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Featured Application: The results presented in the article can be used to optimize activities in
the field of road traffic management to improve air quality in urban street canyons.

Abstract: Constantly changing vehicle stock, modification of road infrastructure, and other conditions
result in a need to update the knowledge on the effectiveness of individual traffic management
strategies, which could form the basis for actions taken by local authorities to improve air quality in
crowded city centers, especially in street canyons. The article presents research results that evaluate
the theoretical effects of introducing select traffic reorganization scenarios in the example of four
street canyons located in Krakow (Poland) that are different in terms of vehicle traffic volume and
canyon geometry. These scenarios were based on a reduction in the average traffic speed, road
capacity or the admission of cars meeting certain exhaust emission standards. The authors estimated
changes in emissions of nitrogen oxides (NO, NO2 and total NOx) and particulate matter (PM10 and
PM2.5) as well as investigated the effect of these changes on air quality in the canyons using the
Operational Street Pollution Model (OSPM). Significant effects in terms of improving air quality were
identified only in scenarios based on a significant reduction in traffic volume and the elimination of
passenger cars and light commercial vehicles with internal combustion engines that did not meet the
requirements of the Euro 4, Euro 5 or Euro 6 emission standards. For these scenarios, depending on
the variant and canyon analyzed, the emission reduction was achieved at a level of approximately
36–66% for NO, 28–77% for NO2, 35–67% for NOx and 44–78% for both PM10 and PM2.5. The expected
effect of improving air quality in individual street canyons for these substances was 15–44%, 5–14%,
11–36% and 3–14%, respectively. The differences obtained in the percentage reduction of emissions
and pollutant concentrations in the air were the result of a relatively high background of pollutants
that suppress the achieved effect of improving air quality to a large extent.

Keywords: urban areas; road transport; street canyon; traffic-related emissions; air pollution; air
quality modeling; OSPM

1. Introduction

Air quality in large cities is determined by the cumulative impact of many sources of
emission, among which, road transport is usually of great importance, especially in areas
where air emissions from other sources have already been significantly reduced. The direct
effect of road traffic emissions is the increase in the concentration of some air pollutants in
the vicinity of communication routes, mainly nitrogen oxides (NOx) and particulate matter
(PM10 and PM2.5 fractions), which is confirmed by the results of measurements recorded at
communication air quality monitoring stations relative to urban background stations [1–5].
Street canyons with high traffic volume and poor ventilation are particularly exposed to
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this type of impact [6–8]. Inside these canyons, air emissions occur, including the primary
emission of dust and gaseous pollutants due to the movement of motor vehicles (engine
emissions and abrasion of brakes, tires, road surfaces, etc.) and the secondary dust emission
from the road surface [9–12]. Furthermore, in street canyons, the mixed zone of pollutants is
limited by the compact pattern of buildings, resulting in a greater impact of emissions from
road transport on air quality. Its volume depends not only on meteorological conditions,
but also on numerous other factors, the most important of which include: the canyon
geometry and its location in relation to the dominant wind directions [13–15], the measures
applied to reduce the resuspension of the road silt [10,16,17], the presence of additional
green infrastructure [18–21], as well as the type and amount of substances flowing in from
neighboring areas, which can trigger chemical transformations of pollutants in the air
of [22,23].

The impact of road transport on air quality can be reduced e.g., with the use of
various traffic management activities [24–28]. Some of these measures may e.g., be aimed at
reducing the volume of traffic by shifting transit traffic to ring roads, limiting the capacity of
individual road sections or introducing other restrictions or improvements, but sometimes
they also have a significant effect on the structure of vehicles travelling in a given area
(introducing traffic ban for certain categories of vehicles and creating low-emission zones).
The degree of changes in air pollutant concentrations resulting from such actions depends
mainly on their type and scale of implementation, as well as on the background level of
the analyzed pollutants in relation to the impact of road transport itself. Therefore, the
demonstrated effects of improved air quality in the vicinity of communication routes are
usually significantly lower than the level achieved in reducing air pollutant emissions from
road traffic alone [24,26].

The selection of a specific traffic management strategy in terms of improving air quality
in a given city should be based on the assessment of its potential effects. This could be done
by estimating changes in air pollutant emissions resulting from the strategies analyzed
and modeling the impact of these changes on air quality. Only after the implementation
of a given strategy are the assumed environmental effects usually verified, based on the
observed changes in the concentrations of pollutants in the air in the zone covered by these
changes [25,29,30]. The analysis of environmental effects can also be followed by a health,
economic and landscape impact assessment [31–33].

The purpose of this research study is to assess the effects of the expected reduction
in the emissions of specific air pollutants (NOx, PM10 and PM2.5) from road transport for
several hypothetical traffic management scenarios analyzed for selected street canyons
of Krakow, one of the most crowded cities in Poland and in the world [34]. This assess-
ment was carried out based on the estimated changes in the emissions of the analyzed
substances for individual scenarios, and the results of the modeling of their concentrations
in the air was carried out with the use of the Operational Street Pollution Model (OSPM),
dedicated to street canyons [35–37]. The OSPM model had already been used for similar
purposes, including by Mensink and Cosemans (Ghent, Belgium) [38], Ghafghazi and
Hatzopoulou (Montreal, Canada) [39], Lazić et al. (Belgrade, Serbia) [40], Steinberga et al.
(Riga, Latvia) [41] and Bogacki et al. (Krakow, Poland) [26].

It is also known to have been used to model air pollutant concentrations for a larger
number of street canyons or the entire network of high streets in large cities. Examples of
such an application of the OSPM model include studies that evaluate the effect of the Euro-
pean strategy to control emissions from road transport before 2030 on air quality in 20 cities
located in northern and southern Europe [42], the analysis of the effect of introducing a
vehicle speed limit 30 km·h−1 on the level of NO2 concentrations on one of the weekends in
Munich (Germany) [43] or the influence of various traffic management strategies in Dublin
(Ireland) on air quality and public health [44]. Earlier research conducted in Krakow by
Bogacki et al. [26] involved assessing the influence of three traffic reorganization scenarios
on air quality, considered for one of the sections of 29-Listopada Av., which is an exit route
from the city center to the north, with a traffic volume of 19.5 million vehicles per year. The
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scenarios analyzed included: narrowing the cross section of the street by eliminating one
lane in each direction (from three to two lanes), limiting the speed limit from 70 km·h−1 to
50 km·h−1 and admitting only passenger cars and light commercial vehicles meeting Euro
4 emission standards or higher.

This paper presents the results of subsequent studies assessing the impact of traf-
fic management scenarios on air quality in street canyons in Krakow, such as reducing
the number of lanes, reducing the speed limit or applying restrictions to vehicles, for
four streets that are different in terms of their volume, structure, and average speed of
vehicle traffic, as well as the geometry of their canyons and the location of their axes in
relation to the prevailing wind directions. These studies included e.g., the Krasińskiego Av.
(KRAS) street canyon, with a traffic volume of over 24 million vehicles annually, where the
communication-type air quality monitoring station was located, which had already been
used several times to verify the OSPM model [45,46]. The research conducted is part of a
larger action aimed at selecting optimal methods to reduce emissions from road transport
and further improve air quality in Krakow. Most of the already implemented and planned
activities are based on reducing vehicle traffic in the city center by expanding the paid
parking zone, optimizing various traffic engineering solutions, strengthening the role of
public transport and promoting ecological forms of travel supported by the construction of
an integrated metropolitan transport system, a network of ring roads and bicycle paths,
P&R (park and ride) car parks, electric vehicle charging stations and electric bike or scooter
rental system [47–53]. Subsequent measures will aim to introduce clean transport or low-
emission zones in Krakow, of which, various scenarios are already provided in the new air
quality plans for the Malopolska Province [54].

