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H I G H L I G H T S

• Higher PM2.5 levels were observed during the heating season, notably in the rural area.
• Several biomass and waste burning markers were investigated.
• Considerable differences were obtained across the sampling sites.
• This study highlights the need for national and local efforts to cut emissions.
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A B S T R A C T

Residential solid fuel combustion is a significant contributor to air pollution in Hungary, particularly in rural 
areas. This study aimed to assess air pollution attributable to residential solid combustion by monitoring the 
spatial and temporal variability of PM2.5 mass concentration and other specific air pollutants. Sampling cam
paigns were conducted at rural and urban sites with differing heating habits, comparing heating and non-heating 
periods in 2020.

Significant differences in air pollutant concentrations were observed between the two periods. At the rural site, 
the mean PM2.5 mass concentration was 1.7 times higher during the heating period compared to the urban site. 
Biomass burning markers (e.g. levoglucosan, potassium, organic carbon in PM2.5) showed a significant associ
ations during the heating period. Additionally, the universal waste burning marker 1,3,5-triphenylbenzene was 
detected on 93% of the measurement days at the rural site during the heating period, indicating continuous waste 
burning. The results of 14C analysis and multiple diagnostic ratios further supported source identification. The 
annual target value for benzo(a)pyrene (1 ng/m3) was exceeded in 100% of samples collected at the rural site 
and 64% of samples at the urban site during the heating period. Detailed chemical analysis of PM2.5 accounted 
for an average of 85% of total mass.

These findings highlight the urgent need for robust national and local air quality strategies to mitigate 
emissions from residential heating and protect public health.

1. Introduction

Globally, over 2.3 billion people, about 40% of households, rely on 
solid fuels as their primary energy source (WHO, IEA, IRENA, UNSD, 
World Bank, 2022). Residential combustion of solid fuels contributes 

substantially to air pollution, especially in areas lacking emission con
trols or using inefficient technologies (Klimont et al., 2017). Ambient air 
pollution is a major global health risk and has been linked to millions of 
premature deaths worldwide (Lelieveld et al., 2015). Evidence links 
emissions from wood, coal, and waste burning to serious health effects, 
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including respiratory and cardiovascular morbidity and mortality 
(Balmes, 2019; Kim et al., 2015). A recent report estimates that 3.2 
million people die prematurely each year from diseases attributable to 
household air pollution caused by the inappropriate use of solid fuels 
(WHO, 2021).

Residential solid fuel combustion has a major impact on air pollu
tion, resulting in the emission of significant amounts of gas- and particle- 
phase pollutants, including inorganic gaseous compounds, particulate 
matter (PM), organic matter (OM), elemental carbon (EC), polycyclic 
aromatic hydrocarbons (PAHs), and various other organic compounds 
(Clark and Peel, 2013; Krugly et al., 2014; Simoneit, 2002). Globally, 
20% of fine PM (PM2.5) originates from residential fuel burning, which 
may contribute up to 32% of PM2.5 emissions in Central and Eastern 
Europe (Karagulian et al., 2015).

A significant portion of Hungarian households still relies on solid 
fuels (e.g. wood, crop residues, coal, household waste) primarily for 
heating and, to a lesser extent, for cooking. Solid fuel burning is very 
common in Hungary: 62% of the dwellings use gas, 32% wood, 9% 
electricity, 1% coal, and 1% other fuels, with some dwellings relying on 
multiple fuel types (National Census, 2022).

The marker/tracer methods are based on the identification of sub
stances that are directly related to solid fuel combustion emissions. 
These markers are essential for identifying such emissions as they are 
directly linked to specific types of burning (e.g. wood, waste) and can 
indicate the combustion efficiency. The most frequently investigated 
markers of solid fuel burning are monosaccharide anhydrides (MAs) 
(such as levoglucosan (LEV) and its isomers, mannosan (MAN) and 
galactosan (GAL)), organic carbon (OC), PAHs, potassium (K), and 
certain metals. In addition to water-soluble K as a well-known biomass 
burning (BB) tracer, LEV and its isomers are suitable markers for 
detecting wood burning, as they occur in large quantities and have 
longer stability compared to other organic tracers (Blumberger et al., 
2019; Simoneit, 2002). 1,3,5-Triphenylbenzene (135-TPB) is a universal 
tracer compound for waste burning (Simoneit, 2015; Simoneit et al., 
2005; Tomsej et al., 2018).

Source apportionment studies generally indicate that wood com
bustion accounts for 20–30 % of ambient PM2.5 mass concentrations 
during the heating period; although, this estimate varies considerably by 
location (Branǐs and Domasová, 2003; Caseiro et al., 2009; Gianelle 
et al., 2013). Several studies across Europe have investigated air pollu
tion associated with wood burning, highlighting how its impact on 
ambient PM levels varies by season, source density, technology, mete
orology, and topography (e.g. Cigánková et al., 2021; Maenhaut et al., 
2016; Ricciardelli et al., 2017; Galindo et al., 2021; Janoszka and Cza
plicka, 2022). Several studies focused on the characterization of PM2.5 
and PM10 in Hungary, providing quantitative information on some 
important source categories (e.g. Angyal et al., 2024; Blumberger et al., 
2019; Major et al., 2021; Salma et al., 2017, 2020; Szigeti et al., 2015); 
however, source apportionment has rarely been carried out, especially 
for rural areas.

Despite legal prohibitions, household waste burning occurs in 
Hungary as a cost-saving measure for heating and waste disposal. 
Approximately 2–10% of the population has been reported to regularly 
burn their waste in stoves in Hungary, according to two independent 
surveys carried out a few years ago (Kantar Hoffmann, 2017; Századvég 
Foundation, 2018). In Hungarian households, solid fuel is often burned 
in inefficient, poorly ventilated heating appliances (e.g. conventional 
stoves, boilers), and incomplete combustion produces substances of 
public health concern. Only a limited number of scientific papers 
investigate waste burning with a particular emphasis on identifying 
suitable organic tracers in PM samples (Hoffer et al., 2021; Simoneit 
et al., 2005; Tomsej et al., 2018).

There has been a major effort to reduce the emission of air pollutants, 
especially PM2.5 emissions, in the hot spot areas in Hungary, where there 
were difficulties complying with the limit values set by the European 
Commission. Three air quality zones have struggled to comply with the 

European Union’s Air Quality Directive 2008/50/EC, and as a result, the 
European Commission launched infringement proceedings against 
Hungary (European Commission, 2008). Due to frequent unfavorable 
meteorological conditions and higher PM emission rates, air quality is 
worse in winter than in summer in Hungarian settlements. Therefore, 
identifying the sources of PM is essential to provide decision-makers 
with appropriate recommendations for developing measures and regu
lations to reduce emissions.

The influence of residential solid fuel combustion on the air quality 
in Hungary is still poorly understood, so it is important to have a clear 
picture of its main characteristics. This study is unique in its compre
hensive examination of the impact of residential solid fuel combustion 
on air quality in Hungary, particularly in rural settlements where such 
practices are common. Unlike previous research, which has often been 
limited in scope or geographical focus, our study provides an extensive 
analysis of a wide range of air pollutants, specifically those associated 
with PM2.5. By focusing on both rural and urban sites with varying 
heating habits, we capture the spatial and temporal variability in air 
pollutant concentrations during heating and non-heating periods. This 
research provides new data from Hungary, where comprehensive 
aerosol measurements are relatively limited, and offers critical infor
mation that can inform policy decisions aimed at improving air quality 
both locally and in comparable international contexts. Through our 
investigation, we aim to provide a clear picture of the main character
istics of residential solid fuel combustion and its significant role in air 
pollution, supporting the development of more effective national and 
regional air quality management strategies.

2. Materials and methods

2.1. Description of the sampling sites

The monitoring campaign took place at two sites in North Hungary: 
one rural and one urban (Fig. 1). Nógrádmegyer, with a population of 
1700 (GPS coordinates: 48◦ 04′ 07″ N, 19◦ 37′ 26″ E; 204 m above mean 
sea level), was selected as the rural site, where the use of solid fuel for 
heating and cooking purposes is significant. The municipality is located 
in a valley within the hilly region of northern Hungary, surrounded by 
gentle slopes. The selected urban site was Esztergom, with a population 
of 27,000 (GPS coordinates: 47◦ 47′ 08″ N, 18◦ 44′ 25″ E; 110 m above 
mean sea level), where the majority of households use either district 
heating or gas heating. Esztergom is located along the bank of the 
Danube River, featuring a varied topography with rolling hills, river
banks, and elevated terrain. Both sampling sites were designated in the 
center of the settlements, in a residential area. The disturbing effect of 
traffic is negligible at the rural site, while a 2-lane busy road was close 
(at a distance of 70–80 m) to the sampling location at the urban site.

Fig. 1. Location of the settlements selected for the monitoring campaign 
in Hungary.
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2.2. Sampling and instrumentation

Two, 14-day field campaigns, one during the heating period and 
another during the non-heating period, were implemented in 2020. The 
field campaigns were carried out from 27 January to 9 February and 
from 26 August to 9 September, respectively. These specific periods 
were selected to represent typical seasonal conditions while also align
ing with the scheduling of a parallel human biomonitoring campaign 
(details not shown) and coordination with local organisations. Satellite- 
based fire detection data from NASA’s FIRMS (MODIS, Terra/Aqua) 
were analysed for the sampling periods. According to the available data, 
no extensive agricultural burns or wildfires occurred within a 30 km 
radius of the settlements during these periods.

Meteorological parameters (temperature, relative humidity, wind 
direction, and wind velocity) were monitored at the fixed station of the 
National Air Quality Monitoring Network in Esztergom, located 
approximately 1 km from the selected sampling site, and at the sampling 
site in Nógrádmegyer using the mobile air quality monitoring station of 
the National Center for Public Health and Pharmacy. The values of 
meteorological variables were recorded with a time resolution of 1 h. 
Planetary boundary layer (PBL) height data were obtained from the 
ERA5 reanalysis dataset (Copernicus Climate Data Store, ECMWF) with 
hourly resolution.

