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Abstract: One of the elements of strategy aimed at minimizing the impact of road transport on air
quality is the introduction of its reorganization resulting in decreased pollutant emissions to the air.
The aim of the study was to determine the optimal strategy of corrective actions in terms of the air
pollutant emissions from road transport. The study presents the assessment results of the emission
reduction degree of selected pollutants (PM10, PM2.5, and NOx) as well as the impact evaluation of this
reduction on their concentrations in the air for adopted scenarios of the road management changes
for one of the street canyons in Krakow (Southern Poland). Three scenarios under consideration of
the city authorities were assessed: narrowing the cross-section of the street by eliminating one lane in
both directions, limiting the maximum speed from 70 km/h to 50 km/h, and allowing only passenger
and light commercial vehicles on the streets that meet the Euro 4 standard or higher. The best effects
were obtained for the variant assuming banning of vehicles failing to meet the specified Euro standard.
It would result in a decrease of the yearly averaged PM10 and PM2.5 concentrations by about 8–9%
and for NOx by almost 30%.

Keywords: road transport; road traffic reorganization; air emission reduction; air quality; atmospheric
dispersion modeling; OSPM; street canyon

1. Introduction

Air quality in Krakow, the capital of Malopolska voivodeship (Southern Poland), has failed for
many years to meet legal air quality standards in force in the European Union [1]. The most vulnerable
places in this matter are street canyons, through which the routes with high traffic volume run, due to
their limited ventilation conditions. Automatic urban traffic air quality monitoring stations in Krakow
located within street canyons have been detecting for many years the exceedances of permissible levels
of the annually and daily averaged concentrations of the PM10 particulate matter and the annually
averaged concentrations of PM2.5 and NO2 [2–4]. Road transport is largely responsible for these
situations. According to the project of the new Air Protection Program for the Malopolska Voivodeship
from 2020 [5], the road vehicle emissions in Krakow are responsible for approximately 20–35% of
the background PM10 levels and, on average, for about 43% of the background NO2 concentrations,
increasing to 75% in the vicinity of roads.

The impact of road transport on air quality in Krakow is majorly determined by the permanently
increasing number of cars on the city streets for many years. In the years 2009–2018 the total number
of registered vehicles per 1000 Krakow residents increased from 451 to 641 (by more than 42%),
while the city population increased during this period from 754,600 to 771,100 residents (by about
2.1%) [6]. In these years, the number of passengers using public transport increased as well by 24.4%.

Atmosphere 2020, 11, 695; doi:10.3390/atmos11070695 www.mdpi.com/journal/atmosphere

http://www.mdpi.com/journal/atmosphere
http://www.mdpi.com
https://orcid.org/0000-0003-3282-8155
https://orcid.org/0000-0001-9307-6204
https://orcid.org/0000-0002-0488-4435
http://dx.doi.org/10.3390/atmos11070695
http://www.mdpi.com/journal/atmosphere
https://www.mdpi.com/2073-4433/11/7/695?type=check_update&version=3


Atmosphere 2020, 11, 695 2 of 23

An additional burden for the Krakow traffic system is vehicles entering the city from external regions.
According to the report prepared by the Department of Municipal Management of the Municipality of
Krakow, based on the measurements of road transport in 2017 [7], there are 246,000 cars entering the
city of Krakow each day, from which about 40,000 are part of transit traffic. Among these vehicles,
approximately 16,000 travel through the city center. Despite the construction of new routes, including
bypasses to improve traffic flow, transportation system in Krakow is still inefficient in many areas
(especially in the city center), which is evidenced by the results of research conducted by the TomTom
company in 2019 [8]. In the ranking of the most congested cities worldwide, developed by TomTom,
Krakow took 22nd place out of 416 examined cities with a Traffic Index of 45%.

Therefore, one of the present priorities for the Krakow authorities is the improvement of air quality
through reduction of pollutants emission from road transport, among other means. In recent years,
the introduction of corrective actions aimed at the development of sustainable transportation system
in Krakow has intensified. They are focused on the improvement of transport accessibility not only
within the city but in the metropolitan area as well, enhancement of the collective transport importance
and both the development and promotion of ecological forms of travel [9]. Most of the already carried
out and planned actions are based on the reduction and calming the traffic in Krakow. Among them,
the promotion of changes in the car traffic management should be implemented, which will result
in the actual improvement of air quality in the area of specific transportation routes, including street
canyons, along which the roads with heavy traffic are located. Within this type of street canyon,
there is an increased local emission of pollutants from vehicles and secondary road dust emission from
the street, simultaneously with the presence of unfavorable dispersion conditions. Such a situation
results in the increase of pollutant concentrations in the air dependent on the canyon geometry and its
location relative to the dominating wind directions, presence of additional green infrastructure and
the type and amount of substances inflowing from neighboring regions, which can affect chemical
reactions in the air [10–19]. In effect, within street canyons the concentrations of substances— such as
NOx, PM10, and PM2.5—as well as other traffic-related pollutants are commonly higher than their
levels observed at the urban background stations, which makes residents and people temporarily
staying in the area of street canyons more subjected to these substances [20–24]. A relatively expanded
review of the outcomes of empirical studies from recent several years on the impact of different traffic
management strategies (operating restrictions and pricing, lane management, speed management,
flow control, trip reduction strategies) on the emissions reduction, concentrations in the air, human
exposition, and health effects resulting from traffic-related air pollution were presented in the review
article [25]. While in many of the analyzed papers a certain reduction of pollutant emission to the air
was shown, the expected effects on the improvement of air quality were, in many cases, not assessed or
relatively low. Effectiveness of such actions depends on their type and scale of implementation as well
as the background levels of considered pollutants in relation to the impact of the road transport alone.
Therefore, each action requires an individual approach in terms of changes in traffic management
carried out in a given city or in the vicinity of selected districts or streets.