2. Materials and Methods
2.1. General Characteristics of Research Objects

The objects of the research included selected street canyons located in the city of
Krakow (the capital of Malopolska Province), with a population of approximately 800,000
(as of 2022) and a hard surface road network of 300 km per 100 km2 of the city area [55].
According to the TomTom Traffic Index Report published for 2021 [34], Krakow, with a
traffic congestion level of 42%, ranks second among 213 cities in the world with a population
of up to 800,000 (included in this report) and 20th among all 404 cities analyzed. As a
consequence of the dense development in the city center and the large number of housing
estates, Krakow has many street canyons with poor air circulation conditions. The second
ring road of the city of Krakow (that includes the KRAS street canyon) is particularly
notable because its traffic volume exceeds 20 million vehicles annually.

The study analyzes four two-sided street canyons located within road sections with an
annual traffic volume of 2.2 million vehicles (BROD), 3.5 million vehicles (SOLI), 8.6 million
vehicles (LIMA), and 24.3 million vehicles (KRAS), surrounded by compact development
with buildings with a height of approximately 16 to 31 m (Table 1, Figures 1 and 2).

In the street canyon with the highest traffic (KRAS), which is part of the second ring
road of the city of Krakow, there is an air quality monitoring station (urban traffic type)
located within the green belt that separates the roadways of opposite traffic directions
(Figure 2d). This station continuously measures concentrations of air pollutants such as
NOx, PM10 and PM2.5. Therefore, the results of the measurements from this station were
used to assess the accuracy of the OSPM model, used in these studies in air pollutant
dispersion modeling.

Table 1. Characteristics of the analyzed street canyons.

Parameter
Street Canyon

BROD SOLI LIMA KRAS

Street name Brodowicza St. Solidarności Av. Limanowskiego St. Krasińskiego Av.
Number of lanes—left/right side 2 */1 2/2 1/1 3 */3 *
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Table 1. Cont.

Parameter
Street Canyon

BROD SOLI LIMA KRAS

Canyon width 18 m 57 m 19 m 45 m
Average height of buildings—left/right side 18/16 m 31/24 m 16/20 m 26/29 m

Canyon length included in
calculations 100 m 200 m 100 m 140 m

Azimuth angle of the road axis 40◦ 70◦ 85◦ 160◦
Total annual (y),
daily average (d)

and hourly average (h)
vehicle (veh) traffic 1

2,234,645 veh·y−1 3,521,622 veh·y−1 8,641,101 veh·y−1 24,299,303 veh·y−1

6122 veh·d−1 9648 veh·d−1 23,674 veh·d−1 66,573 veh·d−1

255 veh·h−1 402 veh·h−1 986 veh·h−1 2774 veh·h−1

Speed limit during the day/at night 2 50/60 km·h−1 70/70 km·h−1 50/60 km·h−1 70/70 km·h−1

Average daily speed 3 40.3 km·h−1 40.5 km·h−1 34.3 km·h−1 39.3 km·h−1

Average speed during peak hours 3,4 24.1 km·h−1 27.3 km·h−1 21.3 km·h−1 24.6 km·h−1

* Including a bus lane (for public transport buses, taxis and other emergency vehicles). 1 2017 data adopted as the
baseline variant (v0) based on the results of continuous measurements carried out by the Municipality of Krakow
(Department of Road Management). 2 In the period under consideration (2017), the increased speed limit from
50 km·h−1 to 60 km·h−1 on road sections running in built-up areas was in force at night: from 11.00 p.m. to
5.00 a.m. 3 2017 data estimated using the Krakow Traffic Model [56]. 4 From 7.00 a.m. to 7.00 p.m.
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2.2. Profiles of Volume, Average Speeds, and Traffic Structure Adopted for the Baseline Variant

The baseline variant (v0), which describes the real volume of vehicle traffic in 2017
recorded with automatic sensors (induction loops) located in a given canyon (without
distinguishing between vehicle categories) with a record every one and a half minutes, was
adopted as a reference point for the proposed scenarios of changes in traffic management.
The available measurement data was processed to obtain the total number of vehicles
passing through a given street canyon at each hour of the year in both directions, after filling
any measurement data gaps with appropriate values for a given hour, day of the week,
and month. Figure 3 illustrates the daily traffic volume profiles obtained, distinguishing
between the days of the week for the street canyons analyzed.
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The average speed of vehicles at each hour of the day was adopted at a constant level
on all days of the week (Figure 4) based on the relationship between the average speed
during rush hour and the average daily profile of traffic volume, taking into account the
information on the speed limit in force in 2017 on a given road. Average speed values at
peak hours for street canyons were determined using the Krakow Traffic Model, described
in more detail in Section 2.3.
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The number of vehicles registered in Malopolska Province was acquired from the
Central Register of Vehicles and Drivers database managed by the Ministry of Digital
Affairs [57]. On the basis of these data, the vehicle structures were developed for Krakow
and the other counties of Malopolska Province. Data for the years 2016–2018 were used
(Figure 5 and Figure S1—in Supplementary Materials) and adopted with weights of 0.75
for Krakow and 0.25 for the other counties in terms of vehicle structures. It was assumed
that such a vehicle structure would be representative of the fleet of vehicles travelling
in that time on the main roads of Krakow. The assumed fleet was also representative in
the analyzed street canyons, and thus, it was adopted for the calculation of air pollutant
emissions for the baseline variant (v0). On the basis of the above-mentioned database, other
vehicle-related parameters necessary for the calculation of the emissions were adopted;
for example, the average mileage for some vehicle categories. The missing data for some
vehicle categories were filled based on the research work of the Central Statistical Office [58].
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2.3. Analyzed Scenarios of Changes in Road Traffic Organization and Adopted Assumptions

Three exemplary scenarios of changes in the traffic organization described in Table 2
were analyzed for each of the individual street canyons. The analysis also included the
possible effects resulting from their implementation in terms of changes in emissions and
impact on air quality in the canyon. Potentially feasible scenarios of changes regarding
traffic management were developed with the support of the Department of Municipal
Services and Climate in the Municipality of Krakow City and took into account:

• narrowing the street cross section by reducing the number of traffic lanes (elimination
of one lane in each direction), changing the use of existing lanes or creating a bus
lane (SOLI);

• reducing the speed limit from 50 km·h−1 to 40 km·h−1 (BROD);
• reducing the speed limit from 70 km·h−1 to 50 km·h−1 (SOLI, KRAS);
• only passenger cars meeting at least the Euro 4 emission standard and light commercial

vehicles meeting at least the Euro 4 emission standard (BROD, SOLI, LIMA, KRAS)
are admitted to traffic;

• only passenger cars meeting at least the Euro 5 emission standard and light commercial
vehicles meeting at least the Euro 5 emission standard (BROD, LIMA, KRAS) are
admitted to traffic;

• only passenger cars meeting the Euro 6 emission standard and light commercial
vehicles meeting at least the Euro 6 emission standard (LIMA) are admitted to traffic.
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Table 2. Characteristics of the assumed scenarios in terms of changes in the organization of vehicle
traffic for individual street canyons.

Street Canyon Variant Description of Vehicle Traffic Reorganization Scenario

BROD

v1 Reducing the speed limit from 50 km·h−1 to 40 km·h−1.

v2 Only passenger cars and delivery vans meeting at least the Euro 4 emission standard
are admitted to traffic.

v3 Only passenger cars and delivery vans meeting at least the Euro 5 emission standard
are admitted to traffic.

SOLI

v1 Narrowing street cross-section.
v2 Reducing the speed limit from 70 km·h−1 to 50 km·h−1.

v3 Only passenger cars and light commercial vehicles meeting at least the
Euro 4 emission standard are admitted to traffic.