The PM2.5 samples were collected for 24 h onto quartz fiber filters (Ø 
150 mm, Whatman QM-A) by a Digitel DHA-80 high-volume aerosol 
sampler (Digitel Elektronik AG, Switzerland) equipped with a PM2.5 cut- 
off inlet in each site. The samplers were loaded with 14 filters, which 
were changed automatically every day at 6 p.m. The applied flow rate 
was 30 m3/h, thus about 720 m3 of air was pumped through a filter 
during the sampling time of 24 h. One field blank sample was also taken 
at each site per week. Before sampling, filters were wrapped in 
aluminium foil and pre-treated at 550◦C in an electric oven for 8 h to 
eliminate any potential organic contaminants. Before and after sam
pling, the filters were conditioned for at least 48 h at 20 ± 1◦C and 50 ±
5% relative humidity. The total PM2.5 mass was determined by weighing 
the sampling filters before and after sampling and the PM2.5 concen
tration was calculated by dividing the weighted mass on the filter by the 
sampling volume. Before analyses, filters were stored in glass Petri 
dishes sealed with parafilm at -20◦C. Although the reference method 
described in EN 12341:2023 for the determination of PM2.5 mass con
centration is based on low-volume samplers, the use of high-volume 
samplers in our study was primarily motivated by the need to collect 
sufficient PM2.5 mass for detailed chemical analysis. Previous studies (e. 
g. Viana et al., 2006) have reported differences between high- and 
low-volume sampling methods, particularly due to variations in face 
velocity. These differences can affect the measurement of certain PM 
components, such as OC. In fact, PM and OC concentrations obtained 
from low-volume samplers are often reported to be higher than those 
from high-volume samplers. This discrepancy is thought to result from a 
greater influence of positive artefacts in low-volume systems, as the 
adsorption of gaseous organic compounds tends to increase at lower face 
velocities.

Volatile organic compounds (VOCs) and carbonyls were collected by 
active sampling using a low-volume SKC Sidekick pump (SKC Ltd., 
United Kingdom) for 60 min every day from 6 p.m. to 7 p.m. This eve
ning period was selected because residential activities, particularly 
heating, tend to increase after work hours, especially during the heating 
season when heating systems are typically activated. VOCs were 
collected onto a preconditioned TENAX-TA stainless steel tube (Markes 
International Ltd., UK) at a flow rate of 80 mL/min. Carbonyls were 
collected onto prepacked silica gel cartridge coated with 2,4-dinitrophe
nylhydrazine (DNPH) (dr. Wéber Consulting Kft., Hungary) at a flow 
rate of 1 L/min. After sampling, the cartridges were capped and stored in 
a refrigerator at 4◦C until analysis.

For the sampling of gas-phase PAHs, a polyurethane foam (PUF) 
sorbent was used. The sorbent was placed in a borosilicate glass tube, 

which was connected to a low-volume SKC Sidekick pump operating at 
2.5 L/min. The sampling time was 24 h and the sampling started at 6 p. 
m. every day. Before sampling, the PUF sorbent was purified by ultra
sonic extraction in dichloromethane (Sigma-Aldrich, USA) and n-hexane 
(97%, LGC Standards, Germany). After sampling, the sample was stored 
in a hermetically sealed mason jar with a PTFE-coated screw cap at 
-20◦C until sample preparation.

2.3. Assessment of the carbonaceous fractions

Circular punches with 1 cm diameter were analysed to measure the 
concentration of OC and EC by the thermal-optical method using the 
OCEC Lab Aerosol Analyzer (Sunset Laboratory Inc., USA) and the 
EUSAAR2 (European Supersites for Atmospheric Aerosol Research) 
protocol (Cavalli et al., 2010). The accuracy and repeatability of results 
were regularly controlled based on the determination of a sucrose so
lution containing 50 μg of carbon in 10 μL or by using reference filters.

14C measurement of the PM2.5 samples was performed on the Environ 
MICADAS AMS (developed by ETH-Zürich, Switzerland) installed at 
ATOMKI, Debrecen. The carbon mass of the aerosol samples was 
calculated from the pressure of the CO2 obtained during the preparation. 
Besides the real samples, two 14C reference samples (IAEA-C9 and –C3) 
were also prepared under the same conditions as the aerosol samples 
and measured for 14C to check the quality of the preparation. Normali
zation of the 14C measurements was performed by measuring graphite 
targets made from NIST SRM 4990C oxalic acid II standards. The 
radiocarbon data were expressed as the fraction of modern carbon (fM). 
It is defined as fM = ASN/AON, where the specific 14C activity of the 
sample (ASN) and the standard (AON) is not age-corrected, but normal
ized with respect to isotope-fractionation (Reimer et al., 2004). The fM 
was converted into the fraction of contemporary carbon (fC) with a 
correction factor of 1.08 for the effect of combustion of older firewood 
(Heal et al., 2011); thus, the fC was calculated as fC = fM/1.08. The fC can 
range from 0 (pure fossil carbon) to 1 (pure modern carbon) and directly 
reflects the relative fossil and modern contribution to carbon, so the 
fraction of fossil carbon ff = 1 – fC (Major et al., 2015, 2021).

2.4. Determination of monosaccharide anhydride concentrations

Three stereoisomers of a MA of C6H10O5, namely LEV (1,6-anhydro- 
β-D-glucopyranose), MAN (1,6-anhydro-β-D-mannopyranose), and GAL 
(1,6-anhydro-β-D-galactopyranose), were analysed by gas 
chromatography-mass spectrometry (GC-MS) after trimethylsilylation. 
A 0.8 cm diameter piece was cut out of the filter disc using a punch. The 
filter piece was spiked with 10 μL of internal standard (IS) (β-D-xylo
pyranose, TRC, Canada) and 2 mL of acetone was added. The sections 
were extracted in a 4 ml glass vial with 2 mL of absolute acetone in an 
ultrasonic bath (Realsonic Cleaner, KLN Ultraschall GmbH, Germany) 
for 15 min. After the decantation of the supernatant, the extraction step 
was repeated. The combined extract was filtered through a 0.22 μm pore 
size PTFE syringe filter. The sample extracts were evaporated to dryness 
under a stream of nitrogen (4.5, Messer Hungarogáz Kft., Hungary). At 
the end of the evaporation, 300 μL of acetone was pipetted into the vials 
and evaporated to dryness again. This ensures that the distillate has 
evaporated to dryness, leaving no moisture. The silylation reaction was 
performed by adding 50 μL of pyridine as a solvent and 50 μL of a 
silylation mixture containing 1% (V/V) trimethylchlorosilane (TMCS) in 
N-Methyl-N-(trimethylsilyl)-trifluoroacetamide (MSTFA), all reagents 
sourced from Sigma-Aldrich (St. Louis, USA). The mixture was ther
mostated at 80◦C for 60 min. The standards of MAs were purchased from 
Toronto Research Chemicals (Canada).

The GC-MS analysis was carried out using an Agilent 6890 Plus GC 
and 5973 quadrupole MS with 7683 autosampler (Agilent Technologies, 
USA). An Rxi-5Sil MS capillary column (l = 30 m, ID = 0.25 mm, dF =
0.25 μm) (Restek, USA) was used for the analysis. The GC conditions 
were as follows: the column starting temperature was 80◦C, held for 0.3 
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min, which was then raised to 175◦C with a rate of 40 ◦C/min, then to 
205◦C at 8 ◦C/min and then heated up to 300◦C with a rate of 40 ◦C/min 
and finally held at this temperature for 2 min. The inlet temperature was 
maintained at 280◦C. The GC was operated with a 20:1 split ratio and 
with a 1 mL/min column flow rate using helium (in purity of 5.0) as 
carrier gas. A sample volume of 1 μL was injected onto the column. 
Quantification is performed using IS matrix calibration, and the quali
tative information is provided by retention times and peak area ratios of 
selected ions. The quantification was carried out in the selected ion 
monitoring mode by quantifier ions with mass-to-charge ratios (m/z) of 
204 for LEV and m/z of 217 for MAN and GAL.

2.5. Investigation of polycyclic aromatic hydrocarbons

Approximately 1/8 of each loaded/blank filter was cut out with a 
ceramic lance and spiked with 50 μL of a deuterated standard solution 
(naphthalene-d8, acenaphthene-d10, phenanthrene-d10, chrysene-d12, 
perylene-d12). The ultrasonic liquid-solid extraction of the sample and 
the PAH analysis was conducted by following the procedure described in 
EN 15549:2008. Each filter piece was extracted in a 40 mL glass vial 
with 15 mL of n-hexane (97%, LGC Standards, Germany) in an ultrasonic 
bath for 10 min. After decantation of the supernatant, the extraction step 
was repeated. Then 5 mL of Milli-Q water was added to the collected 
extract, followed by intensive shaking by hand for 1 min and centrifu
gation at 2000 rpm for 5 min. After the extraction was completed, 
approx. 2–3 g of anhydrous Na2SO4 (Sigma-Aldrich, USA) was added to 
the supernatant. Finally, the contents were filtered by a filter paper 
(Schleicher & Schuell GmbH, Germany), concentrated to 1 mL by rotary 
evaporator and under a gentle nitrogen stream (4.5, Messer Hungarogáz 
Kft., Hungary), and then 20 μL of 2-fluorobiphenyl solution was added. 
The final extracts were stored in a freezer (-20◦C) in sealed GC vials. To 
determine the concentration of gas-phase PAHs, the sorbents were 
stored in a freezer at -20◦C until they were extracted. Extraction was 
performed as soon as possible to ensure minimal loss of volatile PAH 
species. The procedure applied for PAHs pre-treatment was Soxhlet 
extraction. Briefly, the PUF samples were put in a Soxhlet apparatus, 
spiked with a deuterated standard solution and extracted in n-hexane 
(97%, LGC Standards, Germany) for 24 h. Then the sample preparation 
steps described for the solid-phase PAH determination were followed as 
mentioned above. The detailed pre-treatment procedure can be found 
elsewhere (Mai et al., 2003). The quantitative determination of 20 
particulate- and gas-phase PAHs was carried out by a GC (Agilent 6890 
Plus) coupled with a mass selective quadrupole detector (Agilent 5973 
MS) with an electron impact (EI) ionization source and Agilent 7683 
autosampler. A DB-5MS UI capillary column (l = 30 m, ID = 0.25 mm, 
dF = 0.25 μm) was used for PAH separation. The chromatographic 
conditions were as follows: injector temperature: 300◦C, detector tem
perature: 230◦C and maximum oven temperature: 300◦C. A sample 
volume of 1 μL was injected with pulsed splitless mode and with a col
umn flow rate of 1.1 mL/min using helium (in purity of 6.0) as carrier 
gas. Nineteen US EPA analytical grade PAHs (EPA 8310 Polynuclear 
Aromatic Hydrocarbons Mix), the deuterated standards and 135-TPB 
were purchased from Sigma-Aldrich. 1,2,4-triphenylbenzene 
(124-TPB) was purchased from TCI Europe (Belgium).