The aim of the study was to determine the optimal strategy of corrective actions in terms air
pollutants emission from road transport for selected substances (PM10, PM2.5, and NOx). The assessment
was conducted using emission rates of the analyzed substances (including the secondary particulate
emission from roads) estimated for each scenario, as well as the results of pollutant concentration
modeling using the OSPM model [26–28]. OSPM is one of the commonly used models in literature
applied for the air quality assessment in street canyons. Moreover, numerous studies [29–35] indicate
that it is characterized by adequate accuracy for this type of research. In particular, this modeling system
was used for impact assessment on air quality of the traffic volume changes or scenarios associated
with banning or temporal limitation of certain groups of vehicles, among other things [36–38]. Previous
works concerning traffic-related air pollutants modeling in street canyons were most often aimed at
presenting the impact on air quality of the emissions from selected streets usually located near the air
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quality monitoring stations. In most cases the CALINE4 [39,40] or OSPM [34,35,41–43] was used in
these studies.

Attempts to estimate the improvement of air quality in Krakow as a result of introduction of
the planned clean transport zone based on the Euro and tempo-30 emission standards were also
included in the air protection programs for Malopolska voivodeship. According to the modeling
outcomes yielded using CALPUFF and presented in the project of the new air protection program
(2020) [5], introduction of the abovementioned zone should result in decrease of the annually averaged
concentrations of NO2 in the air by approximately 26 µg/m3 (reduction by almost 43% in relation to
year 2018) for the Krasinski Av. street canyon, in which the traffic-type air quality monitoring station is
located and the highest concentrations of PM10 and NOx in Krakow are observed [2]. In the case of the
locations of the remaining air quality monitoring stations in Krakow [44], expected reduction rate of
the NOx concentrations in the air as a result of implementation of the clean transport zone ranges from
1–20 µg/m3 [5].

2. Materials and Methods

2.1. Street Canyon Characteristics

The object of the study was a street canyon with a width of 36 m, length of 120 m and the height
of surrounding buildings of 18–21 m, located in the 29-Listopada Av. (Figure 1), one of the busiest
arterial roads in Krakow and an exit route to other large provincial cities (Kielce, Warsaw) as well as a
convenient access road to the Krakow center.Atmosphere 2020, 11, x FOR PEER REVIEW 4 of 23 
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Figure 1. Analyzed street canyon: (a) location on the Krakow map; (b) canyon dimensions and its 
orientation in WinOSP; (c) canyon view (own elaboration). 
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Within the analyzed street canyon there is a dual carriageway with three lanes in both directions,
including one bus-lane for public transportation buses, taxi-cars, and emergency vehicles. Low height
acoustic screens are also situated inside the street canyon, but they were not considered in the canyon
geometry required for pollutant dispersion modeling.

2.2. Considered Traffic Reorganization Variants

Three scenarios of the traffic management changes were assessed: narrowing the cross-section
of the street by eliminating one lane in both directions (Variant v1), limiting the maximum speed
from 70 km/h to 50 km/h (Variant v2) and allowing only passenger and light commercial vehicles on
the streets that meet the Euro 4 standard or higher (Variant v3). As a base variant for comparison
of Variants v1–v3, the base scenario (Variant v0) was adopted, which is described by actual traffic
volume in the analyzed canyon in 2017 based on the results of measurement conducted by the Krakow
Road Administration (continuous measurements of the total number of passing vehicles for each
carriageway with no division into categories and with a record interval of 1.5 s).

Obtained profiles of temporal variability of the traffic volume were used to determine the variation
of hourly averaged vehicle speed during day as well as total hourly emission of the pollutants to the
air from the street canyon with the vehicle structure taken into account and based on data from Central
Registry of Vehicles and Drivers in Poland (CEPiK) [45] for the area of Krakow (with a weight of 0.75)
and the remaining municipalities of Malopolska voivodeship (with a weight of 0.25). It was assumed
that the structure is representative for vehicles traveling on the main streets of Krakow. Estimation
of changes in the traffic volume and mean vehicle speed for Variants v1–v3 was based on data from
Krakow Traffic Model [46] updated for year 2017 and additional assumptions. For example, in case of
Variant v3 it was assumed, that 5% of the vehicles excluded from the traffic as a result of failing to meet
the Euro 4 exhaust emission standard will be replaced with new vehicles meeting the Euro 6 standard.
In addition, for the calculation of pollutants emission to the air it was established, that the variability of
traffic speed is constant for every day in a week (according to the determined hourly averaged speed).

