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Abstract. The paper presents the impact of the cleaning of a dual 
carriageway located in a street canyon in Krakow (Southern Poland) on the 
levels of the PM10 and PM2.5 air concentrations. For this purpose, 
representative dust samples from the analysed street were collected 
corresponding to the street cleaning situation, the re-entrained road dust 
PM10 and PM2.5 emissions were estimated in accordance with the U.S. EPA 
guidelines, and the particulate matter atmospheric dispersion modelling was 
carried out using the CALINE4 model for a selected episode of street 
cleaning. The modelling results were compared with the measurement 
results of the PM10 and PM2.5 air concentrations obtained from the air quality 
monitoring station (traffic type) located in the middle of this street canyon. 
The results of the air dispersion modelling in the canyon zone confirmed the 
strong impact of street cleaning on the temporary (1-hour) PM10 
concentrations in the direct vicinity of the cleaned section depending on 
meteorological conditions. During the cleaning episode, no significant 
increase in the PM2.5 concentration in the air was observed. 

1 Introduction 

The main source of PM10 and PM2.5 emission into the air from roads are internal combustion 
engines and dust deposited on the road surface, which can be resuspended due to an 
occurrence of wind gusts and turbulence caused by moving vehicles [1]. Dust material 
deposited on the road may be of natural origins (e.g.: aeolian erosion, the inflow of the Sahara 
sand, sea salt, pollen from trees) or anthropogenic. The sources of the latter may be, among 
others, the wearing processes of tyres or the road surface, brake linings and road markings, 
the dry and wet deposition of industrial or municipal dust, and winter road maintenance 
agents [2-8]. The fractional and chemical composition of the dust material deposited on roads 
is determined geographically, environmentally and anthropogenically [1].  

For years, studies have been conducted to assess the impact of dust emissions from 
vehicles (exhaust) and from roads (non-exhaust) on air quality using, among others, the 
pollutant dispersion models such as: OSPM [3, 9, 10], CALINE4 [11], CMAQ [3], 
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CHIMERE [4], CMB [12], AERMOD [12]. In the studies, an estimation of the secondary 
dust emissions from roads was carried out using the most common emission factor method 
developed by the U.S. EPA [13, 14], sometimes after small [11] or significant modification 
[15]. To parameterize the process of secondary dust emissions from roads, other emission 
models were developed, an example of which can be the NORTRIP model. In this model, 
the dust emissions from roads are estimated based on the mass and energy balance equation, 
taking into account all the most importants processes of road dust emissions [16]. The results 
of research carried out in this field indicate, that consideration of the secondary dust emission 
dispersion in the calculations significantly improves the prognostic effectiveness of the 
models [3, 4, 10-12]. Numerous researchers believe, that even better agreement between the 
calculated and observed values of the particulate matter concentrations in the air near roads 
can be achieved by a more accurate description of the background concentration levels, e.g. 
by taking into account the local, regional and global inflows of the dust over the analysed 
area (for example the inflow of the sand from Sahara or other deserts) [3, 4, 17]. 

Street cleaning is an important facet of any solid waste management system, and is 
directly related to public education and behaviour. The primary aim of road sweeping is to 
improve the aesthetic appearance of an urban environment by removing street debris, litter 
and dirt. Factors that are likely to affect the efficacy of road sweeping in reducing the PM10 
concentrations include the following: road dust loading, the sweeper’s efficiency in removing 
PM10 from the road surface, the ability of the machine to retain the particles, road surface, 
the portion of the road that is swept, the frequency of sweeping and the length of road swept. 
The sweeper exhaust emissions are unlikely to be significant in the context of the 24-hour 
mean PM10 limit value [18].  

In recent years there has been a great amount of research to determine the most effective 
means of controlling the non-exhaust emissions. A number of these studies have investigated 
road dust loading of various sizes, and the efficacy of road sweepers to remove it [15, 18-
20]. The effectiveness of road sweepers in removing the contaminants from roads depends, 
among other things, on the type of sweeper. There are three general types of road sweepers 
in use in Europe: mechanical sweepers, vacuum sweepers and regenerative-air vacuum 
sweepers; with the latter not being common in Europe. Presently, due to the growing public 
awareness about the health risks involved with poor air quality, the key parameter for 
sweepers assessment is their ability to isolate PM10. Traditional mechanical sweepers are 
unable to accomplish this, which is due to their simple technical design, to retain very fine 
particles, including PM10. Sweeper manufacturers have therefore been obliged by customers 
and governmental organizations in different countries to certify their products in terms of 
their PM10 particulate matter retention efficacy [18]. The certification tests of modern road 
sweepers (equipped with, among others, high-performance fabric filters) indicate that the best 
sweepers can suppress from 48 to 100% of PM10 entering the sweeper [18]. 

