source was
indicated by DRs of Fluo/(Fluo + Pyr), B[b]Fl /B[k]Fl and IND/B[ghi]P.
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Furthermore, the total index in Aristotelous for both seasons indicated different
potential sources, highlighting the varying activities taking place. During the summer
campaign, the total index demonstrated a low-temperature source (petroleum) as primary
source, while for the winter period, the diagnostic ratio suggested a high-temperature
source (combustion). It is worth mentioning that for the winter period, the indicator source
from total index remained the same until date 23 February 2016, when the indicator source
changed. For the following 13 consecutive days, petroleum was demonstrated as the
indicator source (Figure 21).
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3.4.2. PMF Results for Municipality of Peloponnese

For the Municipality of Peloponnese the chemical elements used as input in the
model were six ions (Na+, K+, Mg2+, Ca2+, NO3-, SO42-), mental and organic carbon (EC,
OC), and six heavy PAH species (BghiP, IND, BbF, BkF, BaP, BeP). The resolved sources
were qualitatively identified by the trace markers shown in the mass profiles (Figure 22).
Figure 23 presents the factors’ percentage contributions to PM.

Factor 1 is characterized by high percentages of nitrate (62%) and sulfate (43%) ions as
well as an amount of organic carbon (25%), which reveal a secondary aerosol source that
can be associated with traffic exhaust emissions [63–65]. This factor accounts for 15% of the
measured PM10 at the Municipality of Peloponnese.

Factor 2 reveals a mixed source of natural origin: mineral dust, as it is traced by
significant percentages (>70%) of Mg2+ and Ca2+, probably mixed with sea salt due to a
high percentage of Na (77%). This factor contributes 23% of the measured PM10.
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Factor 3, which is characterized by similar percentages of OC and EC (OC/EC~1), as
well as a significant percentage of sulfate ion (37%), corresponds to traffic emissions, as also
found in similar studies [63,65–67]. Furthermore, the presence of BaP in combination with
sulfate ion indicates industrial emissions, which in the absence of elemental species in the
analysis, cannot be further specified. This factor contribution to PM10 is 37%.

Factor 4 reveals the biomass/wood combustion source due to the high percentage of K+

(>50%) and the presence of OC (17%) and BaP (13%), which are characteristic combustion
tracers [68].

Factor 5 is strongly associated with the heavy PAH species, BbF, BkF, BeP, BghiP, IND
(100%), and moderate contributions of OC and EC; thus, it can be associated with diesel
emissions (heavy vehicles/residential heating) [69]. This diesel emissions factor contributes
9% of the measured PM10.
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Figure 22. Sources and contribution of each chemical element separately for factors 1–5. (a) Factor 1.
Secondary aerosols/traffic; (b) Factor 2. Natural sources; (c) Factor 3. Traffic/industrial emissions;
(d) Factor 4. Biomass/wood combustion; (e) Factor 5. Diesel emissions (traffic/central heating).
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3.4.3. PMF Results for Aristotelous

For Aristotelous, the chemical species injected to the model were six ions (Na+, K+,
Mg2+, Ca2+, NO3-, SO42-), elemental and organic carbon (EC and OC), seven metals (V,
Ni, Ti, Fe, Cu, Zn, Pb), and six heavy PAH species (BghiP, IND, BbF, BkF, BaP, BeP).
Figure 24 presents the sources and the contribution of chemical elements to each, individu-
ally. Figure 25 presents the factors’ percentage contributions to PM for the Aristotelous area.

Factor 1 reveals a source of crustal origin (Ca2+, Ti >50%) enriched with traffic/industrial
emissions tracers (Fe, EC, Zn, Cu, Pb) and therefore corresponds to road dust [65,70]. This
factor contributes 19% of the measured PM10 at the traffic site of Athens.

Factor 2 is associated with significant (>50%) percentages of V, Ni, SO4
2, BghiP, IND,

BbF, BkF, and BaA, which, in combination with the presence of Cu, Zn, Pb, OC, EC, Fe, and
K, indicates fuel oil combustion and exhaust traffic emissions [69]. This factor accounts for
18% of the measured PM10.

Factor 3 is characterized by nitrate, sulfate, and ammonium ions, which reveals a
secondary aerosol source probably mixed with a sea salt source (Na+, Mg2+).

Factor 4 corresponds to combustion sources as it is characterized by high percentages
of K+, DBA (>50%), BaP, and OC. In particular, K+ and BaP are characteristic tracers of
wood combustion, which was intense during the winter period (domestic heating). This
factor accounts for the quite high percentage of 21% of the measured PM10 [68].