2.3. Calculations of the Pollutant Emissions to the Air

Pollutant emissions from a street canyon consists of the vehicle emission and the secondary
emission from road. Emissions from vehicles were determined in accordance with the CORINAIR
methodology [47] using the COPERT 5.2 software [48]. In the emissions calculations from vehicles,
selected particulate (PM10 and PM2.5) and gaseous (NO and NO2) pollutants emissions from fuel
combustion (with varying cold and warm emission during the year) were considered as well as the
emissions of PM10 and PM2.5 particulate matter from tires, brakes, and road abrasion. These calculations
were conducted based on the information concerning traffic volume and average vehicle speed using
appropriate emission factors, which determination involved the following stages:

1. Estimation of the total annual emissions for concerned pollutants from the fleets of vehicles
registered in Krakow and other communes of the Malopolska voivodeship based on the
hourly emissions;

2. Determination of emission factors of analyzed pollutants for one vehicle (veh) in g/(km·veh) for
each vehicle category in the fleets with differentiation in the amount of cold emissions from fuel
combustion in particular months taken into account;

3. Calculation of the final hourly averaged emission factors divided into three vehicle categories
distinguished in the Krakow Traffic Model [46] (passenger cars, light commercial vehicles and
heavy trucks with buses) with the assumption that during one hour about 75% of the vehicles on
the Krakow streets are registered in Krakow and 25% are from outside of the city (registered in
the remaining communes of the Malopolska voivodeship).

In accordance with the CORINAIR methodology [47], in the calculations of emission factors for
concerned vehicle fleets their structure was considered with main categories (passenger cars, light



Atmosphere 2020, 11, 695 5 of 23

commercial vehicles, heavy trucks, buses, motorcycles, and mopeds) and subcategories depending on
technical condition of the vehicles and the EURO emission standards they meet. Due to the lack of
data concerning the parameter describing vehicle mileage, information about average mileages for
some categories were derived from the report [49].

Secondary emission from road induced by mechanical turbulences caused by moving vehicles
was estimated based on the U.S. EPA guidelines [50,51] using the relationship

E = k (sL)0.91 (W)1.02, (1)

where E—particulate emission factor for one vehicle (g/(km·veh)); k—particle size multiplier for
particle size range; sL—road surface silt loading (g/m2); W—average weight of the vehicles traveling
the road (Mg).

In accordance with the U.S. EPA recommendation for the roads of traffic volume greater than
10,000 veh/day the road surface silt loading sL = 0.03 g/m2 was assumed [50,52]. Particle size multiplier
k for PM10 was assumed equal to 0.62 [50] and for PM2.5 equal to 0.25 based on the research conducted
for selected streets in Krakow [42]. Application of the previously mentioned factors was verified by
appropriately accurate results of the modeled concentrations of PM10 and PM2.5 in the air for the
Krasinski Av. street canyon in Krakow [35]. Secondary emission from road was determined or each
hour in the analyzed period (for the whole year), taking into account hourly variability of the traffic
volume in the analyzed variant and meteorological conditions (amount of precipitation). In a situation
when precipitation in a given hour was at least 0.254 mm, the secondary emission rate E was assumed
as zero.

2.4. Modeling of the Pollutants Concentrations in the Air

Calculations of the pollutants concentrations in the air were conducted for two outermost points
of the street canyon cross-section (Figure 1b) at the height of 1.5 m above ground level using the
OSPM (Operational Street Pollution Model) microscale dispersion model, which is a combination
of the Gaussian plume model and the box model approach. Total concentration of pollutants in
the area of street canyon consists of direct impact and the recirculating effects [26–28]. OSPM is
characterized by relatively simple approach when calculating the concentrations of pollutants and a
high computation efficiency. The emission field is here represented by an infinitely long linear source,
oriented perpendicularly to wind direction at the street level. Model assumes that the air pollutants
caused by car movement accumulate on the leeward side of the street canyon due to the presence of
recirculation vortex. In the recirculation zone, the concentrations are calculated based on the assumption
that the inflow of pollutants is equal to its outflow. Box model implemented in OSPM allows as well
for the calculation of pollutants originating from outside of the street canyon (background pollution)
in addition to those produced in the canyon [26]. Dispersion of the PM10 and PM2.5 particles is treated
using the same approach, therefore calculated concentrations of these pollutants are proportional to
their emission rates. This model does not take into account the processes of homogeneous nucleation,
coagulation, condensation, evaporation, as well as wet and dry deposition [53]. However, in case of
nitrogen oxides, simple chemical transformation mechanisms were implemented which depend on the
ozone concentration and solar radiation intensity [28].

As shown in the work [35], a certain improvement of the prognostic accuracy of the OSPM model
in terms of the modeled PM10 and PM2.5 levels is possible through implementation in the modeling
process of the secondary emission of particulate matter from road next to the emission from vehicles,
which was also applied in this study. A great share of the secondary emission in shaping the levels of
PM10 and PM2.5 in the air near traffic routes is confirmed by studies conducted in various regions in
the world [11,42,43,54,55].
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2.5. Meteorological Data

In the calculation of pollutants emission and later for the modeling process of their dispersion in
the air, the meteorological conditions characterizing year 2017 were used. Basic meteorological data
were assumed based on the measurements derived from the weather station located in the Krakow
center (in the vicinity of the AGH University) [56]. The only exception is the total solar radiation,
which values originate from the ERA5 meteorological reanalysis provided by the European Centre for
Medium-Range Weather Forecasts—ECMWF [57]. Wind rose and time series of selected meteorological
parameters used in the study are shown in Figure 2. As stems from Figures 1b and 2a, the analyzed
canyon is situated perpendicularly to the dominating wind direction. Therefore, elevated levels of
pollutants should be expected in the canyon due to the frequent occurrence of the recirculation vortex.
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2.6. Background Pollution and Evaluation of the OSPM Model