LIMA

v1 Only passenger cars and light commercial vehicles meeting at least the
Euro 4 emission standard are admitted to traffic.

v2 Only passenger cars and light commercial vehicles meeting at least the
Euro 5 emission standard are admitted to traffic.

v3 Only passenger cars and light commercial vehicles meeting at least the
Euro 6 emission standard are admitted to traffic.

KRAS

v1 Reducing the speed limit from 70 km·h−1 to 50 km·h−1.

v2 Only passenger cars and delivery vans meeting at least the Euro 4 emission standard
are admitted to traffic.

v3 Only passenger cars and delivery vans meeting at least the Euro 5 emission standard
are admitted to traffic.

The profiles of traffic volume and average vehicle speeds for the considered scenarios
of road traffic reorganization (variants v1–v3) were estimated based on the measurement
data developed for variant v0, and the additional parameters consist of percentage changes
in traffic volume and speed from the vehicle stock. The parameters for the scenarios
analyzed were calculated using the Krakow Traffic Model [56]. The Krakow Traffic Model
is a typical four-stage macrosimulation model that simulates the transport reactions of
Krakowian citizens related to daily trips. It was developed in 2015 at the Cracow University
of Technology with the use of PTV-Visum software [59], based on research on the behavior
of transport system users [60] and measurements of the volume of traffic on the road during
the peak hours in the morning and afternoon. Since then, data related to the transport
system have been periodically updated in this model by the Municipality of Krakow City.
Changes in the road network, travelers’ transport responses, traffic volume during peak
hours and public transport schedules are taken into account.

For some scenarios, additional assumptions were also included. For example, for the
variants that allow the movement of only passenger cars and light commercial vehicles
meeting the Euro 4, Euro 5 or Euro 6 emission standards, it was assumed that 5% of the
number of real vehicles (known from variant v0) which were excluded from road traffic
(vehicles excluded due to non-compliance with a permitted emission standard) would
be replaced with new vehicles meeting the Euro 6 emission standard. Therefore, these
scenarios should represent the initial situation after the possible implementation of the
restrictions analyzed to the organization of road traffic. Furthermore, the assumption that
the variability of the traffic speed on each day of the week was the same (according to
the daily profile of 1-h average speeds modeled for each scenario) was maintained, as
presented in the baseline variant v0.

2.4. Calculation of Air Pollutant Emissions from Street Canyons

To reflect the total impact of road transport on air quality, the calculations of pollutant
emissions from individual street canyons included both the primary emissions from motor
vehicles and the secondary emissions resulting from mechanical turbulence caused by
moving vehicles.
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The volume of exhausted and abrasion emissions from motor vehicles was calculated
based on traffic volume, average speed and vehicle structure, according to the CORINAIR
methodology [61] using COPERT 5.2 software [62]. The calculations included the emission
of selected pollutants (NO, NO2, PM10 and PM2.5) from fuel combustion (including cold
and hot emission) and the emission of PM10 and PM2.5 resulting from the abrasion of
tires, brakes and road surfaces. The calculations were performed for all categories and
subcategories of vehicles registered in Krakow and other counties in Malopolska Province,
taking into account the technical condition (mileage) and the meeting of certain Euro
emission standards [63]. As a result of further analyses and recalculations, appropriate
emission factors were derived, expressed in g·km−1·veh−1. They were differentiated in
terms of the amount of cold and hot emissions from fuel combustion in individual months.
Then, taking into account the assumed weights for the vehicle fleet registered in Krakow
(weight 0.75) and other communes of the province (weight 0.25), the weighted average
emission factors (expressed in g·km−1·veh−1) were determined. They were prepared
independently for all vehicle categories, months and hourly distribution. In the next step,
the values of the emission factors mentioned above were averaged broken down into three
vehicle categories (passenger cars, light commercial vehicles and heavy duty vehicles with
buses). This assumption is based on the division of the vehicle structure applied in the
Krakow Traffic Model. The average hourly emission (expressed in g·km−1·veh−1) for each
street canyon was determined, based on the average vehicle structure modeled with the
model for each of the street canyons and the hourly traffic volume (Section 2.2). These
calculations were repeated independently for each variant.

Secondary emission of road dust was estimated on the basis of the guidelines of the
U.S. EPA [64,65] using the following dependencies:

E = k · (sL)0.91 · W1.02, (1)

where, E—particulate emission factor for one vehicle [g·km−1], k—particle size multi-
plier for the particle size range (PM10 or PM2.5), sL—road surface silt loading [g·m−2],
W—average weight of vehicles traveling the road [Mg].

As recommended by the Midwest Research Institute [66] and the U.S. EPA [64] in
these calculations, the value of the road surface silt loading (sL) was assumed to be:

• 0.06 g·m−2 for canyons with vehicle traffic volume of 5000–10,000 vehicles per day,
• 0.03 g·m−2 for canyons with vehicle traffic above 10,000 vehicles per day.

In the case of PM10 emissions, the particle size multiplier (k) was adopted at 0.62 [64],
while in the case of PM2.5 emissions, it was adopted at 0.25, based on the results of studies
carried out previously by Bogacki et al. [67] for several streets in Krakow. The multipliers
mentioned above were successfully verified by Rzeszutek et al. [46] by obtaining appropri-
ate quality forecasts of PM10 and PM2.5 concentrations in the air for the KRAS canyon.

For each case, the secondary road dust emission was determined with a resolution
of 1 h, taking into account the hourly variability of the traffic volume in a given variant
(scenario) and the prevailing meteorological conditions (precipitation volume). According
to the adopted methodology, for hours with precipitation of at least 0.254 mm, the value of
secondary emission E was assumed to be zero [64,65].

2.5. Modeling of Pollutant Concentrations in the Air

Calculations of air pollutant concentrations were performed using the microscale
dispersion OSPM model, dedicated to the assessment of air quality in street canyons. This
model is characterized by high precision in predicting concentration levels, which has been
widely discussed in numerous studies [36,37,45,46,68–71]. The OSPM is a combination of
the Gaussian plume model and the box model, which makes it possible to model direct
and recirculation effects, taking into account the pollution background [35,72]. In this
model, it is assumed that air pollutants caused by vehicle traffic accumulate on the leeward
side of a street canyon (recirculation vortex effect) and concentrations in the recirculation
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zone are calculated based on the assumption that the inflow of air pollutants is equal
to its outflow. In addition, simple mechanisms of chemical transformation of NOx have
been implemented in the model, depending on the ozone (O3) concentration and the
intensity of solar radiation [37], and hence, information about the background of O3 and
appropriate meteorological data are required. However, the processes of homogeneous
nucleation, coagulation, condensation, evaporation or wet and dry deposition are not taken
into account, which may be of some importance in modeling concentrations in the air, for
example, of particulate matter [73].

Pollutant concentrations were calculated with a 1-h time step at two extreme points of
the cross section located in the center of a given street canyon at a height of 1.5 m above
ground level for the BROD, SOLI and LIMA canyons, and at a height of 2.5 m above ground
level for the KRAS canyon, and then they were averaged. The slightly greater height of the
calculation points for the KRAS canyon resulted from the need to adjust it to the height of
the air intake at the air quality monitoring station located in this canyon in order to validate
the model used.