2.6. Assessment of micro and trace elements concentrations

For trace element analysis two approx. 1/6 pieces were cut from the 
quartz fiber filters by a ceramic lance and their weight was measured. 
Then the samples underwent a microwave-assisted aqua regia extraction 
by using a Microwave LabStation (EM-45/A; Milestone Srl., Italy). The 
filter pieces were treated with 8 mL of aqua regia (6 mL of 34–37% hy
drochloric acid and 2 mL of 67–69% nitric acid solution) for 30 min. 
Following the digestion, the solution was filtered through a 0.45-μm 
pore size PES syringe filter (VWR International Kft., Hungary) and 
diluted with high purity water to 25 mL. Before analysis, an IS solution 

containing Sc, Ge, Y, Ir, Bi and Th was added to the 10 mL solution. The 
samples were stored in a freezer at -20◦C until analysis.

In contrast, the determination of the four microelements (Na, K, Ca, 
Mg) was performed using a simple water extraction method. One-sixth 
of each filter was placed into a 50 mL polyethylene centrifuge tube, to 
which 50 mL of deionized water was added. The samples were then 
subjected to a 150-min sonication-assisted water extraction at room 
temperature by using an ultrasonic bath. After sonication, the solutions 
were filtered by applying a 0.22-μm pore size PES syringe filter. The 
extracted solution was then divided for further analyses as follows: 10 
mL for the determination of water-soluble microelements, 15 mL for the 
determination of water-soluble anions, 5 mL for ammonium determi
nation. Before analysis, 100 μL nitric acid and ISs were added into 10 mL 
filtered solution.

The concentration of 4 micro (Na, K, Ca, Mg) and 20 trace elements 
(Al, As, B, Ba, Cd, Co, Cr, Cu, Fe, Mn, Mo, Ni, Pb, Sb, Se, Sn, Sr, Ti, V, Zn) 
were determined by an iCAP RQ (Thermo Fisher Scientific GmbH, 
Germany) inductively coupled plasma mass spectrometer (ICP -MS). The 
analytical results for the exposed filters were corrected for the blank 
values.

2.7. Determination of water-soluble anions and ammonium ion

After sonication-assisted water extraction and filtration, 15 mL from 
each sample was diluted five times and subjected to ion chromato
graphic analysis. All measurements were carried out on a Thermo Sci
entific Dionex ICS-5000 (Thermo Fisher Scientific Inc., USA) instrument. 
Anions (SO4

2− , NO3
− , Cl− ) were separated on a Dionex IonPac™ AS11-HC 

(l = 250 mm, ID = 2 mm) analytical column (Thermo Fisher Scientific 
Inc., USA) by applying isocratic elution with 10 mM KOH at a flow rate 
of 0.38 mL/min. The column temperature was 25◦C. A 10 μL aliquot of 
each sample/standard was loaded to the eluent stream. The ions were 
detected by the suppressed conductivity of the eluent.

The determination of NH4
+ concentration was performed using a 

spectrophotometric method. A 5 mL aliquot of the filtered and extracted 
sample was diluted to 25 mL, followed by the addition of 2.5 mL color- 
forming reagent and 2.5 mL of an oxidizing reagent. Ammonium reacted 
with salicylate and hypochlorite in the presence of sodium nitro
ferricyanide (III) dihydrate. The absorbance of the resulting blue com
pound was measured at 655 nm on a Shimadzu UV-1800 
spectrophotometer (Shimadzu Corporation, Japan).

2.8. Investigation of volatile organic compounds and carbonyls

Selected VOCs (benzene, toluene, ethylbenzene, m-, p-, and o-xylene, 
styrene, cyclopentanone, allylbenzene, and decane) were quantified 
using a thermal desorption (TD) unit (TD-100, Markes International 
Ltd., UK) coupled with a GC-MS/MS system consisting of an Agilent 
7800 gas chromatograph (Agilent Technologies Inc., USA) and a 7000C 
triple quadrupole mass spectrometer. The GC was equipped with an EI 
ion source, and the collision gases used were 6.0-grade helium and 6.0- 
grade nitrogen. The carrier gas was 6.0-grade helium.

The samples were prepared by adding 1 μL of fluorobenzene meth
anolic working solution under a gentle nitrogen stream (~100 mL/min) 
for 2 min. DiffLok caps were placed on the TD tubes before inserting 
them into the TD automated sample introduction unit. Pre-desorption 
included a single dry purge at a flow rate of 20 mL/min for 1 min to 
remove residual moisture. Desorption was performed at 300◦C for 10 
min while the secondary trap temperature was maintained at -10◦C 
using a Markes Unity Series Cold Trap packed with TENAX. After pri
mary trap desorption, the secondary trap was desorbed at 280◦C for 3 
min to transfer the analytes to the GC-MS system.

The analytes were passed through a heated transfer line and refo
cused onto an HP-PONA capillary column (Agilent Technologies Inc., 
USA) with the following specifications: l = 50 m, ID = 0.2 mm, dF = 0.5 
μm. The oven temperature was programmed to start at 35◦C, held for 3 
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Table 1 
Descriptive statistics of the air pollutants in the two settlements in the heating period.

Rural site (Nógrádmegyer) Urban site (Esztergom)

Min. P25 Median Mean P75 Max. Min. P25 Median Mean P75 Max.

PM2.5 mass concentration (μg/m3) 8.86 16.6 24.5 27.3 31.6 63.4 3.09 10.9 15.3 16.0 21.1 30.9
Carbonacaeous fractions (μg/m3)
OC 2.88 5.39 7.48 9.51 11.8 25.9 1.59 3.03 4.99 5.17 6.74 9.70
EC 0.58 1.17 1.99 2.27 3.01 4.85 0.36 0.84 1.26 1.42 2.16 2.53
TC 3.47 6.73 9.38 11.8 14.7 30.7 1.95 3.87 6.26 6.59 9.02 12.1
fC value of TC 0.82 0.85 0.88 0.88 0.90 0.998 0.75 0.82 0.87 0.86 0.91 0.94
ff value of TC 0.002 0.10 0.12 0.12 0.15 0.18 0.06 0.09 0.13 0.14 0.18 0.25
Contemporary carbon 2.85 5.97 8.34 10.5 13.0 29.1 1.47 3.82 5.35 5.66 7.27 10.8
Fossil carbon 0.02 0.62 1.23 1.34 1.79 3.48 0.48 0.60 0.65 0.75 0.89 1.20
Monosaccharide anhydrides (ng/m3)
Levoglucosan 235 634 942 1117 1349 3262 147 411 624 750 1156 1417
Mannosan 24.3 44.4 63.4 75.9 87.4 223 18.2 38.0 58.6 69.2 103 143
Galactosan 10.4 20.6 31.6 39.0 49.0 111 9.54 20.5 26.6 30.7 45.3 55.0
Water-soluble ions and micro elements (μg/m3)
SO4

2- 0.52 1.041 1.37 1.42 1.76 2.38 0.47 0.79 1.06 1.14 1.57 1.91
NO3

− 0.38 1.27 1.63 1.80 2.04 3.73 0.45 0.99 1.90 2.01 2.77 4.83
Cl− <LOQ <LOQ <LOQ 0.13 0.13 0.40 <LOQ <LOQ 0.15 0.13 0.18 0.24
NH4