Background levels of particle and gaseous pollutants for the analyzed street canyon were
determined in accordance with the methodology described in [35]. This methodology yielded
satisfactory results of the OSPM model accuracy. Its basal assumption was to determine pollution
background based on the 1-h measurements for 2017 from the urban background station in Krakow [44].
For most of the year, these data originated from the station located at Bujaka St., which measures
all of the pollutants considered in the study and ozone as well. In the case of lack of measurements
from this station or when concentrations of the analyzed pollutants were higher at Bujaka St. than at
the urban traffic station at Krasinski Av., background levels were determined using data from other
selected background or industrial sites operational at that time, whenever it was possible and the
measurements from these sites were not excessively differentiated (otherwise these data were omitted
when determining the average background). Completeness of data used for the background calculation
was greater than 94% of the year. Annually averaged background pollution values with selected
descriptive statistics are presented in Table 1, and temporal variability of the 1-h concentrations of
concerned substances in Figure 3. In case of NO, the background was assumed based on the difference
between background pollution for NOx and NO2 converted to NO. Thus, the annual mean of this
background was determined as equal to 22.04 µg/m3.

Table 1. Selected descriptive statistics for the background pollution determined for the analyzed street
canyon (year 2017).

Substance
Number of

Observations
N

Average
Concentration

(µg/m3)

Standard
Deviation

(µg/m3)

Standard Error
of the Mean

(µg/m3)

Confidence
Interval
(µg/m3)

PM10 8542 38.56 44.05 0.48 0.93
PM2.5 8268 27.30 35.91 0.39 0.77
NO2 8688 30.73 19.81 0.21 0.42
NOx 8696 64.52 77.61 0.83 1.63
O3 8514 38.08 31.04 0.34 0.66
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Atmosphere 2020, 11, 695 8 of 23

Evaluation of the OSPM model was conducted using methods of environmental models assessment,
mentioned, among others, in the work [35], with the use of results of measurements for the Krasinski
Av. street canyon in Krakow where an air quality station is located. For this purpose, separate
calculations of the temporal variability of pollutants emissions and their concentrations for the year
2017 were conducted, using analogous methodology as for the 29-Listopada Av. street canyon. As a
result of this evaluation, a high prognostic accuracy of the OSPM model was confirmed. In addition,
it was found that the fundamental reason for obtained discrepancy between modeled and observed
values is the methodology of the background determination, which level is strongly dependent on the
seasonal variability of the emissions from the communal-household sector (which applies majorly to the
concentrations of PM10 and PM2.5 during heating season, especially during night hours). The results of
research in [34] show that the OSPM model is characterized by high prognostic accuracy of the annually
averaged NO2 concentrations; however, during summer season, this model tends to overestimate the
outcomes of NO2. This finding should be taken into account when analyzing the results of calculations
of the maximum hourly averaged concentrations and comparing them to with the permissible levels of
NO2 in the air.

3. Results

3.1. Comparison of Speed and Traffic Volume Profiles in Considered Variants

Comparison of temporal variability of hourly averaged speed and traffic volume of the vehicles
traveling through the 29-Listopada Av. street canyon in Krakow, determined for the base Variant (v0)
and considered variants with reorganized traffic (Variants v1–v3) was presented in Figure 4; Figure 5.
A complete listing of traffic volumes (estimated values rounded to the full number of vehicles) for
different periods of time for the analyzed variants is given in Table 2.
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In case of Variant v1 (elimination of one lane in each direction), based on the simulation results
conducted using traffic model, it was found that the vehicle speed during morning rush hours was
decreased by approximately 20% towards the city center and by approximately 11% in the opposite
direction (in relation to Variant v0). Such action would also result in lower traffic volume during
morning rush hours by approximately 15–16% depending on the traffic direction. This in turn affects
the diurnal profile of hourly averaged speed (Figure 4) and decrease in the daily averaged traffic speed
from about 37 km/h (characterizing Variant v0) to about 32 km/h (in case of Variant v1). On the other
hand, reducing speed limit from 70 to 50 km/h, assumed in case of Variant v2, results in lower vehicle
speed and traffic volume respectively by about 15% and 14% during morning rush hours towards the
city center and by about 20% and 17% in the opposite direction (in relation to the base Variant v0).
The actual daily averaged vehicle speed in this variant should decrease from 37 to 31 km/h. Weekly
distributions of traffic volumes for Variants v1 and v2 are similar (Figure 5), thus the expected reduction
in the averaged traffic volume in these scenarios in relation to Variant v0 is comparable and equals to
15% with reduction by about 15.5% during workdays and by about 14.1% during weekends (Table 2).

Table 2. Estimated values of the vehicle volume in selected periods of time determined for considered
variants and the analyzed street canyon.