The validation of the OSPM model was carried out by comparing the modeling results
performed for the baseline variant in the KRAS street canyon to the results of air pollutant
(NO2, NOx, PM10 and PM2,5) concentration measurements observed in 2017 at the traffic
station located in the center of this canyon. The accuracy of the model was assessed using
the following statistical parameters: mean bias (MB), mean absolute error (MAE), root
mean square error (RMSE), normalized mean bias (NMB), normalized mean error (NME),
fraction of predictions within a factor of two (FAC2), Pearson’s correlation coefficient (r)
and index of agreement (IOA) [74–77]. The uncertainty of the OSPM model was taken into
account in the assessment of the significance of changes in air pollutant concentrations
obtained for the considered variants of road traffic organization as a result of atmospheric
dispersion modeling.

2.6. Meteorological Data and Background of Air Pollutants

Basic meteorological data necessary for the calculation of pollutant emissions and
modeling of their dispersion in the air were adopted based on the measurement results
for 2017 captured from the meteorological station belonging to AGH University [78], lo-
cated at a height of approximately 20 m above ground level (on the roof of a four-story
building) near the Krakow city center, approximately 1.5 km from the KRAS canyon
(Figure 1). The location of the meteorological station allowed for the recording of the
directions and speeds of the winds that blow above the roofs of neighboring buildings,
allowing the proper modeling of the turbulence in the street canyon caused by wind,
without taking into account conversion factors [35,79]. The measurement data from this
station were also considered representative for all other analyzed street canyons, de-
spite their greater distance from this station (depending on the canyon, approximately
4–9 km) due to the location of these canyons on a similar terrain elevation (differences not
exceeding several meters above ground level) and no other meteorological stations located
closer to guarantee the appropriate quality of the results. For example, the nearest state
meteorological station belonging to the Institute of Meteorology and Water Management
(IMGW) was located approximately 10–18 km from the individual canyons, on the outskirts
of the city, near Krakow Airport (Figure 1). However, data from this station were not used
in this study due to the fact that it was located in an open area and was characterized by
much higher average wind speeds and a different wind rose compared to the station located
at AGH University [80]. Total solar radiation included in the OSPM model in modeling the
course of photochemical reactions involving nitrogen oxides was captured from the ERA5
meteorological reanalysis provided by the European Center for Medium-Range Weather
Forecasts (ECMWF) [81].

The background of air pollution (including O3 background levels) used in the cal-
culations performed with the OSPM model was adopted according to the methodology
described in [46], using mainly 1 h measurement data for 2017 from the air quality mon-
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itoring station located on Bujaka Street in Krakow (BUJAKA urban background station)
(Figure 1). In the absence of measurement data from this station, as well as for periods
with concentrations higher than those recorded at the air quality monitoring station located
inside the KRAS street canyon (KRAS traffic station), the instantaneous background values
were determined based on the measurement data recorded at other air quality monitoring
stations in Krakow. For example, as far as the O3 background is concerned, it was deter-
mined only based on data from the BUJAKA station (due to the lack of measurements of
this substance at other stations), and the completeness of the 1 h data in 2017 exceeded 97%.

Figure 6 shows a simplified flow chart of the research methodology visualizing the
sequence of operations performed and the use of meteorological and background pollution
data. More detailed information on these data adopted for the city of Krakow in 2017 is
presented in [26].
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2.7. Background Diminution Rate

As part of the analyses, a new quantitative factor was proposed to describe the per-
centage rate of obscuring relative changes in air pollutant concentrations for the compared
variants, caused by the influence of the adopted pollution background—the so-called
Background Diminution Rate (BDR). It was calculated from the following dependence:

BDR =

[
1 − (CRTB_vX − CRTB_v0) · CRT_v0

(CRT_vX − CRT_v0) · CRTB_v0

]
·100%, (2)

where, CRTB_vX—average air concentration resulting from the impact of road transport
emissions in the street canyon and simultaneously background pollution obtained for
variant vX [µg·m−3], CRTB_v0—average air concentration resulting from the impact of
road transport emissions in the street canyon and simultaneously background pollution
obtained for variant v0 [µg·m−3], CRT_vX—average air concentration resulting from the
impact of road transport emissions in the street canyon obtained for variant vX [µg·m−3],
CRT_v0—average air concentration resulting from the impact of road transport emissions in
the street canyon obtained for variant v0 [µg·m−3].

3. Results
3.1. Volume and Speed of Vehicle Traffic Determined for the Analyzed Variants

Figure 7 shows the profiles of the average traffic volume with a 95% confidence interval
for the individual scenarios of traffic reorganization in terms of hours and days of the week.
Table S1 (Supplementary Materials) presents a summary of the total annual and average
annual values of the vehicle traffic volume forecasts for the scenarios and street canyons
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considered. The percentage rate of traffic volume reduction obtained for variants v1–v3 in
relation to the baseline variant v0 is visualized in Figure 8.
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Among the analyzed scenarios of changes in the organization of road traffic, the
highest rates of vehicle traffic volume reduction in relation to the baseline variant (v0)
were obtained for the variants in which the criterion of compliance with the Euro 4,
Euro 5 or Euro 6 emission standards were implemented. The introduction of these sce-
narios resulted in a reduction in traffic volume of approximately 45–79%, depending on
the emission standard criterion adopted (Figure 8). This was due to the large share of
older cars that did not meet the given criterion in the vehicle structure determined for
the baseline variant and the additional assumption that only 5% of the vehicles elim-
inated in this way from traffic would be replaced by the newest vehicles meeting the
Euro 6 emission standard. In the case of the scenario in which passenger cars and delivery
vans meeting the Euro 6 emission standard (the LIMA street canyon, variant v3) were
admitted to traffic, the average reduction in traffic volume was predicted at a level of ap-
proximately 78.7% compared to variant v0. However, the variants based on the elimination
of only those vehicles that did not meet the Euro 5 and 4 emission standards, respectively,
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were characterized by a reduction in traffic volume of approximately 67.5% and 44.8%.
Statistical analysis showed that these variants compared to variant v0 are statistically
significantly different at the 95% confidence intervals (Figure 7).

In the case of the remaining traffic reorganization scenarios analyzed for some street
canyons (BROD, SOLI, KRAS), the predicted reduction in traffic volume in relation to
variant v0 was achieved at a much lower level (of 3–10%). In these cases, the calculated
95% confidence intervals for the average traffic volume overlapped (Figure 7). This means
that these scenarios do not result in statistically significant changes in traffic volume.

The variability of 1 h vehicle traffic speeds for all variants of traffic organization
analyzed in the considered street canyons (average values for traffic in both directions)
is presented in Figure 9. Limitation of the average speed of vehicle traffic relative to
the baseline variant (Table 1) was provided only for the variant v1 for the BROD, SOLI
and KRAS street canyons (averaged real reductions amounted to 17.9%, 5.5% and 17.9%,
respectively) and for variant v2 for the SOLI canyon (reduction of 17.5%) (Table S2). The
introduction of emission reduction scenarios also affects vehicle speed profiles. As a
rule, a decrease in traffic intensity results in an increase in the speed of moving vehicles
(Figures 7–9). Variant v2 for SOLI is an exception (Figure 9b), because this scenario takes
into account the planned introduction of a speed limit from 70 km·h−1 to 50 km·h−1.
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3.2. Changes in Air Pollutant Emissions in Street Canyons

The summary of the average emission factors of the air pollutants analyzed estimated
for individual street canyons and variants is included in Table 3. Absolute and percentage
changes of these emissions captured for variants v1–v3 compared to variant v0 (baseline)
are presented in Figure 10 and Figure S2, respectively.

Table 3. Averaged annual emission factors of the analyzed pollutants calculated for individual
canyons and variants.