Amato et al. [2] have reviewed the effectiveness of road sweeping and washing, as well 
as the application of dust suppressants. With regard to the impact of street sweeping on 
ambient PM concentrations, Amato et al. reviewed 15 studies and concluded that it was 
ineffective in the short term. Some sweepers produce a visible dust cloud from their brooms 
or the air discharged from their collection hopper, and in some studies the PM10 
concentrations increased [21]. When sweeping is combined with water flushing there were 
more encouraging results. This could be due to the wetting of the road surface and not from 
actually cleaning the road [18]. In two studies the improvement was definitely attributed to 
sweeping/washing operations which yielded efficiencies of up to 30% and 24% respectively. 
However these showed that the benefits were short-lived, lasting no more than 3 to 4 hours 
for total suspended particulate (TSP) and 2 to 3 hours for PM10 [20]. In two other tests in 
Germany and Spain, a meteorological dilution of pollutants did not permit definitively 
quantifying the benefit, even if a rough approximation estimated it around 7-10% of the PM10 
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sweeping/washing operations which yielded efficiencies of up to 30% and 24% respectively. 
However these showed that the benefits were short-lived, lasting no more than 3 to 4 hours 
for total suspended particulate (TSP) and 2 to 3 hours for PM10 [20]. In two other tests in 
Germany and Spain, a meteorological dilution of pollutants did not permit definitively 
quantifying the benefit, even if a rough approximation estimated it around 7-10% of the PM10 

levels [22]. The final two studies found that the PM10 reductions were too small when 
compared to the measurement uncertainty. The authors noted that the impact of 
sweeping/washing roads is likely to be small as road dust is only one source of PM in an 
urban area, and the atmosphere is continually mixed. Research on the effectiveness of only 
washing roads in Germany and Sweden indicated a limited or no effect on PM10 levels [2]. 

Synthetic literature analysis on the state of knowledge regarding secondary road dust 
emission sources along with a review of counteraction methods revealed the complexity of 
this issue. So far, the results of research studying the impact of the road dust emissions on air 
quality, and in particular the results of research on the impact of various street cleaning 
technology on the PM10 concentration levels are extremely divergent, and sometimes even 
contradictory. Researchers have not yet been able to clearly determine the scale of the 
decrease/increase in the PM10 concentration in the air due to the mechanical cleaning and 
washing of the streets. 

Presented in the paper, both empirical and computational studies were aimed at enriching 
the still insufficient state of knowledge on the impact of mechanical street cleaning on the 
PM10 and PM2.5 1-hour concentrations in the air. 

2 Research methodology 
The aim of the study was to assess the effect of street cleaning on the PM10 and PM2.5 
particulate matter concentrations in the air. In the study, an episode of intensive street 
cleaning, which took place in April 2015 over the night of the 15th to 16th, between 24:00 and 
1:00 on Krasinski avenue in Krakow (Southern Poland). Krasinski avenue is located in the 
city centre, in a street canyon with a width of 48 m and an average building height of 20 m. 
The street has two asphalt roadways with three lanes each. The roadways are separated by a 
green belt with a width of 17 m. Krasinski avenue is one of the streets in Krakow with the 
most intensive traffic. The average daily traffic volume of vehicles during work days is about 
18 000 veh.⋅day-1, on Saturdays about 17 000 veh.⋅day-1, and on Sundays and holidays around 
14 000 veh.⋅day-1. The maximum traffic volume on work days during the afternoon rush 
hours may reach a level of 5 000 veh.⋅h-1 [23]. An automatic air quality monitoring station is 
located in the green belt between the two roadways, which during the conducted studies was 
used to verify the modelling calculations results. 

The research was carried out in two stages. The first stage involved the collection of three 
representative samples of the dust material at night from the examined section of the roadway 
and the estimation, based on the results of the analysis, the PM10 and PM2.5 emission factors 
for the analysed mechanical street sweeping process. During the second stage of the study, 
the impact of the estimated emission rates on the PM10 and PM2.5 concentrations in the air of 
the street canyon was modelled using the CALINE4 diffusion model for linear sources [24], 
taking into account the meteorological conditions occurring during the considered street 
cleaning episode. 