Averaging Period Unit
Variant

v0 v1 v2 v3

Year
veh/year 19,489,432 16,543,948 16,543,980 10,753,984
veh/day 53,396 45,326 45,326 29,463

veh/h 2225 1889 1889 1228

Workdays
veh/year 14,352,027 12,132,780 12,132,812 7,919,239
veh/day 55,200 46,665 46,665 30,459

veh/h 2300 1944 1944 1269

Weekends
veh/year 5,137,405 4,411,168 4,411,168 2,834,745
veh/day 48,928 42,011 42,011 26,998

veh/h 2039 1750 1750 1125

Introduction of the traffic reorganization scenario described by Variant v3 assumes exclusion
from the traffic of passenger cars and light commercial vehicles that do not meet the Euro 4 emission
standard and the replacement of 5% of the vehicles with new cars meeting the Euro 6 standard in the
first year after its enforcement. Diurnal distribution of the traffic speed for Variant v3 was assumed the
same as in the base Variant v0 (overlapping v0 and v3 lines in Figure 4). The resulting reduction in the
traffic volume in relation to Variant v0 was about 45% (Table 2).

3.2. Reduction of the Air Pollutant Emissions

Results of calculations of the average annual emissions (as factors related to 1 km of the road
section) for PM10 and PM2.5 as well as nitrogen oxides (NOx) from road transport obtained for the
analyzed street canyon for considered variants are presented in Table 3. In case of the PM10 and PM2.5

fractions in this summary both the primary emission from vehicles (VE) and secondary emission from
road (SE) were included. In addition, relative changes in the total emission (TE) from canyon for
considered substances and Variants v1–v3 in relation to Variant v0 are presented in Figure 6.

As shown in Table 2, expected reduction in emissions for considered substances for Variants v1
and v2 (in relation to Variant v0) in the analyzed canyon is very similar and equals to about 13–14% in
case of the PM10 and PM2.5 particles and about 9–11% in case of NOx. Significantly higher reduction
in pollutants emission was found for Variant v3, in case of which the forecasted reduction degree of
the PM10 and PM2.5 emission equals to 45–47%, and for the sum of NOx – 42% (at 27% reduction for
the NO2).
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Table 3. Average annual emissions of the considered pollutants calculated with regard on the variants
of the traffic reorganization and emission sources.

Variant
PM10 Emission (g/(km·h)) PM2.5 Emission (g/(km·h)) NOx Emission (g/(km·h))

VE 1 SE 2 TE 3 VE 1 SE 2 TE 3 NO NO2 NOx
4

v0 119.83 83.98 203.81 86.64 33.86 120.50 1249.46 281.61 2197.45
v1 104.12 71.05 175.17 75.67 28.65 104.32 1112.81 252.71 1959.02
v2 104.58 71.05 175.63 76.07 28.65 104.72 1122.03 255.08 1975.53
v3 65.48 46.34 111.82 45.51 18.69 64.20 691.99 205.69 1266.75

1 Emission from vehicles, 2 secondary emission from road, 3 total emission from the street canyon, 4 converted to NO2.
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analyzed substances obtained for Variants v1–v3 in relation to Variant v0.

Annually averaged weekly profiles of emission variability (in the form of emission factors) for
PM10 and PM2.5 (with total emission and the emission resulting from the resuspension of particles
taken into account) as well as NOx (with consideration of NO and NO2) determined for considered
variants of traffic reorganization in the analyzed canyon are presented in Appendix A in Figures A1–A3.
These figures indicate that during workdays two emission peaks are present which correspond with
the morning (around 8:00–10:00) and afternoon rush hours (around 18:00-20:00), however the afternoon
rush hours are characterized by approximately 25% lower emission compared to the morning rush
hours. During weekends there is only one daily peak in the emission, on Saturdays it is noticeable
around 10:00–12:00, while on Sundays it is more flattened and lasts through noon and afternoon
hours (until 20:00), which corresponds with the variability of the average traffic volume in this period
(Figure 5). In case of Variants v1 and v2 the obtained values of emission profiles were very similar.
The lowest absolute emission rates in particular days of the week were obtained for Variant v3, which is
characterized by a slightly different, more flattened profile of the temporal variability of the pollutants
emission compared to other variants.
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3.3. Expected Improvement of the Air Quality

Annually averaged concentrations of PM10 and PM2.5 obtained by pollutant dispersion modeling
in the air of the analyzed street canyon (at the height of 1.5 m) for considered variants of traffic
organization are presented in Table 4; Table 5. In these tables the adopted background levels of
PM10 and PM2.5 are listed as well, together with the emission source (vehicle emission and secondary
emission from road) and background apportionment in total concentration resulting from all emissions
from road transport with the background. On the other hand, the results of calculations of the annually
averaged NO, NO2, and NOx concentrations in the air for particular variants with consideration of
concentrations resulting only from vehicles emissions for the analyzed road section and concentrations
both from vehicles and background level are presented in Table 6. In addition, in Table 7 percentage
shares of the considered nitrogen oxides concentrations resulting from vehicle emissions (from the
street canyon) and background levels related to the total concentration after consideration of the
background are listed.

Table 4. Modeling results for the annually averaged PM10 concentrations in the air in the analyzed
street canyon for considered variants of traffic reorganization with emission sources and background
pollution taken into account.