+ 0.066 0.20 0.39 0.46 0.63 1.29 0.070 0.19 0.50 0.57 0.91 1.17
Na 0.34 0.36 0.39 0.41 0.42 0.73 0.33 0.37 0.40 0.41 0.42 0.54
K 0.19 0.43 0.66 0.81 0.97 2.53 0.07 0.16 0.31 0.32 0.40 0.64
Ca 0.068 0.082 0.12 0.12 0.15 0.20 0.11 0.12 0.14 0.18 0.24 0.35
Mg 0.029 0.033 0.042 0.041 0.045 0.059 0.034 0.036 0.043 0.044 0.051 0.062
Aqua regia extractable part of trace elements (ng/m3)
Ti 0.20 0.73 2.89 3.02 4.76 7.41 0.90 1.47 3.07 2.78 3.94 5.04
V 0.19 1.31 1.53 1.63 2.06 2.54 0.58 0.91 1.03 0.98 1.09 1.22
Cr 4.75 5.32 5.77 6.54 7.94 9.40 2.49 3.69 4.18 4.07 4.49 4.93
Mn 0.80 1.39 1.81 2.29 3.41 4.26 0.62 1.74 2.62 5.39 5.29 28.7
Fe 17.0 29.6 44.5 63.5 94.3 141 14.8 33.8 42.1 52.2 58.4 137
Co <LOQ <LOQ <LOQ <LOQ 0.04 0.05 <LOQ <LOQ 0.04 0.04 0.05 0.07
Ni <LOD <LOQ 0.45 0.71 0.88 2.82 <LOD <LOQ <LOQ 0.34 0.40 0.44
Cu 0.55 0.85 1.23 1.26 1.49 3.36 0.68 0.83 1.16 1.48 1.85 3.40
Zn 24.3 27.3 35.4 38.9 45.1 62.9 <LOD 13.2 17.3 16.7 18.3 25.1
As <LOD <LOQ 0.40 0.47 0.65 1.27 <LOQ <LOQ 0.33 0.35 0.53 1.23
Sr <LOD <LOQ <LOQ 1.54 2.08 3.97 <LOD <LOQ 1.18 1.13 1.32 1.79
Cd <LOD 1.84 3.18 9.91 8.11 71.3 <LOD 2.05 3.47 5.83 7.72 23.9
Sn <LOQ <LOQ 0.34 0.34 0.47 0.62 <LOQ 0.30 0.42 0.45 0.60 0.83
Sb 0.12 0.14 0.40 0.93 1.08 3.11 0.03 0.08 0.10 0.14 0.19 0.42
Ba 1.25 1.85 2.11 3.06 4.17 6.74 1.09 2.65 3.55 3.36 1.09 2.65
Pb 2.86 4.63 6.78 7.57 10.9 15.4 0.56 2.08 4.07 6.68 8.27 34.9
Particle phase PAHs (ng/m3)
NAP, 2-MNAP, 1-MNAP, ACY, ACE, FLU, ANT <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD
FLT 0.40 0.87 1.21 2.40 3.54 8.21 0.34 0.67 1.09 1.40 1.66 4.29
PYR 0.42 1.01 1.35 2.72 4.51 8.76 0.36 0.73 1.19 1.40 1.71 3.92
BaA 1.06 2.06 4.51 5.72 7.81 17.2 0.44 0.65 1.40 1.72 2.53 3.91
CHY 2.18 3.82 6.29 9.08 11.2 27.4 0.74 1.23 2.32 3.02 4.44 6.81
124-TPB <LOD <LOD <LOQ <LOQ 0.12 0.25 <LOD <LOD <LOD <LOD <LOD <LOQ
135-TPB <LOQ 0.21 0.32 0.43 0.60 0.91 <LOQ 0.13 0.15 0.77 0.29 5.51
BbkF 2.87 4.21 7.31 7.78 8.45 20.9 0.98 2.52 3.16 3.51 4.79 6.90
BeP 1.04 1.55 2.38 2.68 2.81 7.81 0.36 0.85 1.08 1.18 1.61 2.23
BaP 1.06 2.02 3.00 3.81 3.74 13.2 0.42 0.76 1.36 1.50 2.07 3.30
DahA 0.29 0.40 0.55 0.65 0.67 1.85 <LOQ 0.24 0.32 0.31 0.41 0.57
IND 1.26 1.75 2.61 2.96 2.81 8.94 0.43 0.96 1.32 1.38 1.90 2.67
BghiP 1.09 1.51 1.97 2.34 2.10 7.19 0.36 0.77 1.03 1.08 1.45 2.09
Gas phase PAHs (ng/m3)
NAP 2.87 5.36 8.72 9.01 12.8 18.2 2.67 5.59 7.06 8.37 10.4 17.2
2-MNAP 1.89 3.38 3.90 4.16 4.60 7.45 1.31 2.63 3.19 3.50 4.12 6.40
1-MNAP 1.14 2.23 2.53 2.76 3.13 5.25 0.81 1.64 1.99 2.21 2.66 4.24
ACY <LOQ 1.52 2.79 2.77 4.04 6.04 <LOQ 0.57 1.06 1.55 2.59 4.67
ACE 0.29 0.50 0.58 0.60 0.78 0.87 <LOQ 0.34 0.44 0.45 0.59 0.88
FLU 0.80 1.28 1.82 1.88 2.62 2.95 0.31 0.79 1.01 1.20 1.66 2.52
ANT <LOQ 0.41 0.57 0.65 0.94 1.30 <LOQ <LOQ <LOQ 0.17 0.34 0.52
FLT 0.51 1.08 1.46 2.15 2.36 5.95 <LOQ 0.63 0.91 0.93 1.03 1.96
PYR 0.32 0.71 0.92 1.43 1.78 4.03 <LOQ 0.44 0.60 0.62 0.70 1.33
BaA, 135-TPB <LOQ <LOQ <LOQ <LOQ <LOQ <LOQ <LOQ <LOQ <LOQ <LOQ <LOQ <LOQ
CHY <LOD <LOQ <LOQ <LOQ <LOQ <LOQ <LOD <LOQ <LOQ <LOQ <LOQ <LOQ
124-TPB, BbF, BkF, BeP, BaP, DahA, IND, BghiP <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD
Volatile organic compounds (μg/m3)
Benzene 0.62 1.98 4.81 5.86 10.0 13.0 0.36 1.31 2.08 2.03 2.48 4.35
Toluene <LOQ 0.83 1.93 2.15 3.47 4.88 <LOQ 0.81 1.20 1.24 1.58 2.62
Ethylbenzene <LOQ <LOQ <LOQ <LOQ <LOQ 0.60 <LOQ <LOQ <LOQ <LOQ <LOQ 1.63
m + p + o-Xylene <LOQ 1.25 1.48 1.71 2.26 3.37 <LOD <LOQ <LOQ 1.44 <LOQ 9.14
Styrene <LOQ <LOQ <LOQ <LOQ <LOQ 0.99 <LOQ <LOQ <LOQ <LOQ <LOQ 1.04
Ciklopentanon <LOQ <LOQ <LOQ <LOQ <LOQ <LOQ <LOQ <LOQ <LOQ <LOQ <LOQ <LOQ

(continued on next page)
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min, then increased at a rate of 10 ◦C/min to 220◦C, and held at this 
temperature for 2 min. The carrier gas flow rate was maintained at 2 
mL/min.

The analysis of aldehydes during active sampling was performed 
using a liquid chromatography method (HPLC-DAD) in accordance with 
the ISO 16000–3:2011 standard. Regarding the selected carbonyls 
(formaldehyde, acetaldehyde, hexaldehyde, benzaldehyde; stardards 
purchased from Sigma Aldrich, USA), the cartridges were extracted with 
3 mL of acetonitrile in an ultrasonic bath for 30 min, then the extracts 
were filtered through a 0.22 μm pore size PTFE syringe filter. The ex
tracts were analysed by high-performance liquid chromatography. The 
applied liquid chromatographic system consisted of an Agilent Series 
1260 system (Agilent Technologies, Inc., Santa Clara, CA), composed of 
a G1321B binary pump, a G4225A degassing device, a G1329B auto
sampler, and an Agilent 1290 DAD G4212A diode array detector set at 
360 nm. The chromatographic separation was performed on an Agilent 
Rapid Resolution HD Zorbax Eclipe Plus C18 column (100 mm × 2.1 
mm × 1.8 μm) and 2 μL of analytes was injected onto the column. The 
mobile phase consisted of a gradient of acetonitrile and and aqueous 
phosphoric acid solution (pH = 2.6), and the analyses were conducted 
with a constant flow rate of 0.4 mL/min (injection volume of 2 μl) and at 
a constant column temperature of 40◦C.

2.9. Statistical analysis

Values below the LOD were substituted by one-half of the LOD for the 
calculations. In the case of values between the LOD and LOQ, raw values 
given by the laboratory were kept for the statistical analyses. Descriptive 
analysis (minimum, 25th percentile, median, mean, 75th percentile, 
maximum) for all the analysed compounds was performed. The Shapiro- 
Wilk test was used to examine the normality of data. As most variables 
did not follow a normal distribution, non-parametric methods were 
applied throughout the analysis. The Kruskal–Wallis test was used to 
evaluate the difference in PM characteristics at the two sampling loca
tions and periods. A statistically significant level was considered when p- 
value was below 0.05. All analyses were performed using SPSS ver. 22.0 
(IBM Corp., Armonk, NY, USA).

3. Results

The results of the monitoring campaigns for the investigated air 
pollutants are listed in Table 1 and Table A.1 for the heating and non- 
heating periods, respectively. The minimum, maximum, mean and me
dian concentration values and the 25th and 75th percentiles are shown 
in the tables.

3.1. Meteorology

The meteorological parameters are listed in Table A.2 and A.3. The 
meteorological data recorded during the heating period aligned with 
typical monthly mean values; however, January was slightly milder and 
windier than the average for this time of year. There were no significant 
differences in the temperature and relative humidity values between the 
two locations. During the heating period, the daily mean temperature 

values ranged from -1.6 to 11.1◦C, while the relative humidity values 
ranged from 53.9 to 99.4%. In the non-heating period, the daily mean 
temperature values ranged from 14.4 to 27.1◦C, and relative humidity 
values ranged from 51.6 to 84.7%. Significant precipitation (5–15 mm) 
occurred between the 5th and 7th measurement days in both 
settlements.

3.2. Air pollutants

3.2.1. PM2.5
The highest PM2.5 mass concentrations were observed in 

Nógrádmegyer during the heating period, with daily mean values 
ranging from 8.86 to 63.4 μg/m3 and a median value of 24.5 μg/m3. The 
median daily mean PM2.5 mass concentration in Esztergom was 0.62 
times lower than in Nógrádmegyer during the heating period. Signifi
cant seasonal differences in PM2.5 mass concentrations were observed. 
In Nógrádmegyer and Esztergom, the median daily mean PM2.5 mass 
concentrations were 2.2 and 1.8 times higher during the heating period 
compared to the non-heating period, respectively. The WHO’s 24-h 
PM2.5 guideline value of 15 μg/m3 was exceeded in 79 and 50% of the 
samples collected during the heating period in Nógrádmegyer and Esz
tergom, respectively. During the non-heating period, the guideline value 
was exceeded only in Nógrádmegyer, with 22% of the values higher than 
15 μg/m3.