As part of the first stage of the research, three samples of the dust material were collected 
from the analysed street section according to the U.S. EPA methodology described in [13, 
14]. Due to the specificity of the research, a small modification was introduced to the 
methodology, involving the sampling of the dust material not only from the asphalt surface, 
but also from the area directly at the curb of the roadway, where usually the largest amount 
of deposited dust is accumulated. The collected dust samples were subjected to granulometric 
analysis. Determination of the granulometric composition was conducted using a sieving 
method (analysis of the fractions above 0.071 mm) and a laser diffraction method using the 
Malvern Instruments Mastersizer 2000 particle size analyser (analysis of the fine fractions 
up to 0.00002 mm). A detailed description of the dust material sampling and the methodology 
of its fractional composition measurement were presented for the analysed experiment in the 

3

E3S Web of Conferences 45, 00009 (2018) https://doi.org/10.1051/e3sconf/20184500009
INFRAEKO 2018



work [11]. The particulate matter emission rates during the mechanical sweeping process on 
Krasinski avenue was determined in accordance with U.S. EPA guidelines [13].  

Calculations of the PM10 and PM2.5 in the air were carried out at receptors located on the 
line with a length of 45.5 m perpendicular to the axis of Krasinski avenue and at the location 
of an automatic air quality monitoring station. The CALINE4 computational model apart 
from the general data, geometry and the characteristics of the substitute emission source, the 
location of the receptors and the emission description was provided with the actual 
meteorological data characterising the examined episode, such as: wind speed [ms-1], wind 
direction [°], standard deviation of the wind direction [°] (assumed constant at 10 °), 
atmosphere stability class (determined according to the Smith stability nomogram), height of 
the mixing layer [m] and ambient temperature [°C]. 

3 Results and discussion 
Physical tests of the dust samples collected from the street revealed their low relative 
humidity (average value: 0.364%). In the analysed dust the coarse fractions with a particle 
size of 75-500 µm and more than 500 µm dominated. On average, they constituted 66.3 and 
30.5% of the dust samples’ mass, respectively. The share of fine fractions (that can be 
resuspended from the road) with a particle diameter below 75 µm accounted for 3.2%. The 
specific parameter sL (silt Loading) determined based on the collected samples and 
characterising the dust loading (particle sizes up to 75 µm) on the road surface, was equal to 
sL = 0.38 g⋅m-2. Subsequently, the calculated value of the sL parameter was used to estimate 
the value of the PM10 and PM2.5 emission factors, which for the investigated road reached 
respectively: 0.45 and 0.12 g⋅km-1⋅veh.-1. Based on the calculated emission factors and the 
actual traffic parameters on the analysed road section during rush hour, the actual PM10 and 
PM2.5 emission values of 2.14 and 0.59 kg⋅h-1, respectively, were calculated. 

In Table 1 the actual meteorological parameter values occurring during the examined 
episode are presented, i.e.: wind speed (WS), wind direction (WD), temperature (T), 
barometric pressure (Bp), air humidity (H), atmospheric precipitation (P). Slightly stable 
conditions of the atmosphere persisted during the street cleaning (PGT 5). 

Table 1. Selected meteorological parameters occurring during the analysed period. 

Data WS [m⋅s-1] WD [˚] T [˚C] Bp [hPa] H [%]  P [mm·h-1] 

2015-04-15 22:00 2.34 276 16.9 985.5 38.9 0 

2015-04-15 23:00 1.32 310 15.3 985.3 43.4 0 

2015-04-15 24:00 1.10 289 14.4 985.1 46.4 0 

2015-04-16 01:00 1.00 322 13.8 984.6 48.2 0 

2015-04-16 02:00 0.41 192 12.4 984.3 52.2 0 

2015-04-16 03:00 0.61 204 11.5 984.0 54.5 0 

As results from the information showed in Table 1, around 1:00 on 15.04.2015 and during 
the street cleaning episode, the wind blew parallel to the street canyon at a small speed of 
about 1 m⋅s-1, which caused a slow and uniformly distributed transport of the dust 
resuspended from the road towards the south in the entire street canyon. The lack of 
precipitation, a relatively small air humidity (around 48%) and air temperature considerably 
above the dew point temperature - all these factors were conducive to the resuspension of 
fine particles in the air during the mechanical street sweeping process with a sweeper not 
equipped with a PM10 reduction system. Measured on 16.04.2015 during the hours of 24:00-
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01:00 at the air quality station at Krasinski avenue the 1-hour averaged concentration of PM10 
and PM2.5 was 262 and 66 µg⋅m-3, respectively; while one hour earlier it reached 121 and 54 
µg⋅m-3, respectively. In the period from 23:00 on 15.04.2015 to 01:00 on 16.04.2015, there 
was an increase in the 1-hour concentration of PM10 and PM2.5 by 141 and 12 µg·m-3, 
respectively. Meteorological parameters presented in Table 1 indicate that very similar 
conditions persisted during the street cleaning period and one hour before. This fact allows, 
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measured at the air quality monitoring station (Krasinski avenue) in the analysed period is 
presented in Fig. 1. 