Variant

Average PM10 Concentration Resulting from
Denoted Emission Source (µg/m3)

Share in Total PM10
Concentration (%)

VE 1 SE 2 TE 3 BKG 4 TE + BKG VE 1 SE 2 TE 3 BKG 4

v0 7.10 5.14 12.24 38.56 50.80 14.0 10.1 24.1 75.9
v1 6.69 4.73 11.42 38.56 49.98 13.4 9.5 22.8 77.2
v2 6.76 4.75 11.51 38.56 50.07 13.5 9.5 23.0 77.0
v3 4.35 3.19 7.54 38.56 46.10 9.4 6.9 16.4 83.6

1 Vehicle emission, 2 secondary emission from road, 3 total emission from street canyon, 4 background pollution.

Table 5. Modeling results for the annually averaged PM2.5 concentrations in the air in the analyzed
street canyon for considered variants of traffic reorganization with emission sources and background
pollution taken into account.

Variant
Average PM2.5 Concentration Resulting from

Denoted Emission Source (µg/m3)
Share in Total PM2.5
Concentration (%)

VE 1 SE 2 TE 3 BKG 4 TE + BKG VE 1 SE 2 TE 3 BKG 4

v0 5.13 2.05 7.18 27.30 34.48 14.9 5.9 20.8 79.2
v1 4.85 1.88 6.73 27.30 34.03 14.2 5.5 19.8 80.2
v2 4.90 1.89 6.79 27.30 34.09 14.4 5.6 19.9 80.1
v3 3.02 1.27 4.29 27.30 31.59 9.5 4.0 13.6 86.4

1 Vehicle emission, 2 secondary emission from road, 3 total emission from street canyon, 4 background pollution.

Table 6. Modeling results for the annually averaged NO, NO2, and NOx concentrations in the air in
the analyzed street canyon for considered variants of traffic reorganization with emission sources and
background pollution taken into account.

Variant

Average Concentration Resulting from Denoted Emission Source (µg/m3)

NO NO2 NOx

TE 1 BKG 2 TE + BKG TE 1 BKG 2 TE + BKG TE 1 BKG 2 TE + BKG

v0 73.51 22.04 95.55 16.80 30.73 47.53 129.52 64.52 194.04
v1 70.60 22.04 92.64 16.69 30.73 47.42 124.94 64.52 189.46
v2 71.63 22.04 93.67 16.79 30.73 47.52 126.63 64.52 191.15
v3 45.47 22.04 67.51 13.53 30.73 44.26 83.25 64.52 147.77

1 Total emission from street canyon, 2 background pollution.
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Table 7. Percentage apportionment of the impact of emission from vehicles and background levels in
total concentration obtained for NO, NO2, and NOx as a result of modeling of their dispersion in the
air in the analyzed street canyon for considered traffic reorganization variants.

Variant

Share of Denoted Emission Sources in Total Concentration Resulting from Emission in
the Canyon Magnified by the Background Level (%)

NO NO2 NOx

TE 1 BKG 2 TE 1 BKG 2 TE 1 BKG 2

v0 76.9 23.1 35.3 64.7 66.7 33.3
v1 76.2 23.8 35.2 64.8 65.9 34.1
v2 76.5 23.5 35.3 64.7 66.2 33.8
v3 67.4 32.6 30.6 69.4 56.3 43.7

1 Total emission from street canyon, 2 background pollution.

As results from Table 4 Table 5 Table 6, in case of Variants v1 and v2 a minor reduction (at the
level of at most a few percent) in the average concentrations of considered substances in the air in the
analyzed street canyon compared to the base Variant v0, wherein in the case of NO2, this reduction is
very low or close to zero (Figures 7 and 8).

Compared to the changes in emission of considered pollutants (Section 3.2), a significant reduction
effect in air pollutants concentrations were obtained only for Variant v3. Average reduction of air
concentrations of PM10, PM2.5, NO, NO2, and NOx modeled for this variant equals to 38.4%, 40.3%,
38.2%, 21.5%, and 35.7%, respectively (Figure 7). After taking into account the background pollution of
considered pollutants, the forecasted reduction in concentrations ranges from about 7–9% in the case
of PM10, PM2.5, and NO2 and about 29% and 24% for NO and NOx, respectively (Figure 8).
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Estimated for the base variant (v0) share of total emission from the analyzed canyon in shaping
of air quality in this canyon ranges from about 20.8% in case of PM2.5 to about 76.9% in case of
NO (Tables 4–7). This percentage is, in case of Variants v1 and v2, only slightly lower in relation to
Variant v0, and for Variant v3—significantly lower (13.6% in case of PM2.5 and 67.4% in case of NO).
On the other hand, shares of secondary emission from road in total concentration of particular fraction
of particulate matter resulting from road transport emission in this canyon (without background
pollution) for considered variants are quite similar and equal to approximately 41–42% in case of PM10

and about 28–30% in case of PM2.5.
In Figures A4–A8 (Appendix B) the modeling outcomes are presented, which show annually

averaged diurnal variability of considered substances in the air in canyon for the analyzed variants of
road traffic reorganization with and without background pollution taken into account. This figures
indicate, that the yearly averaged 1-h concentrations in the air obtained for consecutive hours of the
day reflect diurnal variability of the vehicle volume (Figure 4) and pollutants emission (Figures A1–A3),
for which the highest intensity is during day hours (with morning and afternoon peak), and the lowest
during night hours.