3.2.2. Carbonaceous fractions
Considerable spatial and temporal changes were observed in the 

carbonaceous fractions. OC, EC, and TC all showed temporal variations, 
with peak concentrations during the heating period. Overall, OC con
centrations were 1.7 times higher in the rural site than in the urban site 
across the study period. In the heating period, OC concentrations ranged 
from 2.9 to 25.9 μg/m3 in Nógrádmegyer (mean: 9.5 μg/m3) and from 
1.6 to 9.7 μg/m3 in Esztergom (mean: 5.2 μg/m3). The mean OC con
centrations during the heating period were 3.2 and 2.1 times higher at 
the rural and urban sites compared to the values obtained for the non- 
heating period, respectively, similar to the ratio of 2.9 observed for 
Budapest in a previous study (Szigeti et al., 2015). The mean EC con
centrations were 2.2 and 1.8 times higher during the heating period 
compared to the non-heating period in Nógrádmegyer and Esztergom, 
respectively, following a similar trend to OC. Overall, the observed OC, 
EC, and TC concentrations align with previous results from similar lo
cations in Hungary (Salma et al., 2004; Szigeti et al., 2015; Major et al., 
2021) and other European settlements (Bressi et al., 2013; Putaud et al., 
2004), with higher mean OC and EC levels at rural sites during heating 
periods as expected.

To differentiate modern or contemporary and fossil sources, fC and ff 
values were determined daily during the sampling period. Mean fC 
values were 0.76 in Nógrádmegyer and 0.74 in Esztergom, indicating 
that modern sources were consistently dominant at both sites. During 
the heating period, biogenic fractions were observed with mean values 
of 0.88 in Nógrádmegyer and 0.86 in Esztergom, suggesting minimal 
fossil contributions at this time. Conversely, fossil carbon peaks, coin
ciding with contemporary carbon minima, occurred in the non-heating 
period with mean values of 0.37 in Nógrádmegyer and 0.36 in 

Table 1 (continued )

Rural site (Nógrádmegyer) Urban site (Esztergom)

Min. P25 Median Mean P75 Max. Min. P25 Median Mean P75 Max.

Allilbenzene <LOQ <LOQ <LOQ <LOQ <LOQ <LOQ <LOQ <LOQ <LOQ <LOQ <LOQ <LOQ
Decane <LOD <LOQ <LOQ <LOQ <LOQ <LOQ <LOQ <LOQ <LOQ 0.52 <LOQ 1.05
Carbonyls (μg/m3)
Formaldehyde <LOQ 1.61 3.79 4.64 7.13 12.4 <LOQ <LOQ 1.63 2.47 3.87 6.01
Acetaldehyde <LOQ 1.04 2.73 3.04 4.55 7.11 <LOQ <LOQ 2.44 3.64 4.63 13.9
Hexaldehyde <LOQ <LOQ <LOQ 0.98 <LOQ 1.84 <LOQ <LOQ <LOQ 1.18 1.58 2.08
Benzaldehyde <LOQ <LOQ <LOQ <LOQ <LOQ 1.36 <LOQ <LOQ <LOQ <LOQ <LOQ <LOQ
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Esztergom.
Mean contemporary carbon concentrations were 10.5 and 2.39 μg/ 

m3 in Nógrádmegyer and 5.66 and 2.35 μg/m3 in Esztergom for the 
heating and non-heating periods, respectively. Contemporary carbon 
levels during the heating period were 4.4 and 2.4 times higher than 
summer levels in Nógrádmegyer and Esztergom, respectively. Fossil 
carbon concentrations followed a different temporal pattern, with mean 
values of 1.34 and 1.41 μg/m3 in Nógrádmegyer and 0.75 and 1.04 μg/ 
m3 in Esztergom for the heating and non-heating periods, respectively. 
Higher fossil carbon concentrations were noted in the non-heating 
period.

3.2.3. Monosaccharide anhydrides (MAs)
LEV was the most abundant MA, followed by MAN and GAL. LEV 

concentrations were significantly higher than the combined levels of 
MAN and GAL in both periods, with concentrations approximately 1.5 
times higher at the rural site than at the urban site. During the heating 
period, the mean concentrations were 1117 ng/m3 for LEV, 75.9 ng/m3 

for MAN, and 39.0 ng/m3 for GAL in Nógrádmegyer. A similar trend was 
observed in Esztergom, where mean concentrations during the heating 
period were slightly lower: 750 ng/m3 for LEV, 69.2 ng/m3 for MAN, 
and 30.7 ng/m3 for GAL. The MA concentrations in the heating period 
showed considerable variations, with LEV ranging from 234 to 3262 ng/ 
m3, MAN from 18.2 to 223 ng/m3, and GAL from 9.5 to 111 ng/m3. In 
contrast, the MA concentrations in the non-heating period were signif
icantly lower, with LEV concentrations about 30 times lower than in the 
heating period, ranging from 8.5 to 92.2 ng/m3.

3.2.4. Polycyclic aromatic hydrocarbons
Table 1 presents the individual concentrations of PAHs in both the 

gas and particulate phases. Although all 20 analysed PAH compounds 
were detected at both sites, it is important to note that low-molecular- 
weight (LMW) PAHs were not detectable in the particulate phase, 
while high-molecular-weight (HMW) PAHs were not detectable in the 
gas phase due to significant differences in their volatility. Consistent 
with the trends observed for PM2.5 mass and MAs concentrations, PAH 
levels were higher in Nógrádmegyer than in Esztergom during both the 
heating and non-heating periods. On average, PAHs contributed 
approximately 0.20 and 0.10% of the PM2.5 mass concentration in 
Nógrádmegyer and Esztergom, respectively. Throughout the study, total 
PAH concentrations in the particle phase were significantly higher than 
those in the gas phase. In Nógrádmegyer, summed (gas + particle phase) 
PAH concentrations ranged from 26.8 to 188 ng/m3, with a mean value 
of 76.1 ng/m3. In Esztergom, summed PAH concentrations ranged from 
16.0 to 93.4 ng/m3, with a mean value of 45.5 ng/m3.

LMW PAHs with 2–3 aromatic rings were the most abundant, 
contributing 40 and 56% of total PAHs at the rural and urban sites, 
respectively. Middle-molecular-weight (MMW) PAHs (4-ring) accounted 
for 33% at the rural site and 25% at the urban site, while HMW PAHs 
with 5–6 rings made up a smaller proportion, contributing 27 and 19% 
at the rural and urban sites, respectively. The most abundant particle- 
phase PAHs was CHY (<LOD–27.4 ng/m3), followed by BbkF 
(2.87–20.9 ng/m3) and BaA (1.06–17.2 ng/m3). In the gas phase, NAP 
(2.87–18.2 ng/m3), 2-MNAPH (1.89–7.45 ng/m3), 1-MNAPH 
(1.14–5.25 ng/m3), and ACE (<LOQ–6.04 ng/m3) were the most 
abundant PAHs. Gas-phase concentrations were approximately an order 
of magnitude lower than those in the particle phase for most 
compounds.

The International Agency for Research on Cancer (IARC) lists BaP as 
a Group 1 carcinogen, making it one of the most monitored PAHs in 
ambient air (IARC, 2016). DahA is classified as probably carcinogenic to 
humans (Group 2A), while some PAHs, including NAP, BaA, BbF, BkF, 
CHY, and IND, are considered Group 2B, possibly carcinogenic to 
humans (IARC, 2016). On average, PAHs classified as Group 1, 2A, and 
2B (NAP, BaA, BbF, BkF, CHY, BaP, IND, and DahA) contributed 52 and 
50% to the total measured PAH mass at rural and urban sites, 

respectively, during the heating period. These findings align with pre
vious studies of PM2.5-bound PAH levels at monitoring sites across 
Europe, including observations in Hungary (Gelencsér et al., 2007; Nagy 
and Szabó, 2019) and other European cities (Szidat et al., 2009).

3.2.5. Major water-soluble ions and micro elements
Considerable seasonal differences were observed in the concentra

tions of NH4
+, Na, K, Ca, NO3

− , and Cl− , with the highest levels occurring 
during the heating period. In contrast, SO4

2− remained relatively con
stant throughout the year, with a slight decrease observed in summer. 
Although photochemical oxidation of SO2 is typically more active in 
summer, the lower SO4

2− concentrations are more likely due to reduced 
SO2 emissions (e.g. absence of residential heating) and enhanced at
mospheric dispersion, such as increased mixing layer height. It is well 
known that significant evaporation loss of ammonium nitrate occurs 
when measuring PM2.5 concentrations during warm months, resulting in 
its particle phase concentration being significantly higher in winter 
compared to summer (Lim et al., 2021). Differences were also observed 
in the dominant anions and cations between the two sites. At the urban 
site, NO3

− concentrations were similar to or greater than those of SO4
2− , 

while SO4
2− concentrations were higher than NO3

− at the rural site. The K 
concentrations ranged from 0.02 to 2.53 μg/m3 in Nógrádmegyer and 
from 0.03 to 0.64 μg/m3 in Esztergom. During the heating period, the 
mean K concentration was 0.81 μg/m3 at the rural site and 0.32 μg/m3 at 
the urban site. In the rural site, K concentrations were higher than those 
of NH4

+ and Na, whereas at the urban site, they were lower. The con
centrations of NO3

− and SO4
2− were higher than those of other ions, ac

counting for 60.5–66.7% of the total mass of water-soluble ions in each 
period, while Cl− contributed less than 2% of the total mass of ionic 
species.

3.2.6. Trace elements
Among the 16 elements analysed, Fe - a typical crustal element - was 

the most abundant in PM2.5 followed by the non-crustal trace metals 
such as Zn, Cd, Pb, and Cr. Of the elements investigated, only Fe 
exceeded the concentration level of 100 ng/m3, while Co was present at 
the lowest concentrations, in the low ng/m3 range. Nearly all trace el
ements were present in higher concentrations in Nógrádmegyer. The 
highest mean concentrations for almost all elements occurred during the 
heating period, likely due to factors such as low ambient temperatures, 
and a deeper mixing layer. The trace elements appeared to fall into three 
groups based on their seasonal variability. The first group includes As, 
Cd, Co, Cr, Ni, Pb, Sb, and Zn, which showed higher mean concentra
tions during the heating period. These elements are likely associated 
with coal, waste, wood combustion, and traffic emissions (Dung et al., 
2018; Pulong et al., 2017). The second group includes Ba and Fe, which 
presented higher mean concentrations during the non-heating period, 
linked to both natural and anthropogenic sources (Wang et al., 2015). 
The third group comprises elements such as Cu, Mn, Sn, Sr, and Ti, for 
which seasonal variability was either not statistically significant or un
clear across the two sites. Similar to other air pollutants, trace element 
concentrations were generally higher in Nógrádmegyer, except for Mn. 
The International Agency for Research on Cancer (IARC) has classified 
Pb, Ni, Cd, and As as Group 1 carcinogens (IARC, 2016). According to 
the air quality standards set by the European Commission, the yearly 
mean limit values for Cd, Ni, As, and Pb are 5, 20, 6 and 500 ng/m3, 
respectively. While As, Ni, and Pb remained below these limits, Cd 
concentrations exceeded the yearly mean limit value in both urban and 
rural areas during the heating period.