 

Fig. 1. The episode of the PM10 and PM2.5 concentration increase due to the intensive cleaning of 
Krasinski avenue recorded at the automatic air quality station located on Krasinski avenue in Krakow. 

In Fig. 2a and Fig. 2b the results of a numerical simulation of the PM10 and PM2.5 
dispersion in the air are presented, respectively, which resulted from a secondary dust 
emission on Krasinski avenue caused by its cleaning process. 

Presented in Fig. 2a and Fig. 2b, the calculation results indicate, that the highest PM10 and 
PM2.5 concentrations occur directly above the axes of both roadways, and their value is 
related to the actual traffic volume and the vehicle structure on both roadways. Within the 
green belt separating the two roadways a drastic decrease in the level of the 1-hour 
concentrations of both PM10 and PM2.5 can be noticed. This effect stems from the occurrence 
of a wind parallel to the road axis during the examined episode (the most frequent wind 
direction in the street canyon). 

In Fig. 2a and Fig. 2b the results of a numerical simulation of the PM10 and PM2.5 
dispersion in the air are presented, respectively, which resulted from a secondary dust 
emission on Krasinski avenue caused by its cleaning process. 

Presented in Fig. 2a and Fig. 2b, the calculation results indicate, that the highest PM10 and 
PM2.5 concentrations occur directly above the axes of both roadways, and their value is 
related to the actual traffic volume and the vehicle structure on both roadways. Within the 
green belt separating the two roadways a drastic decrease in the level of the 1-hour 
concentrations of both PM10 and PM2.5 can be noticed. This effect stems from the occurrence 
of a wind parallel to the road axis during the examined episode (the most frequent wind 
direction in the street canyon). 
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Fig. 2. Calculation results of the PM10 (a) and PM2.5 (b) 1-hour concentrations in the cross-section of 
the Krasinski street canyon induced by the cleaning process over the night of the 15th to 16th of April 
2015 (K1 – left roadway, K2 – right roadway, K1+K2 – total impact of two roadways). 

The modelling results of the PM2.5 concentrations in the cross-section of the Krasinski 
street canyon (Fig. 2b) indicate, that at the location of the automatic air quality station the 
concentrations of this pollutant caused by the street cleaning may reach the level of 31 µg⋅m-

3. However, concentrations of this magnitude are not confirmed by the direct measurements 
conducted at the air quality station (increase by 12 µg⋅m-3). The discrepancy between the 
PM2.5 observations and the results of model calculations may result from many factors, 
including: the significant seasonal variation of the fine PM2.5 fraction in the total suspended 
particulate matter, the possible high elevation of the fine dust above the building height and 
the transfer of part of the impact outside the street canyon, the potential coagulation of the 
finest dust fractions as a result of the pavement and roadway washing process, the difficulties 
associated with the specific behaviour of those particles in the air, the unrepresentativeness 
of the emission model for the PM2.5 particulate matter fraction, as the relationship between 

a) 

b) 
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a) 

b) 

the emission rate and the road silt loading (sL) was determined based on the PM10 
concentration instead of PM2.5. 

The low agreement of the modelling results with the observed PM2.5 concentrations does 
not influence the fact, that the street cleaning process caused a rapid increase in the PM10 
concentrations and a significantly lower one in the case of PM2.5, which lasted for 3 hours 
and subsequently returned to the pre-cleaning concentrations. Such a scenario of the 
behaviour of PM10 and PM2.5 concentrations in the air is confirmed by numerous studies 
conducted in many countries [2, 18,19]. 

4 Conclusions 
The intensive street cleaning process may contribute to a short-term, lasting up to 3 hours, 
increase in the air concentrations of PM10 and, to a lesser degree, those of PM2.5 due to the 
re-entraining process of the dust deposited on the road by the sweeper. The results of 
modelling calculations confirmed a two-fold increase in the PM10 concentrations measured 
at the automatic air quality monitoring stations, induced by the mechanical cleaning of 
Krasinski avenue in Krakow. However, the agreement between the modelling results and the 
observed values was not achieved in the case of PM2.5, which may be evidence of the model 
overestimation of this dust fraction for the cleaning episode. The peak concentration of PM10 
in the air as a result of the street cleaning diminishes completely in the next 3 hours from the 
end of the cleaning. The diminishing time is determined to a great extent by the 
meteorological conditions, in particular wind speed and the atmospheric stability class.  

Due to the singular nature of the research, it is impossible to draw the unequivocal 
conclusions indicating the lack of a reduction of the PM10 and PM2.5 air concentrations in the 
long period of time after the street cleaning process. 
 
The paper has been prepared within the scope of AGH UST statutory research no. 11.11.150.008. 
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