4. Discussion

As indicated by simulations conducted using Krakow Traffic Model, among three of the considered
variants of traffic reorganization in the vicinity of the analyzed street canyon, two of them (Variants v1
and v2) are associated with similar decrease in the expected traffic volume (on average by approximately
15%) and actual vehicle speed (on average by about 5 and 6 km/h, respectively for Variant v1 and v2)
in relation to the status in 2017 (base Variant v0). These reductions stem from determined capacity
of two neighboring intersections and assumed traffic restrictions for each variant, which goal is to
calm traffic with no significant interference in road vehicle structure. Elimination of one lane in each
direction available for unprivileged vehicles with bus lane left (Variant v1) should therefore result
in similar traffic calming effect as tightening speed limit from 70 to 50 km/h (Variant v2), causing
decrease in average annual traveling speed of vehicles to about 32 km/h (Variant v1) and 31 km/h
(Variant v2). Thus, similar expected emission reduction for these variants was observed in terms of
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primary emission (VE) and secondary emission (SE) of the analyzed air pollutants originating from
road transport (by about 9–14% depending on a substance) in relation to Variant v0 (Figure 6), although
for Variant v2 the modeled actual average traffic speed results in slightly higher emission of PM10,
PM2.5, and NOx from vehicles (VE) compared to Variant v1.

Unfortunately, the abovementioned reduction in the emission rate of considered substances is
not reflected at the same level in the modeling results of concentrations of these pollutants in the
air obtained using the OSPM model. Modeled decrease in their concentrations in the air (relative to
Variant v0) resulting from reduced impact of their total emission from canyon (TE) without background
pollution equals to 5–7% in the case of PM10 and PM2.5 fractions and 2–4% in the case of NO and sum of
NOx (Figure 7). However, the forecasted improvement of air quality after considering the background
pollution of the abovementioned substances equals to 1–3% (Figure 8). This is due to the circulation
effect observed in the street canyon which is taken into account in the OSPM model [26–28], as well as
to the relatively high air pollution in Krakow both in terms of the PM10 and PM2.5 particulate matter
and NOx observed at the urban background stations in 2017 [2], which directly affects the background
pollution adopted for calculations (Table 1). Similar effect associated with the weakened degree of
concentrations reduction in relation to the estimated degree of emission reduction for considered
scenarios of the traffic speed management was recognized by, among others, Bigazzi and Rouleau in
the review paper [25]. Relatively low forecasted improvement in the air quality in the case of PM2.5

concentrations resulting from, inter alia, decrease in traffic speed, was obtained as well by Mensink and
Cosemans [36], who highlighted in their modeling results the dominating influence of the background
pollution of this substance.

Emphatically higher effects regarding the road transport emission reduction and the improvement
of air quality in street canyons and their surroundings as well were usually found in situations when
a significant decrease in traffic volume was either introduced or planned and when older groups of
vehicles failing to meet specific emission requirements were eliminated [25,38].

Analogous results were obtained in this study which is confirmed by relatively high both emission
and air concentrations reduction for Variant v3, for which the assumption was made that the ordinary
lanes may be accessed only by passenger cars and light commercial vehicles that meet the Euro 4
exhaust standard or higher. Introduction of such restriction should bring noticeable improvement in
the air quality in the considered street canyon (especially in the initial period) even in situation when
the background pollution remains at the same, relatively high level. The highest predicted level of
reduction of the analyzed pollutants concentrations in the air for this variant (compared to Variant v0,
with background from 2017) is expected in case of NO (approximately 29%) and the lowest—for NO2

(approximately 7%), at the forecasted total emission reduction of these substances from the considered
canyon at the level of, respectively 44.6% (NO) and 27% (NO2). On the other hand, the expected
improvement of air quality in canyon for Variant v3 in case of the PM10 and PM2.5 particles with the
actual levels of their background is slightly above 9% in case of PM10 and slightly above 8% in case of
PM2.5 (Figure 8), which is associated with a total reduction of their emission from vehicles traveling
through this canyon and the secondary emission from road respectively at the level of about 45%
(PM10) and 47% (PM2.5) (Figure 6). Potential improvement in air quality in the region of the analyzed
canyon, connected with the traffic reorganization corresponding to that in Variant v3, is therefore partly
masked by high pollution background, similarly as it was noticed for Variants v1 and v2. This masking
effect is majorly important in the heating season (cold months), when the elevated concentrations of
PM10 and PM2.5 are observed (Figure 3), resulting from their additional emission from fuel combustion
processes for heating purposes taking place inside the city and in the neighboring towns (inflowing
polluted air masses). Assuming the introduction of the low-emission zone for greater number of streets,
both decrease in the background level for considered pollutants and higher relative reduction of their
concentrations in the canyon may be expected (slightly more similar to data presented in Figure 7).

For all of the analyzed variants of the traffic reorganization, diurnal distribution of the secondary
PM10 and PM2.5 emission from road is strongly correlated with the total particulate matter emission
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profile (Figures A1 and A2). That affects also the diurnal variability of this emission impact on their
concentrations in the air (Figures A4 and A5). This statement is valid primarily for day hours. During
night hours a higher percentage share of secondary emission in total PM10 and PM2.5 emission from
the analyzed road is observed. This results predominantly from the fact of lower road traffic volume
at night, thus lower vehicle emission share in total emission. Average for all of the analyzed traffic
variants percentages of secondary and vehicle emission in total emission of a given particulate matter
type from the analyzed street are respectively 41% and 59% in case of PM10 and respectively 33% and
67% in case of PM2.5. This is confirmed by high importance of the resuspension effect of particulate
matter from road in total emission of dust from vehicle transport and shaping the air quality in street
canyons recognized in other studies [11,42,43,54,55,58].