3.2.7. Volatile organic compounds and carbonyls
Among the investigated VOCs, benzene was present in the highest 

concentrations with a mean value of 3.95 and 0.91 μg/m3 in the heating 
and non-heating periods, respectively. It was followed by toluene, which 
had mean values of 1.69 and 1.16 μg/m3 in the heating and non-heating 
periods, respectively. Ethylbenzene and styrene were measured at lower 
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concentrations, both showing a maximum in the heating period in both 
settlements. At the lowest concentrations, possible marker compounds 
of plastic combustion, such as cyclopentanone, allylbenzene, and decane 
(Sacco et al., 2019), were detected, with concentration values below the 
LOQ. The concentrations of VOCs were generally higher at the rural site 
than at the urban site. In Nógrádmegyer, the mean values for benzene, 
toluene, m + p-xylene, and ethylbenzene were 3.44, 1.58, 1.46 and 0.50 
μg/m3, respectively. In contrast, the corresponding mean values were 
1.42, 1.27, 0.90 and 0.48 μg/m3 for benzene, toluene, m + p-xylene and 
for ethylbenzene in Esztergom, respectively. Some studies have high
lighted benzene, toluene, ethylbenzene, xylenes (BTEX) compounds as 
one of the primary products of residential wood combustion (Evtyugina 
et al., 2013; Hellén et al., 2006). In Nógrádmegyer, BTEX compound 
concentrations were 2–3 times higher than those measured in Eszter
gom. Specifically, the concentrations of benzene, toluene, and ethyl
benzene were 2.9, 1.8, and 1.3 times higher in Nógrádmegyer compared 
to those measured for the samples collected in Esztergom, respectively.

Among the investigated carbonyls, formaldehyde and acetaldehyde 
were the most abundant compounds. The mean concentrations of 
formaldehyde and acetaldehyde were 4.64 and 3.04 μg/m3 in 
Nógrádmegyer, and 2.47 and 3.64 μg/m3 in Esztergom for the heating 
period, respectively. While previous studies have highlighted the sig
nificant emission of aldehydes, particularly formaldehyde and acetal
dehyde, from residential BB activities (Cerqueira et al., 2013; Gustafson 
et al., 2007; Hedberg et al., 2002; Hellén et al., 2006), the results of our 
study do not conclusively support a dominant contribution from BB to 
aldehyde levels in the investigated areas. Furthermore, formaldehyde 
and acetaldehyde consistently exhibit the highest concentrations among 
measured components in outdoor environments, regardless of the sea
son, suggesting that their presence may be influenced by a range of 
sources beyond residential BB.

Fig. 2. Mass closure (expressed in %) of PM2.5 for (a) rural site - heating period; (b) urban site - heating period; (c) rural site - non-heating period and (d) urban site – 
non-heating-period. Abbreviations: OM = organic matter; EC = elemental carbon; other ions and micro elements = Na, Ca, Mg, Cl− .
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3.3. Chemical mass closure

Fig. 2 shows the relative contribution of various constituents to the 
PM2.5 mass concentration during the heating and non-heating periods at 
both settlements. The conversion of OC to OM is recognised as one of the 
primary sources of uncertainty in chemical mass closure calculations. A 
conversion factor of 1.4 is commonly applied for both urban and rural 
areas (Putaud et al., 2004; Sillanpää et al., 2006). However, using a 
single factor across all sites may introduce uncertainties, as source 
contributions vary by location and season. OM tends to be more oxidised 
in rural areas, which generally leads to a higher conversion factor 
(Turpin and Lim, 2001). Reviewing conversion factors from the litera
ture, Turpin and Lim (2001) recommended 1.6 ± 0.2 for urban areas 
and 1.6–2.1 ± 0.2 for non-urban areas. Experimentally derived con
version factors for the rural background site K-puszta in Hungary range 
from 1.9 to 2.0 (Kiss et al., 2002), while factors of 1.95–2.05 were re
ported for suburban and rural sites (Bressi et al., 2013). For this study, 
we applied an OC to OM conversion factor of 1.6 for the urban site and 
1.9 for the rural site throughout the campaigns. OM constituted a sig
nificant fraction of PM2.5 at both sites, accounting for an average of 
56.7% at the rural site and 50.9% at the urban site, with higher con
tributions observed during the heating period. EC contributed moder
ately to PM2.5, with average values of 7.5% at the rural site and 8.5% at 
the urban site. In addition to carbonaceous fractions, water soluble ions 
and micro elements (SO4

2− , NO3
− , NH4

+, K, and others) made up a sub
stantial portion of PM2.5, averaging 18.6 and 27.8% at the rural and 
urban sites, respectively. Among the water-soluble ions, NO3

− was 
dominant in the heating period and SO4

2− in the non-heating period at 
both sites, contributing approximately 10% to PM2.5. Seasonal varia
tions in ion concentrations are largely driven by meteorological factors - 
such as temperature, relative humidity, and wind speed - which can 
either facilitate or hinder pollutant dispersion. Regarding the chemical 
composition, it is noteworthy that, on average, 85% of the PM2.5 fraction 
collected on quartz filters could be identified. The remaining unidenti
fied mass likely includes aerosol-bound water, unanalysed components 
(e.g. non-soluble crustal elements), and random or systematic errors, 
including uncertainty in the OM conversion factor (Putaud et al., 2004; 
Sillanpää et al., 2006). The fraction of unaccounted mass was consid
erably higher during the non-heating period, consistent with other 
studies that reported greater unidentified mass in summer than in winter 
(Cheung et al., 2011). A study on PM water content found seasonal 
variability, with higher water content in warmer months (Hueglin et al., 
2005), suggesting that the increased water content in summer may 
contribute to the higher unidentified fraction. Overall, this chemical 
composition aligns with findings from other European studies (Putaud 
et al., 2010).

4. Discussion

4.1. Relationship between PM2.5 and meteorological parameters

To investigate the association between PM2.5 mass concentration and 
meteorological parameters, Spearman’s rank correlation coefficients 
were produced using daily mean values of temperature, wind speed, 
relative humidity, atmospheric pressure, PBL height, and PM2.5 mass 
concentrations (Table 2). While the association between meteorological 
parameters and PM2.5 mass concentration is inherently complex, some 
significant associations were identified, particularly with PBL height, 
temperature, and wind speed. The seasonality of these associations was 
analysed separately, revealing considerable differences between the 
heating and non-heating periods. In the non-heating period, tempera
ture showed a positive association with PM2.5 mass concentration. This 
pattern suggests that, in summer, slightly elevated PM2.5 mass concen
trations at higher temperatures may be linked to enhanced secondary 
aerosol formation under more intense photochemical activity. In the 
heating period, wind speed and PBL height were negatively and signif
icantly associated with PM2.5 mass concentrations. Although tempera
ture also showed a negative association during this period, it was 
statistically not significant. These patterns likely reflect increased 
emissions from residential solid fuel combustion (e.g. wood and coal) 
combined with reduced atmospheric dispersion under cold, stable con
ditions that suppress convection. The negative association between 
PM2.5 and PBL height underscores the limited vertical mixing during 
winter, which contributes to air pollution episodes. Regarding relative 
humidity, the associations were negative for both periods, with stronger 
associations for the non-heating period. These findings indicate that 
meteorological conditions influence PM2.5 concentrations differently 
depending on the season, while changes in the concentration ratios of 
the pollutants are more indicative of shifts in emission sources. Ferenczi 
et al. (2021) reported similar associations for temperature and PBL 
height in Hungary, supporting the robustness of these observations.

4.2. Markers of solid fuel combustion

4.2.1. Spatial and temporal variability

a) Wood burning markers

Residential wood combustion has been identified as a significant 
source of air pollution in various urban and rural areas across numerous 
European countries, including Austria (Caseiro et al., 2009), Belgium 
(Maenhaut et al., 2012), the Czech Republic (Cigánková et al., 2021), 
France (Favez et al., 2009), Hungary (Salma et al., 2017), Italy 
(Piazzalunga et al., 2011), Portugal (Amato et al., 2016), Romania 
(Marmureanu et al., 2020), and Switzerland (Szidat et al., 2009). The 
marker/tracer method relies on the identification of markers directly 
related to wood burning emissions, enabling the estimation of BB con
tributions to PM mass concentrations.

LEV and its isomers have been recognised as suitable markers for BB, 
and more specifically for wood burning, due to their abundance and 
stability, which are superior to those of other organic tracers (Bhattarai 
et al., 2019). During the heating period, the mean concentrations of LEV, 
MAN, and GAL were 1.5, 1.1, and 1.3 times higher, respectively, in 
Nógrádmegyer than in Esztergom. BB is more common in rural settle
ments, which may explain these higher concentrations. A pronounced 
seasonal variation was observed, with LEV concentrations during the 
heating period being, on average, 30 times higher than during the 
non-heating period, which is consistent with findings across Europe. 
Several studies have reported that LEV concentrations in winter can be 
exceed summer levels by more than a factor of 20 (Puxbaum et al., 2007; 
Yttri et al., 2005; Zdráhal et al., 2002). The heating/non-heating period 
concentration ratios for MAN and GAL were 7.2 and 7.9, respectively. 
The MAs detected during summer likely originate from intermittent twig 

Table 2 
Spearman’s rank correlation coefficients between PM2.5 mass concentration and 
several meteorological parameters.