Street
Canyon Variant

Air Pollutant Emission Factors [g·km−1·h−1]

NO NO2 NOx (as NO2) PM10 PM2.5

BROD

v0 117.2 30.2 209.8 48.7 23.7
v1 111.8 29.3 200.7 44.1 21.6
v2 52.5 21.3 101.8 26.3 12.4
v3 42.2 11.2 75.9 15.3 7.0

SOLI

v0 259.2 54.9 452.3 79.6 39.4
v1 257.1 54.7 448.9 77.5 38.5
v2 253.7 54.2 443.3 72.9 36.5
v3 164.5 41.2 293.5 44.8 22.2

LIMA

v0 522.5 126.2 927.3 126.5 68.2
v1 251.2 90.1 475.3 67.5 34.9
v2 209.7 50.0 371.6 39.8 20.2
v3 179.7 29.3 304.9 28.0 14.8

KRAS

v0 1333.6 334.9 2379.7 349.4 185.3
v1 1367.2 344.9 2441.3 336.8 180.3
v2 648.5 239.4 1233.8 188.4 96.7
v3 537.5 131.5 955.7 110.8 55.6
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The data presented show that the calculated average annual pollutant emission rates
(Table 3) are most frequently directly proportional to the volume of vehicle traffic sum-
marized for individual variants in Tables 1 and 3. However, for the KRAS canyon and
variant v1, due to the introduced speed limit, from 70 km·h−1 to 50 km·h−1 (resulting in a
reduction of the actual average daily vehicle traffic speed from 39.3 km·h−1 to 24.6 km·h−1),
the NOx emission increased by approximately 3% compared to variant v0, despite a certain
decrease in the predicted vehicle traffic volume (by approximately 5%). The greatest emis-
sion reduction (Figures 10 and S2–S4) was observed for variants based on the assumption
that only passenger cars and light commercial vehicles meeting at least the Euro 4, Euro
5 or Euro 6 emission standards were admitted to traffic. Depending on the street canyon,
the air emission reductions of all the substances analyzed were approximately 25–55%,
60–70% and 65–78% for the traffic management scenarios related to the emission standards
of Euro 4, Euro 5 and Euro 6, respectively. The values of average differences obtained
with 95% confidence intervals (Figure 10) indicate that changes in emission factors for the
above-mentioned scenarios are statistically significant.

In the case of scenarios based on the exclusion from traffic of passenger cars and
delivery vans that did not meet the Euro 4, Euro 5 or Euro 6 emission standards, the
emission reduction was obtained at a level of approximately 36–66% for NO, 28–77% for
NO2, 35–67% for NOx and 44–78% for both PM10 and PM2.5 (compared to variant v0).
The percentage reduction in NO2 emissions was observed at a level of 32–47% less than
the percentage reduction in NO emissions for the variant in which vehicles that did not
meet the Euro 4 emission standard (BROD-v2, SOLI-v3, LIMA-v1, and KRAS-v2) were
banned from traffic. For variants in which vehicles that did not meet the Euro 5 emission
standard (BROD-v3, LIMA-v2, and KRAS-v3) were banned from traffic, similar reductions
in NO and NO2 emissions were noted. In the case of the variant in which only vehicles
meeting the Euro 6 emission standard were allowed into traffic (LIMA-v3), there was a
smaller reduction in NO emissions compared to NO2 emissions. These changes were due
to differences in individual emission factors assigned to individual groups of vehicles that
meet a specific Euro emission standard.

3.3. Results of Modeling Pollutant Concentrations in the Air
3.3.1. Assessment of the Accuracy of the OSPM Model

Table 4 presents a summary of the statistical parameters of the OSPM model evaluation
performed for the KRAS street canyon.

Table 4. OSPM model validation results obtained for the KRAS street canyon (variant v0).

Air Pollutant MB NMB MAE NME FAC2 r IOA

NO2 −14.18 −0.23 15.44 0.25 0.95 0.85 0.62
NOx −26.51 −0.13 57.85 0.29 0.90 0.81 0.70
PM10 −5.83 −0.10 12.05 0.22 0.95 0.94 0.83
PM2.5 −6.56 −0.16 9.10 0.22 0.93 0.96 0.84

The obtained mean bias (MB) and normalized mean bias (NMB) values indicated
a bias of the OSPM model. The modeling results were at a lower level when compared
to the measured values (by approximately 23% for NO2 and approximately 10–16% for
NOx, PM10 and PM2.5). The mean absolute error (MAE) and normalized mean error
(NME) values provided information on the absolute deviation of the results from the mean
value. The absolute deviation values determined ranged from 22% to 29% compared
to the mean values of the observed concentrations. The FAC2 values indicated that at
least 90% of the modeling results obtained fell within the range of double overestimation
or underestimation of the measured concentration values. It should be noted that the
values obtained of the Pearson’s correlation coefficient (r > 0.8) and the index of agreement
(IOA > 0.6) confirmed the appropriate quality of the model used. However, it should be
noted that the modeling results were underestimated. The methodology to determine the
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background of air pollutants (especially with regard to PM10 and PM2.5) was considered
the main reason for the discrepancy between the modeled and observed values, due to the
fact that the background level in this case was strongly determined by the seasonal and
daily variability of the emissions from the municipal sector [5,27].

3.3.2. Predicted Changes in Air Pollutant Concentrations in the Analyzed Street Canyons

The annual average air concentrations of pollutants analyzed for individual street
canyons and variants from the OSPM model are presented in Table 5. It contains the
results of calculations of air pollutant concentrations reflecting only the impact of pollu-
tant emissions from road transport within a given canyon (without taking into account
background pollution) and the effect of this emission against the adopted background
level (the same for all variants). The absolute changes in pollutant concentrations in the
air for the latter case in variants v1, v2 and v3 compared to variant v0 are demonstrated
in Figure 11. Furthermore, the Supplementary Materials present the results discussed
above in percentage form (Figure S5) and as daily and weekly profiles (Figures S5 and S7).
They visualize the predicted initial effects of implementing individual variants, taking into
account the pollution background.

Table 5. Modeling results of annually averaged air pollutant concentrations in individual street
canyons for the variants considered without and with the background pollution level (mean values
at the extreme points of the calculation section).

Street
Canyon Variant Background Status

Pollutant Concentrations in the Air [µg·m−3]

NO NO2
NOx

(as NO2) PM10 PM2.5

BROD

v0 no 117.2 30.2 209.8 48.7 23.7
v1 yes 111.8 29.3 200.7 44.1 21.6
v2 no 52.5 21.3 101.8 26.3 12.4
v3 yes 42.2 11.2 75.9 15.3 7.0

SOLI

v0 no 259.2 54.9 452.3 79.6 39.4
v1 yes 257.1 54.7 448.9 77.5 38.5
v2 no 253.7 54.2 443.3 72.9 36.5
v3 yes 164.5 41.2 293.5 44.8 22.2

LIMA

v0 no 522.5 126.2 927.3 126.5 68.2
v1 yes 251.2 90.1 475.3 67.5 34.9
v2 no 209.7 50.0 371.6 39.8 20.2
v3 yes 179.7 29.3 304.9 28.0 14.8

KRAS

v0 no 1333.6 334.9 2379.7 349.4 185.3
v1 yes 1367.2 344.9 2441.3 336.8 180.3
v2 no 648.5 239.4 1233.8 188.4 96.7
v3 yes 537.5 131.5 955.7 110.8 55.6