Diurnal distribution of concentrations of the analyzed pollutants in the air of considered canyon
obtained by modeling (Figures A4–A8) confirms the fact that the best conditions for dispersion of
pollutants in the air typically occur during the day around noon and early afternoon hours, and the
worst at night due to, among others, frequent occurrences of stable atmosphere, and lower height of the
mixing layer [59–61]. This distribution characterizes street canyons [4] and reflect diurnal variability of
the vehicle traffic volume (Figure 4) and resulting emission to the air (Figures A1–A3), as well as diurnal
variability of the background pollution (Figure 3). In the case of NO and NO2, additional differences in
diurnal distribution of their concentrations in the air occur, including hours of the maximum peaks
(Figures 3, A6 and A7), resulting from chemical transformations of nitrogen oxides [59] and daily
changeability of the NOx emission from road vehicles (Figure A3). Maximum NO concentrations
in the canyon overlap the maximum values of its emissions from canyon and maximum values of
the background, and their decrease during afternoon and early afternoon hours is partly due to the
conversion from NO to NO2, which degree is dependent on present atmospheric conditions and the
availability of oxidants (including ozone).

5. Conclusions

Reduction in the air pollutants emission from road transport can be achieved through various
means, including, for example, traffic calming and lowering the volume of traffic, or elimination of the
vehicles characterized by excessive emissions. This should lead to an improvement of air quality in the
vicinity of roads involved in such actions, especially in the regions of street canyons, within which,
depending on wind direction, the accumulation of air pollutants may occur. As results from conducted
research, the degree of expected air quality improvement depends on the type of introduced actions as
well as the background pollution of considered substances.

A planned approximate 15% decrease in vehicle volume resulting from introduction of such
restrictions as narrowing the cross-section of the road (decrease in the number of lanes possible in
case of the multilane roadways) or the application of stricter maximum speed limit for the analyzed
street fragment by 20 km/h does not yield appropriate reduction in the pollutants emission to the air.
Therefore, the forecasted improvement of air quality in terms of the levels of PM10, PM2.5, and NOx

is relatively low and to a great extent masked by quite high observed background pollution of these
substances in the air. Actions of such kind may bring noticeable effects only in case of cities with low
pollution background from other sources.

The greatest effects related to the reduction of pollutant concentrations in the air inside street
canyons can be expected after introduction of restrictions eliminating vehicles from road traffic failing
to meet the specified Euro standard, assuming that this action will also result in significant decrease
in traffic volume. Considering the actual structure of vehicles registered in Krakow and Malopolska
voivodeship as well as traffic volume in the considered street canyon (as for 2017), admission of only
passenger cars and light commercial vehicles into the traffic that meet the Euro 4 standard or higher
should result, at the initial period of its enforcement, in decrease of traffic volume on average by
about 45%, assuming 5% of the eliminated cars will be replaced with new vehicles meeting the Euro 6
standard. Determined degree of emission reduction to the air in case of PM10, PM2.5, and NO should
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be at 45–47%, and for the NO2 and sum of NOx at the level of, respectively, 27% and 42%. Introduction
of this restriction should bring a reduction of concentrations for the abovementioned substances in the
air of the considered canyon by almost 10% in case of PM10 and PM2.5 and by more than 20% in case
of sum of NOx (at the present background pollution). The process of replacing older vehicles failing
to meet the specific Euro standard with newer ones will result in gradual increase of traffic volume
and its impact on air quality, but simultaneously the vehicle emissions will be lower because the Euro
standards they meet will be more strict.

Prospective introduction of such clean transport zone (or even more rigorous in terms of Euro
standards) in a larger area of the city should also decrease the background pollution of these substances
and bring decisively greater effects in terms of the air quality improvement in relation to the present
state, at least at the beginning due to a sudden elimination of a large number of vehicles from
traffic. Substantial reduction of the background level obtained through pollutants emission reduction
from other significant sources (including household furnaces) influencing air quality in Krakow is
necessary so that greater relative changes of the air pollution state near transport routes with large
traffic volume could be expected when traffic reorganization measures are undertaken to limit the
air emissions. Fortunately, the air protection policy conducted in the city of Krakow and Malopolska
voivodeship enforces gradual elimination of the most onerous emission sources connected with the
communal-household sector, which is evidenced by, for example, prohibition of solid fuel burning in
furnaces and low-power boilers in the city introduced on 1 September 2019 [5].

It should be noted that all actions resulting in decreased road transport emissions to the air
of particulate pollutants bring reduction in air concentrations of toxic heavy metals as well as both
elemental and total carbon bound in particles emitted from vehicles or resuspended from road [62–64].
Thereby, these actions should minimize human exposure to these substances and be beneficial to health.
It is advisable to conduct further research on the traffic management strategies in order to assure
better recognition of expected effects in terms of the air quality improvement and its impact to human
health. Particularly needed are the studies on a larger spatial scale involving cities, for which the clean
transport zones have not been introduced yet, in order to optimize decision making in this matter.
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systemów komunikacji miejskiej oraz ocena wpływu jego modernizacji na wielkość emisji zanieczyszczeń do
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