Heating period Non-heating period

Rural site (Nógrádmegyer)

Temperature (◦C) − 0.44 (p = 0.11) 0.84 (p < 0.01)
Wind speed (m/s) − 0.56 p (< 0.05) − 0.37 (p = 0.19)
Relative humidity (%) − 0.10 (p = 0.74) − 0.50 (p = 0.07)
Pressure (hPa) 0.52 (p = 0.08) − 0.51 (p = 0.09)
Boundary layer height (m) − 0.53 (p = 0.05) 0.21 (p = 0.47)

Urban site (Esztergom)

Temperature (◦C) − 0.45 (p = 0.11) 0.72 (p < 0.01)
Wind speed (m/s) − 0.58 (p < 0.05) − 0.54 (p = 0.05)
Relative humidity (%) − 0.04 (p = 0.90) − 0.62 (p < 0.05)
Pressure (hPa) 0.53 (p = 0.05) − 0.06 (p = 0.85)
Boundary layer height (m) − 0.78 (p < 0.01) 0.01 (p = 0.97)
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and leaf litter burning as well as wood fire cooking. Nevertheless, their 
concentrations exhibit a marked seasonal variation, peaking in winter, 
which suggest that residential wood burning intensifies during colder 
months.

MA concentrations measured in both settlements were 1.5–2 times 
higher compared to those obtained in other studies carried out in the 
Carpathian Basin (Blumberger et al., 2019; Salma et al., 2017, 2020). 
While the mean LEV concentration at the urban site was comparable to 
levels reported in other European cities, the mean LEV concentration at 
the rural site was about 50% higher than previously reported for urban 
and rural locations across Europe during heating periods (Bari et al., 
2010; Caseiro et al., 2009; Glasius et al., 2008; Hedberg et al., 2002; 
Janoszka et al., 2020, 2022; Křůmal et al., 2010; Maenhaut et al., 2012, 
2016; Piazzalunga et al., 2011; Schwarz et al., 2016; Szidat et al., 2009; 
Yttri et al., 2005). This is likely due to the fact that we selected a mu
nicipality where solid fuels are widely used for both heating and 
cooking.

K is frequently used as an inorganic tracer to estimate BB contribu
tions to ambient PM, due to the presence of potassium oxide and salts in 
wood smoke (Chen et al., 2017; Galindo et al., 2021). However, K is not 
exclusive to biomass combustion, as other sources, such as soil dust, 
fertilizers, industrial emissions, sea spray, and volcanic activity, also 
contribute to K levels (Pachon et al., 2013). In our study, K concentra
tions at the rural site were more than three times higher than those 
measured by Salma et al. (2020) at K-puszta (a rural background site) in 
winter 2018. The elevated K concentrations during cold periods are 
attributed to wood burning associated with residential heating. The 
concentrations at the urban site were similar to those reported for 
various locations within the Carpathian Basin (Szidat et al., 2009; 
Schwarz et al., 2016; Maenhaut et al., 2016).

Using well-established tracers, such as LEV, we observed associations 
between LEV and other pollutants known to be co-emitted during wood 
burning. As shown in Fig. 3, the concentrations of PM2.5, LEV, MAN, 
GAL, OC, EC, and K were strongly correlated (r > 0.91) during the 
heating period for the rural site. This coherence suggests that these 
species likely originate from a common source, specifically residential 
wood burning, which is consistent with findings from earlier studies. 
Similar associations were found for the urban site (Figure A.1).

Several studies have shown that residential wood burning is a sig
nificant source of airborne PAHs, particularly BaP (Glasius et al., 2008; 
Guerreiro et al., 2015; Hellén et al., 2008; Silibello et al., 2012). BaP is 
commonly used as a marker for both total and carcinogenic PAHs (EU 
Directive, 2004). A European directive has set a target value of 1 ng/m3 

for the total BaP content in the PM10, averaged over a calendar year (EU 
Directive, 2004). A reference level of 0.12 ng/m3 was established based 
on the WHO unit risk for lung cancer due to PAH mixtures, with an 
acceptable risk of additional lifetime cancer risk of approximately 1 ×
10− 5 (ETC/ACM, 2011). Our results indicate that relatively high BaP 
concentrations were detected in PM2.5 samples, especially in 
Nógrádmegyer. The BaP concentration exceeded the annual target value 
of 1 ng/m3 in 100% of samples from Nógrádmegyer and in 64% of 
samples from Esztergom during the heating period. During one of the 
heating period’s measurement days, the BaP concentration reached 
13.2 ng/m3 in Nógrádmegyer, exceeding the annual target value by an 
order of magnitude. The WHO reference level of 0.12 ng/m3 for BaP was 
surpassed daily at both monitoring sites. Concentrations of PAHs, 
including BaP, in ambient air are a significant concern in Europe, as 
levels have frequently exceeded target values (EEA, 2022). Considering 
the WHO reference level, it is estimated that 90% of the urban popula
tion in the EU is exposed to BaP levels above the acceptable reference 

Fig. 3. Scatter plots and Spearman’s rank correlation coefficients between the concentrations of PM2.5 mass, monosaccharide anhydrides (LEV, MAN, GAL), organic 
carbon (OC), elemental carbon (EC) and potassium (K) in Nógrádmegyer during the heating period.
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level (EEA, 2015).
The 14C measurement has proved to be a powerful and valuable tool 

for narrowing down the potential sources. 14C is a unique tracer in the 
source apportionment of atmospheric carbonaceous particles, as 14C 
measurements enable a distinction between modern or contemporary 
carbon and fossil carbon origin. Fig. 4 shows the variation of contem
porary/fossil carbon ratios (fC/ff) within the TC content, based on the 
14C measurements. The distinction between contemporary and fossil 
carbon is particularly relevant in understanding seasonal changes. 
Contemporary carbon includes both natural and anthropogenic sources, 
while fossil carbon is almost exclusively anthropogenic. During the 
heating period, the intensity of natural carbon sources decreases, while 
the amount of contemporary carbon from anthropogenic sources in
creases. This can be attributed to residential heating being a primary 
source of carbon during the winter. In the case of coal and oil combus
tion, an aerosol containing fossil carbon is formed, while in the case of 

wood burning, an aerosol containing contemporary carbon is formed. 
During the heating period, the share of contemporary carbon peaked, 
while the contribution of fossil carbon was at its lowest. This indicates 
that the main source of the carbon during the heating period is primarily 
of contemporary origin, most likely from residential wood burning by 
the inhabitants.

During the non-heating period, the share of contemporary carbon 
decreases relative to fossil carbon. In summer, the influence of wood fire 
cooking and increased biological activity from vegetation becomes more 
significant, while residential heating is negligible. Consequently, the 
contribution of contemporary carbon primarily arises from the release of 
primary aerosols and secondary organic aerosol precursors from vege
tation, along with the burning of agricultural crops and burning of green 
waste in residential areas. The mass concentration of fossil-derived 
PM2.5 in the non-heating period is approximately twice that observed 
in the heating period. This suggests that, despite increased biogenic 

Fig. 4. The distribution ratio between contemporary (fC) and fossil carbon (ff) in the PM2.5 during the study period (a) urban site - heating period; (b) urban site – 
non-heating period; (c) rural site - heating period; (d) rural site – non-heating period. Abbreviation: n.a = not available.
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activity, fossil fuel combustion from traffic and other activities was a 
dominant source at both sites during the non-heating period. Changes in 
the contemporary/fossil carbon ratio are more likely to be driven by the 
significant increase of BB during the heating season and its rapid decline 
in the spring. The higher concentration of fossil-derived particles during 
the non-heating period is likely due to the synergistic effects of multiple 
anthropogenic sources. These findings are consistent with previous ob
servations in Hungary (Gelencsér et al., 2007; Major et al., 2015, 2021) 
and other European cities (Szidat et al., 2009; Kontul et al., 2020).

To investigate the association between the concentrations of 
contemporary carbon and tracers of BB (LEV, OC, EC, TC, K, PM2.5), 
Spearman’s rank correlation coefficients were calculated for both sam
pling sites during the heating period. At the urban site, the contempo
rary carbon concentrations showed strong and statistically significant 
positive associations with all markers supporting BB as the dominant 
source of contemporary carbon. In contrast, at the rural site, associations 
between the concentrations of contemporary carbon and the same 
markers were weak and statistically not significant. These findings 
suggest that, in addition to BB, other non-fossil contemporary carbon 
sources contributed substantially to the PM2.5 composition at the rural 
site. One potential source is the combustion of mixed household organic 
waste (such as food scraps, paper, textiles), which has been identified in 
rural Hungarian settings based on chemical marker analysis (Hoffer 
et al., 2024). Although these materials are of non-fossil origin, they may 
not emit the same marker compounds typically used to trace BB, 
potentially explaining the low correlations observed. This interpretation 
is supported by the LEV/TC concentration ratios, which were found to 
be slightly higher at the urban site (mean: 0.109) than at the rural site 
(mean: 0.095), suggesting marginally lower BB contributions at the rural 
site. 