Mean background level 22.4 30.8 64.6 38.6 27.3

Similarly, as was the case with changes in the volume of pollutant emissions, the
greatest predicted effects of reducing the average annual concentrations in the air were
obtained for variants in which passenger cars and delivery vans that did not meet a given
Euro standard were banned from traffic. For example, depending on the street canyon, the
expected reductions in the average annual concentrations of NO, NO2, NOx, PM10 and
PM2.5 in the air (compared to variant v0, taking into account the background pollution) were
defined at levels of approximately 16–33%, 5–9%, 11–26%, 4–9% and 3–8%, respectively,
for the variants based on the Euro 4 (BROD-v2, SOLI-v3, LIMA-v1 and KRAS-v2), and
approximately 23–40%, 7–12%, 16–32%, 6–14% and 4–12% for the variants based on the
Euro 5 (BROD-v3, LIMA-v2 and KRAS-v3) emission standards. However, in the case of
the variant in which only vehicles meeting the Euro 6 emission standard (LIMA-v3) were
admitted to traffic, these reductions reached the levels of 44.5%, 13.7%, 35.8%, 14.5% and
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12.6%, respectively (Figure S5). They reflected the potential improvement of air quality in
terms of the substances compared to variant v0.
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For some variants that only involve the limitation of the capacity of a given road
section, that is, the narrowed street section (SOLI-v1) or the reduction of the current
permissible speed (BROD-v1, SOLI-v2), the expected effect of reducing the mean annual
concentrations in the air of the pollutants analyzed is very low (below 1 µg·m−3) or even
deterioration of air quality may occur (SOLI-v1, SOLI-v2, KRAS-v1), especially regarding
NOx (Table 5). The highest absolute increase in the mean annual concentration of NOx
in the air compared to the baseline variant (by approximately 9 µg·m−3 converted to
NO2) was obtained in the case of the KRAS street canyon for variant v1, associated with
a reduction in the average vehicle speed by several km·h−1 (Figure 9, Table S2) and an
increase in NOx engine emissions (Table 3).

Figure 12 presents the average contribution of pollutant emissions from road transport
in the street canyons analyzed in shaping air quality in a given canyon and variant, obtained
from modeling using the OSPM model. This contribution is definitely higher in the case of
NOx and lower in the case of PM10 and PM2.5, and also depends on the amount of traffic in
a given canyon. The pollution background that obscures the possible relative improvement
of air quality in the canyon resulting from the implementation of the analyzed variants of
traffic reorganization is approximately constant for a given canyon and substances (Table 5,
Figure 13). However, the lower the background level is of a given substance compared
to its concentration in the air, which is only the result of emissions from road transport
occurring in the analyzed street canyon, the smaller its effect (Figure 12).

The average values of the background diminution rate (BDR) of the relative changes
in air concentrations of NO, NO2, NOx, PM10 and PM2.5 in the street canyons with lower
traffic (BROD, SOLI) were estimated at the levels of approximately 60%, 80%, 68%, 91% and
93%, respectively (Figure 13). Analogous mean BDR values for the relative changes in the
concentrations of these pollutants in the air in the street canyons with heavier traffic (LIMA,
KRAS) were obtained at the following levels: 28%, 66%, 39%, 79% and 82%, respectively.
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This means that the pollution background has a large impact on obscuring the effects of
improving air quality obtained as a result of reducing traffic-related emissions. This impact
is greater when the background level of a given substance is higher and its emission from
a given road section is lower. The differences obtained in this respect for the analyzed
substances and street canyons indicate that local actions aimed at reducing emissions from
road transport should be more visible in terms of lowering air concentrations of pollutants
such as NO and NO2 (NOx) than PM10 or PM2.5.
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4. Discussion

Changes in vehicle traffic volume and their average speeds implied for variants v1–v3
compared to variant v0 (Figures 7–9, Tables S1 and S2) result from the assumptions made for
individual scenarios of changes in traffic organization in a given street canyon (Section 2.3).
They translate into changes in the volume of air pollutant emissions from road transport
estimated for the canyon and variant analyzed (Table 3, Figures 10 and S2–S4) as well as
their concentrations in the air in the canyon (Table 5, Figures 11 and S5–S7). The scope of
these changes depends on the degree of interference of a given scenario into the emission
sources considered (i.e., in this case, the number and type of vehicles driving through the
analyzed street canyon in the analyzed period) and the average traffic speeds (and the
average time of vehicles travelling through the analyzed road section).
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The fact that vehicles that did not meet the emission standard adopted in a given
calculation variant were not allowed in traffic obviously changed the original structure
of vehicles driving in the analyzed canyons and thus changed the amount of pollutants
emitted from vehicles, which affected the level of their concentrations in the air in the
canyon. Scenarios appropriate for these cases usually resulted in a statistically significant
reduction in pollutant concentration levels compared to variant v0, corresponding to real
conditions (Figures 11, S6 and S7). On the other hand, the scenarios based on keeping the
basic traffic structure and resulting only in a slight reduction in the average traffic volume
and/or speed (due to narrowing the street cross section or limiting the speed limit) did not
result in significant changes in the emissions of pollutants into the air or in a noticeable
improvement in the air quality in the canyon compared to the baseline variant. Due to the
insufficient effect of lowering air pollutant concentration (if any, it was 1% at most), these
measures should therefore be considered ineffective and, in cases resulting in an increase
in pollutant emissions, as not recommended.

The reduction in the traffic speed, where it was relatively high in the baseline variant,
resulted in an increase in NOx engine emissions in 24 h (KRAS-v2) or at selected hours of
the day (KRAS-v1, SOLI-v1, SOLI-v2) (Table 3, Figures S3 and S4). Changes in the average
speed of vehicles throughout the day, and especially during peak hours, translated in these
cases into changes in the values of the primary NOx emission factors calculated using
the COPERT model [62] and an increase in these emission factors compared to variant v0.
The results of the estimate of emission factors were also affected by the calculation modes
“Urban Peak” and “Urban Peak Off” included in the COPERT methodology, which made it
possible to indirectly consider traffic congestion on roads depending on traffic speed [82].
For example, for the KRAS canyon, due to heavy traffic, the calculations in the “Urban
Peak” mode were carried out from 6:00 a.m. to 9:00 p.m. A significant increase in NOx
emissions for variant v1 between, e.g., 7:00 a.m. and 9:00 a.m. (with an assumed mean
vehicle speed of 21.2 km·h−1) compared to variant v0 (for which the average traffic speed
during these hours was 25.9 km·h−1) allowed for the conclusion that variant v0 was better
in this respect. Thus, to reduce NOx emissions, it is important that, during peak hours, the
capacity of the road is maintained at a level sufficient to keep traffic flowing.

The research carried out confirms the rather moderate effects of the introduction of
low-emission zones observed in terms of improving air quality in the centers of large
cities [20,24,25,30,83–87]. Should the introduction of a low-emission zone not reduce the
traffic volume, the concentrations of NO2, NOx, PM10 and PM2.5 in the air are usually
reduced by a few to several percent compared to the reference year. The reduction of air
pollutant concentrations by more than 20% was observed rarely, and only when more
stringent rules were introduced for entering a given zone or, as was the case during the
lockdowns caused by the COVID-19 pandemic, as a result of drastic limitation of human
activity and decreased need to travel [88–95]. This is also reflected in the previous modeling
results of the potential effects of implementing various traffic reorganization scenarios
or low-emission zones carried out for Ghent [38], Montreal [39], Belgrade [40], Riga [41],
Krakow [26], Warsaw [96] and Paris [30] using the OSPM or the CALPUFF (Warsaw) and
the AIRPARIF (Paris) models. Only a significant reduction in NOx and particulate matter
emissions from road transport (by at least 20%) brings a noticeable improvement in air
quality, although, as in this study, the estimated effect of reducing pollutant emissions does
not translate into an analogous effect of reducing their concentrations in the air, which
is usually much lower. This is due to the fact that the air quality in the street canyons is
largely influenced by other emission sources that form the pollution background.