Factor 5 is associated with the two carbonaceous fractions (OC and EC; OC/EC = 0.9)
and sulfate ion, which indicates traffic-related sources. Additionally, high percentages of
Pyr, BaA, and Bap correspond to a traffic gasoline source [64]. This factor accounts for the
quite high percentage of 30% of the measured PM10 at the traffic site of Athens.
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Figure 24. Sources and contribution of each chemical element separately for factors 1–5. (a) Factor 1.
Road dust; (b) Factor 2. Fuel oil combustion/traffic diesel; (c) Factor 3. Sea salt/secondary aerosols;
(d) Factor 4. Biomass/wood combustion; (e) Factor 5. Traffic gasoline.
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4. Conclusions

The aim of this study was the assessment of the variance in PAHs concentrations as
well as the identification and estimation of the contribution of the main PAHs sources in
three areas of different characteristics: an area in Peloponnese characterized by intense
olive-production activity, the industrialized zone of Oinofyta, and an urban site of heavy
traffic in the Athens city center (Aristotelous). For the scope of the study, the carcinogenic
equivalent concentration (TEQ), inhalation cancer risk (ICR), and lifetime cancer risk (R)
were estimated; in addition, two source apportionment methods were applied (DRs and
PMF model). According to the results for PM10 concentration and its chemical composition
for PAHs, the study areas were characterized by diverse sources and activities, yielding
findings that include assessments of the potential health effects from the pollutants for the
residents of the areas of interest:

• The maximum PM10 mass concentration and the percentage of exceedances (daily
limit value by the European Union 50 µg/m3) was observed at the sites within the
Municipality of Peloponnese (Meligalas: 13%, Skala: 27%, Messini: 11%) during the
winter season. The latter is attributed to both biomass burning (domestic heating,
agriculture activities) and the operation of olive pomace oil industries during winter.
The same trend was observed for Σ22PAHs, ΣCOMPAHs, and ΣCANPAHs, possibly
associated with the same sources.

• Indicatively, the average concentrations of B(a)P in the areas of the Municipality of
Peloponnese during the winter season exceeded the annual limit of 1 ng/m3 (according
to EU Directive 2004/107/EC), while the corresponding average value in the area of
Aristotelous was 0.51 ng/m3. In the summer, B(a)P was undetectable or negligible in
all areas. The elevated levels at Peloponnese area also imply the contribution of the
emissions from olive pomace oil industries.

• The highest potential cancer risk (TEQ and ICR) was observed at the Municipality
of Peloponnese during the winter season. The TEQ values were higher than the
European guideline (TEQ, EU Directive: 1 ng/m3). This indicates that the citizens of
the Municipality of Peloponnese had greater exposure dose to a harmful mixture of
PAHs during the winter months compared to summer and the other study areas.

• In the center of Athens (Aristotelous), for both seasons, the number of cancer cases
per million people were within the ICR range of potential health risk (10−6–10−4),
according to WHO and EPA, with the estimated ICR for summer being lower. At the
Municipality of Peloponnese during the winter campaign, the estimated cancer cases
by WHO surpassed the upper threshold (10−4), while the EPA evaluation placed them
within the range of potential health risk.

• The total inhalation lifetime cancer risks were close to a lower-bound zero risk (10−6)
for all three areas of interest (Peloponnese, Aristotelous, and Oinofyta), which further
underscores the low concentration of PAHs. Higher risk assessments were observed
during the winter period. Likewise, for summer, the estimated potential risks were
lower than the lower-bound zero risk. Lifetime cancer risk for all scenarios demon-
strate the differences in PAHs concentrations for the estimated risks compared to the
areas of Aristotelous and Oinofyta, with the latter showing significantly lower risks,
mainly due to the lower concentrations.

• The cancer risk assessments exhibited equal differences among the different scenarios
for all study areas, with the highest estimated risks observed for men and women
exposed 24 h per day, followed by those for men and women exposed for 14 h per
day. The lowest risk assessments were for children aged 2–16 and children aged 0–2,
respectively. The differences observed in the assessments between scenarios were
anticipated and can be attributed to variations in exposure doses, inhalation rates,
body weights, and portion of the day they were exposed (24 or 14 h/day), as well
as the duration of years of exposure across various life stages (e.g., Children0–2 and
Men16–80).
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• According to PMF, the prevailing sources of PM10 at the Municipality of Peloponnese
were biomass/wood combustion and traffic/industrial emissions. In Aristotelous,
traffic-related sources (gasoline emissions and road dust) and biomass/wood combus-
tion emerged as the most significant factors contributing to the measured PM10 levels.

• The activities of the olive pomace industries during winter period contributed signif-
icantly to various indicator sources from DRs (petrogenic, mixture of gasoline and
diesel; high-molecular-weight PAHs were the most abundant). In the summer period,
a considerable portion of PAHs was either absent or present at concentrations below
the detection limit. The latter could be attributed to the absence of industrial activities
related to olive pomace oil industries and the biomass burning for domestic heating in
the nearby area.