b) Waste burning markers

Although household waste burning is legally prohibited in Hungary, 
evidence suggests that residents may still burn waste for heating pur
poses (e.g. Kantar Hoffman, 2017; Századvég Foundation, 2018). 135- 
TPB has been proposed as a distinctive tracer for waste burning emis
sions (Simoneit et al., 2005). The combustion of polyethylene (PE), 
polyethylene terephthalate (PET), and mixed waste produces substantial 
amounts of 135-TPB and, to a lesser extent, 124-TPB (Simoneit, 2015; 
Simoneit et al., 2005; Tomsej et al., 2018). The presence of these com
pounds in ambient PM2.5 may indicate illegal waste burning. Recent 
research supports the use of 135-TPB as an effective marker for PET 
combustion in air quality monitoring (Furman et al., 2021) and it has 
been applied as a universal tracer for waste burning in several studies 
(Hoffer et al., 2021; Simoneit, 2015; Simoneit et al., 2005; Tomsej et al., 
2018). In our study, 135-TPB was detected in 93% of PM2.5 samples 
collected in Nógrádmegyer and in 64% of samples from Esztergom 
during the heating period. The mean concentration of 135-TPB was 
notably higher in Esztergom (0.77 ng/m3) compared to Nógrádmegyer 
(0.43 ng/m3) during the heating period, although the median concen
tration was higher in Nógrádmegyer (0.32 ng/m3) than in Esztergom 
(0.15 ng/m3). This discrepancy is due to an exceptionally high 
maximum value recorded on the final day in Esztergom, which was 
approximately 30 times higher than the results obtained for the other 
days, and significantly skewed the overall mean value. During the 
non-heating period, 135-TPB was frequently below the LOD. In addition 
to 135-TPB, its structural isomer 124-TPB was detected exclusively at 
the Nógrádmegyer site, with quantifiable concentrations on four mea
surement days during the heating period and one day during the 
non-heating period. Several studies have reported 135-TPB concentra
tions in PM10 samples (Hoffer et al., 2024; Hoffer et al., 2021; Furman 
et al., 2021; Simoneit et al., 2005). Concentration levels in this study 
were lower than those observed in Romania during winter 2020 
(2.7–3.6 ng/m3, Hoffer et al., 2021) and in Wadowice, Poland, during 
the heating season of 2017 (0.8 ng/m3, Furman et al., 2021), but slightly 

higher than results obtained in Hungary in winter 2018 (Hoffer et al., 
2024). In Hungary, the mean atmospheric concentrations of 135-TPB in 
PM10 samples were ranged between 0.25 and 0.42 ng/m3 across 
different sampling stations (Hoffer et al., 2024). The successful detection 
of 135-TPB in atmospheric PM samples reinforces its potential as a 
reliable marker for monitoring residential waste combustion, particu
larly during the heating season.

Significant metal emissions are also expected from waste burning, as 
waste materials generally contain higher metal content than conven
tional fuels. Antimony is linked to plastic and municipal waste inciner
ation but also originates from traffic, as brake linings containing 1–5% 
stibnite (Sb2S3) release it during wear (Roubicek et al., 2008). Waste 
incineration emissions may also include trace elements, such as As, Cd, 
Co, Cr, Ni, Pb, and Zn (Dung et al., 2018), some of which are also 
associated with transportation activities, such as resuspended road dust 
and the wear of vehicle components. According to the Biomass Energy 
Centre, untreated wood typically contains very low levels of heavy 
metals; however, wood treated with preservatives or coatings can 
contain significant levels (Biomass Energy Centre, 2012). For example, 
wood used outdoors is often treated with chromate copper arsenate. If 
burned inappropriately, such wood can release As, Co and Cr into the 
atmosphere.

Associations between trace element concentrations and BB markers 
were examined at both sites and during both periods; however, no sig
nificant associations were found. To further explore potential sources, 
associations between the concentrations of 135-TPB and trace elements 
were investigated. Moderate to strong associations were found for some 
trace elements at both locations (rural site: Ba, Zn, Cd, Sb; urban site: Co, 
Pb, Sb, Ni, Cu, Fe, V). Due to the overlapping origins of many trace el
ements, source attribution remains uncertain and should be interpreted 
with caution. At the rural site, the observed associations, along with the 
considerably higher concentrations of Zn and Sb, and more consistent 
with emissions from the burning of mixed household waste. In contrast, 
at the urban site, traffic-related sources likely play a more prominent 
role, with additional contributions from waste burning and industrial 
combustion also possible.

4.2.2. Contribution of different sources to PM mass
Several studies have utilised the LEV/PM concentration ratio to es

timate the contribution of wood burning emissions to ambient aerosols 
(Galindo et al., 2021; Schmidl et al., 2008; Janoszka and Czaplicka, 
2022). Evidence of wood burning contributions to PM2.5 was observed at 
both settlements. These contributions were higher during colder months 
in both cities, consistent with increased residential wood combustion. 
The magnitude of wood burning emissions was similar at the investi
gated sites, with mean LEV/PM concentration ratios of 0.04 and 0.046 in 
Nógrádmegyer and Esztergom, respectively.

While all three MAs derive from biomass combustion, their relative 
proportions depend on the type of biofuel burned. The LEV/MAN con
centration ratio helps identify the type of wood being burned, with 
lower ratios (approx. 3) indicating softwoods like pine, and higher ratios 
(14–15) indicating hardwoods like oak and beech (Schmidl et al., 2008). 
In our samples, the mean LEV/MAN concentration ratio was 14.3 at the 
rural site and 10.7 at the urban site, suggesting predominantly hard
wood combustion in Nógrádmegyer and mixed wood use in Esztergom.

The LEV/(MAN + GAL) concentration ratio can help distinguish 
wood burning from other BB emissions. Typical values reported in the 
literature are >50 for lignite, 2.5 for coal, 5 for peat, 8.5–9.9 for hard
wood, and 1.2–2.8 for softwood (Fabbri et al., 2009; Schmidl et al., 
2008). In our study, the mean LEV/(MAN + GAL) concentration ratios 
were 9.6 in Nógrádmegyer and 7.3 in Esztergom, consistent with 
hardwood combustion.

According to the literature, a high OC/EC concentration ratio is 
indicative of combustion from heating sources, such as solid fuel com
bustion. Typical values are 4.2 for wood burning, 12.7 for natural gas, 
and 2.6–6.0 for coal. In contrast, low OC/EC concentration ratios are 
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associated with vehicular emissions, such as 2.2 for gasoline and 0.8 for 
diesel emissions (Na et al., 2004). In Esztergom, OC/EC concentration 
ratios ranged from 2.2 to 10.2 (mean: 4.2), while in Nógrádmegyer, the 
range was 1.8–7.7 (mean: 4.2) for all samples. The high ratios suggest 
local sources, such as wood and coal combustion. During the heating 
period, the mean OC/EC concentration ratios were 3.8 in the urban area 
and 4.3 in the rural area, while in the non-heating period, they were 4.6 
and 4.1, respectively. In Esztergom, the summer maximum could be 
linked to increased photochemical activity, whereas in Nógrádmegyer, 
the winter maximum likely results from elevated residential heating.

Diagnostic ratios based on the relative abundance of individual PAHs 
are widely used to identify emission sources. Previous studies have 
found specific PAH species associated with combustion and traffic 
sources. Six common diagnostic ratios were investigated: IND/(IND +
BghiP), BaP/(BaP + CHY), BaA/(BaA + CHY), FLT/(FLT + PYR), BghiP/ 
IND, and BaA/BaP. In this study, Fig. 5 presents the distribution of these 
diagnostic ratios across rural (Nógrádmegyer) and urban (Esztergom) 
sites. Ratios below 0.5 for IND/(IND + BghiP) suggest vehicular emis
sions, while values above 0.5 indicate coal and wood combustion 
(Ravindra et al., 2008). In this study, the IND/(IND + BghiP) concen
tration ratios of 0.56 at the rural site and 0.55 at the urban site indicate a 
dominant influence of wood and coal combustion (Yunker et al., 2002). 
A BaP/(BaP + CHY) concentration ratio of 0.31 in Nógrádmegyer and 
0.35 in Esztergom also suggests solid fuel combustion (Rogge et al., 
1998). The FLT/(FLT + PYR) concentration ratio exceeded 0.4, indi
cating mixed coal and biomass combustion sources (Yunker et al., 2002; 
De Zárate et al., 2000). During summer, PAH ratios indicated the in
fluence of traffic emissions, particulary diesel in Esztergom and poten
tially gasoline in Nógrádmegyer.

The benzene/toluene concentration ratio is another indicator used to 
identify emission sources. Ratios around 2.2 suggest residential wood 
heating, while values near 0.3 are typical of traffic emissions (Hellén 
et al., 2006). In our study, the benzene/toluene concentration ratio 
averaged 2.2 in Nógrádmegyer, indicative of wood burning, and 1.1 in 
Esztergom, suggesting a mix of traffic and wood combustion influences.

5. Conclusions

Solid fuels remain widely used for residential heating, significantly 
affecting air quality by emitting fine particles and other pollutants. 
Within this study, we analysed several specific markers associated with 
residential solid fuel combustion, confirming its considerable impact on 
air quality in both rural and urban areas. Air pollutant concentrations 
increased notably during the heating period. Besides the high concen
trations of BB markers, the detection of 135-TPB indicates that waste 
burning may also occur, despite legal prohibitions. Residential solid fuel 
combustion poses serious health risks, as it produces higher concentra
tions of PM2.5 and hazardous substances compared to other heating 
methods. Correlation analysis revealed that PM2.5 levels during the 
heating period were highest under conditions of low temperatures, 
reduced PBL height, and calm or stagnant air, all of which contribute to 
increased pollution. While long-term solutions involve transitioning to 
renewable energy and modernising heating systems, immediate actions 
can help mitigate the impacts of solid fuel combustion. Encouraging a 
shift from solid fuels, adopting cleaner technologies, and increasing 
public awareness through targeted campaigns are essential steps. Na
tional air quality programmes should prioritise reducing residential 
solid fuel combustion and implement strategies to prevent illegal waste 
burning, thus safeguarding public health.
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Kontul, I., Kaizer, J., Ješkovský, M., Steier, P., Povinec, P.P., 2020. Radiocarbon analysis 
of carbonaceous aerosols in Bratislava, Slovakia. J. Environ. Radioact. 218, 106221. 
https://doi.org/10.1016/j.jenvrad.2020.106221.

Krugly, E., Martuzevicius, D., Puida, E., Buinevicius, K., Stasiulaitiene, I., Radziuniene, I., 
Minikauskas, A., Kliucininkas, L., 2014. Characterization of gaseous- and particle- 
phase emissions from the combustion of biomass-residue-derived fuels in a small 
residential boiler. Energy Fuels 28, 5057–5066. https://doi.org/10.1021/ef500420t.
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