In 2017, which was adopted as a reference point in this research study (the baseline
variant), in Krakow, there was a relatively high background of the air pollutants analyzed,
reaching approximately 22, 31, 65, 39 and 27 µg·m−3 for NO, NO2, NOx, PM10 and PM2.5,
respectively. This translated into a significant reduction in the relative changes in the
concentrations of pollutants in the air in street canyons that occurred as a result of changes
in their emission levels within a given canyon, implied in individual traffic reorganization
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scenarios (Figure 12). The greatest reduction (70–90%) was observed for canyons with
low vehicle traffic, for which the contribution of road transport emissions in shaping air
quality in the canyon was much lower compared to the background of the pollutants
analyzed. On the other hand, for the KRAS street canyon with heavy traffic (approximately
25 million vehicles per year), where air quality was primarily determined by transport
emissions [45,97–101], a huge reduction of vehicle flow and other changes affecting the
reduction of air pollutant emissions brought more noticeable effects in terms of air quality
improvement (Table 5, Figures 11 and S5). This was also confirmed by the research results
obtained for the 29-Listopada Av. street canyon in Krakow with high traffic intensity
(approximately 19.5 million vehicles per year), where, for the traffic reorganization scenario
involving only vehicles meeting the Euro 4 emission standard being admitted to traffic, the
expected reductions in the air concentrations of NO2, NOx, PM10 and PM2.5 reached 3.3,
46.3, 4.7 and 2.9 µg·m−3, respectively, that is, approximately 7%, 24%, 9% and 8% compared
to the baseline variant, having taken the pollution background into account [26].

Background pollution may reduce or increase pollutant concentrations in the air
resulting from the interference of local emission sources depending on the prevailing mete-
orological conditions (wind speed and direction, height of the mixed layer) and whether the
instantaneous background level is lower (the effect of dilution and ventilation) or greater
(the effect of concentration and accumulation of pollutants) compared to concentration
values resulting from emissions only from local sources [102–105]. In street canyons, addi-
tional vortices of air that flow in from outside the canyon can be formed; therefore, in the
case of modeling this type of circulation effect, the location of the canyon in relation to the
instantaneous or dominant (in long-term analyses) wind direction is important, as well as
the building layout and configurations of the roof and walls [35,37,79,106–109]. As Krakow
is dominated by winds from the west, south-west, east and north-east directions, resulting,
e.g., from the city’s location in the Vistula River valley [110], the KRAS street canyon
orientated transversely to these directions is the least ventilated and most susceptible to
the formation of air vortices inside the canyon. These turbulences intensify the process of
mixing air and exhaust gases as well as the resuspension of road dust. The average annual
contribution of traffic-related particles in total PM10 and PM2.5 air concentrations in the
KRAS canyon in the base variant was 22% and 19%, respectively (Figure 12), that is, at a
level similar to the result obtained for the 29-Listopada Av. street canyon in Krakow [26],
also located transversely to the dominant wind directions. Due to the reduction in primary
and secondary dust emissions implied for variants v1–v3, the contribution of these sources
to total PM10 and PM2.5 concentrations in the air for the analyzed canyon obtained as a
result of modeling decreased proportionally to reduction in their emissions.

It should also be noted that the results of the modeling of PM10 and PM2.5 air con-
centrations are also determined in this case by the hourly variability of the background of
these pollutants obtained from the air quality monitoring stations and originating from
all emission sources that affect the measurement results. Thus, particles formed as a re-
sult of chemical transformations of gaseous precursors could also be included with this
background pollution. The results of studies carried out using dispersion models taking
into account secondary chemical reactions that occur in street canyons or evaluating the
origin of fine particulate matter in urban air indicate that gaseous pollutants emitted from
road traffic and other sources are important precursors for the formation of secondary
inorganic and organic aerosols in the air near the streets [111–113]. Therefore, the reduction
of secondary aerosol precursor emissions should contribute to a further reduction in the
background of fine particulate matter in urban air, and thus, to its global background as
well, due to the large impact of anthropogenic emission sources located in urban areas on
the level of aerosols in the atmosphere [114].

The results of the OSPM model validation carried out for 2017 in the KRAS street
canyon (Table 4) were at a level similar to the known results of the air quality model
evaluation for street canyons [70,115,116], including the results of the evaluation carried
out for the same canyon, but earlier [45,46]. In the literature, there are also cases of even
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higher accuracy of the predicted results [117–119], but they were based on the results of
24 h, not 1 h forecasts. The results of the model evaluation indicated that the modeling
uncertainty was approximately 22–29% in relation to the observed average. On the other
hand, the obtained percentage levels of reduction in air concentration values for some
variants were within the range of this uncertainty. This means that, in these cases, the
accuracy of the air quality modeling techniques used is not adequate to achieve the assumed
objectives. Therefore, the studies cannot determine whether the scenarios characterized
by a low level of reduction of traffic-related emissions and pollutant concentrations in the
air will actually contribute to improving air quality in the street canyons analyzed. The
previous experience of many urban agglomerations shows that the introduction of low
emission zones in the initial period of their existence results in a reduction in NO2, PM10
and PM2.5 air concentrations from 0.5 to 7%, and reduction effects of more than 10% were
sometimes observed only for NOx [25,29,83–85,87]. Given the multitude of factors that
determine air quality, it may not be possible to determine actual changes by a few percent
using emission estimation and concentration modeling techniques.

In recent years, a gradual improvement in air quality in Krakow has been observed [120],
related, e.g., to the implementation of mechanisms promoting thermal modernization
of buildings, the use of more environmentally friendly heating sources, and the ban on
burning solid fuels in domestic stoves and low-power boilers within the city administrative
boundaries that came into force on 1 September 2019 [54,121]. Consequently, reductions in
emissions from road transport, especially for NOx and particulate matter, will become more
important. For the effect of improved air quality to be visible not only in street canyons
but also in a large area of the city, such activities should be introduced on a larger scale. In
practice, this comes down to the establishment of low- or zero-emission zones, similar to
those that exist in many other European cities. In Poland, these have so far been limited
only to selected streets completely closed to traffic or to the oldest parts of cities with
admissible entry only for eligible vehicles. Assuming the introduction of a low-emission
zone in Krakow, one can expect both a reduction in the background level of individual
air pollutants and a greater relative effect of reducing their concentrations in the air in the
street canyons themselves.

The spontaneous replacement of the old vehicle fleet resulting from the purchase of
new cars in Poland is quite slow, and the highly-developed used vehicle market, which
is in high demand, does not allow for the quick elimination of old cars from Polish
roads [122–124]. The recently observed large increase in the popularity of electric ve-
hicles [125–127] and the development of hydrogen propulsion [128] provide a great oppor-
tunity to accelerate this trend. The introduction of low- or zero-emission zones in Polish
cities may, therefore, actually bring about not only a significant change in the structure of
vehicles driving in these zones, but also a significant reduction in the number of cars with
traditional combustion engines.

Therefore, traffic management change strategies based on admitting only vehicles
that meet a specific exhaust emission standard to traffic can soon lead to an effective ban
on driving in these zones for a large volume of cars with internal combustion engines
and, most importantly, old vehicles, in the case where their use has a large effect on
the amount of pollutant emissions [129]. The reduction in traffic volume and exhaust
emissions adopted in this paper for some traffic reorganization scenarios may actually be
associated with a significant reduction in the number of vehicles equipped with this type
of engine. Together with the progressive elimination of this type of vehicle from traffic,
the contribution of non-exhaust emissions to the total balance of pollutant emissions from
road transport will increase, and actions focusing on minimizing this emission will become
increasingly important [9,10,16,17,130–132]. This is of particular importance in the case
of the balance of primary and secondary particulate emissions related to road traffic and
their impact on the levels of PM10 and PM2.5 in the air. In the case of nitrogen oxides,
any significant reduction in their engine emissions, including large-scale replacement of
internal combustion vehicles with a battery-electric fleet, should have more noticeable and
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immediate effects on improving air quality within street canyons and near roads [133–135].
On the other hand, an excessive reduction in NOx emissions with unchanged emissions of
volatile organic compounds (VOCs) can lead to an increase in O3 concentrations in urban
areas under the VOCs-limited regime on ozone formation (due to a lowered titration of O3
by NO) [136–139]. From this point of view, in parallel with the reduction of NOx emissions
from road transport, appropriate strategies should also be implemented to control the
emission of VOCs from local sources, and in urban areas in particular, as part of greening
and re-naturing programs, low-VOCs-emitting tree species should be used [140].