• In the industrial zone, DRs indicated petrogenic sources, pyrogenic activities, and
a mixture of gasoline and diesel emissions from vehicles. In the center of Athens, a
wide-ranging profile of PAHs sources was demonstrated by DRs for both seasons.
Non-traffic emissions were indicated for both seasons, with lower ratio for the summer
period. Significant fluctuations in individual DRs were observed during the winter
period, contrasting with the summer period.

5. Future Study

A common method of using DRs needs to be applied to relevant studies, resulting in
better comparability among the results of different studies. This refers to which DRs are
used in each study and the interpretation of DRs when there are different indicator sources
for the same sources (e.g., petrogenic or pyrogenic sources). Instead of examining individual
ratios for each day separately, most studies on source apportionment that utilize diagnostic
ratios focus on the averages of the indicated DRs, a situation that should receive more
attention. Gathering air pollution data with higher temporal resolution (daily and seasonal
variations) and spatial resolution (a network of sampling sites) would enhance the accuracy
of risk assessments by accounting for the variability in environmental factors and human
activities. To achieve this, the scientific community should concentrate on developing more
comprehensive mathematical models and approaches that consider all parameters linking
air pollution exposure to population health. This includes addressing the limited number
of sampling sites, accounting for seasonal variations, changes in population vulnerabilities,
and lifestyle characteristics, as well as incorporating source apportionment and accurate
identification of pollution sources to enhance the reliability of the assessments.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/atmos15080938/s1; Equation (S1). Total index, Bootdee et al.,
2016 [35]; Table S1. Minimum–maximum (mean) and total PAHs concentrations (ng/m3) adsorbed to
ambient PM10 (ng/m3) for winter campaign in Municipality of Oichalia–Messini; Table S2. Minimum–
maximum (mean) and total PAHs concentrations (ng/m3) adsorbed to ambient PM10 (ng/m3) for
summer campaign in Municipality of Oichalia–Messini; Table S3. Minimum–maximum (mean) and
total PAHs concentrations (ng/m3) adsorbed to ambient PM10 (ng/m3) in Aristotelous and Oinofyta
for both seasons; Table S4. LOD and LOQ of the chromatographic method for the determination
of PAHs; Table S5. Estimated cancer risk of humans due to inhalation of PAHs for Municipality of
Peloponnese, winter period; Table S6. Estimated cancer risk of humans due to inhalation of PAHs
for Municipality of Aristotelous, winter period; Table S7. Estimated cancer risk of humans due to
inhalation of PAHs for Municipality of Oinofyta, winter period; Table S8. Estimated cancer risk
of humans due to inhalation of PAHs for Municipality of Peloponnese, summer period; Table S9.
Estimated Cancer risk due to inhalation of PAHs for Municipality of Aristotelous, summer period.

Author Contributions: Conceptualization, T.M. and D.S.; methodology, T.M., M.P. and M.D.; software,
D.S.; validation, T.M., D.S. and M.P.; formal analysis, D.S., M.P. and M.D.; investigation, M.P., M.D. and
P.P.; resources, T.M.; data curation, D.S., M.P. and D.S.; analysis, M.D., D.B., P.P. and K.B.; writing—original
draft preparation, M.P. and M.D.; writing—review and editing, D.S. and T.M.; visualization, M.P. and D.S.;
supervision, T.M. and D.S.; project administration, T.M.; funding acquisition, T.M. All authors have read
and agreed to the published version of the manuscript.

https://www.mdpi.com/article/10.3390/atmos15080938/s1
https://www.mdpi.com/article/10.3390/atmos15080938/s1


Atmosphere 2024, 15, 938 32 of 35

Funding: This research received no external funding.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: The original contributions presented in the study are included in the
article/Supplementary Materials, further inquiries can be directed to the corresponding author/s.

Conflicts of Interest: The authors declare no conflicts of interest.

Appendix A

Table A1. Detailed information on sampling areas.

Sampling Name Code Characteristics of Sampling Point Region
Coordinates

X Y

S1 Terrace of ground floor of Meligala fire station Meligala 37◦13′19′′ N 21◦58′35′′ E
S2 Terrace of the ground floor store in Skala Skala 37◦12′06′′ N 21◦59′50′′ E
S3 City Hall of Messinia Messinia 37◦02′45′′ N 22◦00′26′′ E
Y1 Aristotelous, Center of Athens Athens 37◦59′36′′ N 23◦43′44′′ E
A1 Building of Fire Department in Oinophyta Oinophyta 38◦18′35′′ B 23◦38′24′′ A
A2 Building of FEST Industry in Oinophyta Oinophyta 38◦19′0′′ B 23◦39′10′′ A
A3 Building of PURATOS Industry Oinophyta 38◦18′36′′ B 23◦37′9′′ A
A4 Building of SARANTIS Industry Oinophyta 38◦18′30′′ B 23◦39′29′′ A
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