5. Conclusions

The conducted research presents the degree of difficulty in the implementation of the
task aimed at improving air quality in street canyons as far as the two most severe groups
of pollutants are concerned, NOx (NO and NO2) and particulate matter (PM10 and PM2.5),
especially when there is a relatively high background of these pollutants, characteristic of
cities such as Krakow. Four street canyons that vary in traffic volume and two groups of
traffic reorganization scenarios were analyzed, for which, clear differences were obtained
with respect to the emission levels of the pollutants considered and their concentrations in
the air.

A significant reduction in street canyon air concentrations of NO (about 15–44%) and
NO2 (about 5–14%), as well as PM10 (about 4–14%) and PM2.5 (about 3–13%), compared
to the adopted base year, was possible only in the scenarios in which there had been
a considerable reduction in the traffic volume of cars with combustion engines driving
through a given canyon and the elimination of old vehicles from traffic (only vehicles that
met the Euro 4–6 emission standards were admitted). The maximum effects of reducing air
pollutant concentrations were possible when only vehicles meeting the Euro 6 emission
standard were admitted to traffic, with the additional assumption of the limited possibility
of replacing banned cars with new combustion vehicles. This type of additional restriction
appears to be realistic in light of the observed trend of replacing vehicles with traditional
combustion engines with electric vehicles, and ultimately, with hydrogen ones as well.

Among the scenarios considered for changes in car traffic organization, variants aimed
at calming traffic in a given street canyon seemed to be a promising solution. For example,
the reduced capacity of a given road section may encourage the more widespread use of
public transport or bicycles and electric scooters (which can move along bicycle paths) or
transfer car traffic to other city zones. Nevertheless, simulations carried out with the use
of the Krakow Traffic Model in such cases did not exhibit a significant reduction in the
stream of motor vehicles. Therefore, the estimated changes in air pollutants emission were
usually small and rarely brought about the desired effects. Great caution should also be
exercised in the cases of changes in the speed limits, and a detailed assessment should be
made of whether this will result in a decrease or increase in the emissions of individual
air pollutants.

The impact of changes in traffic organization on air quality can be obscured by back-
ground pollution resulting from other emission sources to an extent, depending on the
background level and the contribution of road transport emissions to the overall air pol-
lution in a given canyon. In low-traffic street canyons (1–4 million vehicles per year), the
average background reduction in relative changes in air concentrations can exceed 70% for
NO2 and 90% for PM10 and PM2.5, especially with a high background of these pollutants
(close to or exceeding the permissible annual average level). The effects of implement-
ing traffic reorganization scenarios (improving air quality) should be much more visible
in street canyons with much higher traffic (e.g., 10–25 million vehicles per year), where
the initial contribution of NOx and fine dust emissions from road transport (before their
limitation) in shaping air quality may exceed 60% and 20%, respectively.

The results obtained for the model accuracy assessment (22–29%) and the concentration
reductions for individual variants are convergent. This means that it is impossible to
determine the reliable effects of air quality improvement using emission estimation and
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air quality modeling methods. To observe these effects, it is advisable to use air quality
monitoring data and maintain air quality monitoring stations at individual locations before
and after the implementation of a given air quality improvement measure. Further research
is recommended in the field of optimizing the methods of reducing the impact of traffic-
related pollutants on air quality (and consequently, on human health), as well as in the field
of increasing the accuracy of the modeling methods used for this purpose.

Supplementary Materials: The following supporting information can be downloaded at:
https://www.mdpi.com/article/10.3390/app13116431/s1, Figure S1: Detailed data on vehicles
registered in the city of Krakow and other counties of the Malopolska Province in the analyzed period;
Table S1: Comparison of the total annual (y), daily average (d) and hourly average (h) traffic volumes
of vehicles predicted for individual street canyons and variants. Daily average and hourly average
values are estimated, rounded to the full number of vehicles; Table S2: Average vehicle speeds
determined for individual street canyons and variants; Figure S2: The matrix of percentage changes in
the mean annual emission factors of the analyzed pollutants from individual street canyons obtained
for variants v1, v2 and v3 compared to variant v0; Figure S3: Daily variability of differences in the
average 1-h emissions of pollutants into the air from the analyzed canyons obtained for variants v1,
v2 and v3 in relation to variant v0 (with 95% confidence intervals); Figure S4: The annual variability
of differences in the average monthly emissions of pollutants to the air from the analyzed canyons
obtained for variants v1, v2 and v3 in relation to variant v0 (with 95% confidence intervals); Figure S5:
The matrix of percentage changes in the mean annual concentrations of the analyzed air pollutants
in individual street canyons obtained for variants v1, v2 and v3 compared to variant v0 (including
background pollution); Figure S6: Daily variability of absolute differences in the mean 1-h pollutant
concentrations in the air in the analyzed canyons obtained for variants v1, v2 and v3 in relation to
variant v0 (with 95% confidence intervals); Figure S7: The annual variability of absolute differences
in the mean 1-h pollutant concentrations in the air in the analyzed canyons obtained for variants v1,
v2 and v3 in relation to variant v0 (with 95% confidence intervals).

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

Funding: The work was carried out as part of research associated with the Ministry of Science and
Higher Education subsidy to maintain scientific potential (Contract no. 16.16.150.545). This article
also uses the results of research studies carried out as part of a research project financed by the
Municipality of Krakow (Contract No. 25.25.150.571).

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: The additional data presented in this study are available in Supple-
mentary Materials. Other data sharing is not applicable to this article.

Acknowledgments: The authors would like to take this opportunity to express great thanks to Marian
Mazur and employees of the Department of Municipal Services and Climate in the Municipality of
Krakow City for help in the implementation of the research. The authors also express their gratitude
to the following institutions that make publicly available the measurement data used in the research:
the Chief Inspectorate of Environmental Protection (GIOŚ) in Warsaw, the Institute of Meteorology
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Abbreviations

AIRPARIF Air quality observatory in the Paris region
BROD Brodowicza Street
BUJAKA Bujaka Street
CALPUFF California Puff-Advection Model
COPERT EU standard vehicle emissions calculator
CORINAIR Core Inventory of Air Emissions of European Environment Agency
ECMWF European Center for Medium-Range Weather Forecasts
ERA5 The fifth generation of ECMWF reanalysis
FAC2 Fraction of predictions within a factor of two
IOA Index of agreement
KRAS Krasińskiego Avenue
LIMA Limanowskiego Street
MAE Mean absolute error
MB Mean bias
NMB Normalized mean bias
NME Normalized mean error
OSPM Operational Street Pollution Model
RMSE Root mean square error
SOLI Solidarności Avenue
U.S. EPA United States Environmental Protection Agency
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123. Zielińska, E. Rynek dystrybucji nowych aut osobowych w salonach samochodowych w Polsce. Autobusy 2019, 12, 241–244.
[CrossRef]

124. Stryjakiewicz, T.; Kołsut, B.; Doszczeczko, B.; Dyba, W.; Kisiała, W.; Kudłak, R.; Wojtyra, B. Przegląd ekonomiczno-przestrzennych
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