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Abstract: Urban agglomerations close to road infrastructure are particularly exposed to harmful
exhaust emissions from motor vehicles and this problem is exacerbated at road intersections. Round-
abouts are one of the most popular intersection designs in recent years, making traffic flow smoother
and safer, but especially at peak times they are subject to numerous stop-and-go operations by
vehicles, which increase the dispersion of emissions with high particulate matter rates. The study
focused on a specific area of the city of Rzeszow in Poland. This country is characterized by the
current composition of vehicle fleets connected to combustion engine vehicles. The measurement
of the concentration of particulate matter (PM2.5 and PM10) by means of a preliminary survey
campaign in the vicinity of the intersection made it possible to assess the impact of vehicle traffic on
the dispersion of pollutants in the air. The present report presents some strategies to be implemented
in the examined area considering a comparison of current and project scenarios characterized both
by a modification of the road geometry (through the introduction of a turbo roundabout) and the
composition of the vehicular flow with the forthcoming diffusion of electric vehicles. The study
presents an exemplified methodology for comparing scenarios aimed at optimizing strategic choices
for the local administration and also shows the benefits of an increased electric fleet. By processing
the data with specific tools and comparing the scenarios, it was found that a conversion of 25% of
the motor vehicles to electric vehicles in the current fleet has reduced the concentration of PM10
by about 30% along the ring road, has led to a significant reduction in the length of particulate
concentration of the motorway, and it has also led to a significant reduction in the length of the
particulate concentration for the access roads to the intersection.

Keywords: vehicle emission; concentration PM10; roundabouts; exhaust emission; electric vehicles;
passenger cars

1. Introduction

Currently, most of the methods and discussions on reducing emissions from motor
vehicles are focused on research related to: the search for alternative fuels [1], catalytic
systems [2], and type approval procedures related to the cold start [3,4], vehicle character-
istics [5] and operating conditions [6–9]. This is undoubtedly a limited approach to the
existing problem of air pollutant emissions.

Air quality in Polish cities is among the poorest in the EU. In 2017, Poland ranked
penultimate among the EU-28 countries, exceeding the particulate matter (PM2.5) concen-
tration limit of 20 µg/m3. Although the main cause of poor air quality is a large number
of small home heating units that burn coal, wood, or waste appliances, motor vehicles
also contribute significantly to pollution. The country has one of the oldest vehicle fleets
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in Europe. In order to meet EU carbon dioxide (CO2) emission targets, improve local air
quality, and boost the economy, the Polish government is committed to promoting the
electrification of its vehicle fleet. The present work focuses on the problem related to the
emissions generated by vehicular traffic with particular reference to an area of the city of
Rzeszow in Poland [10,11].

In particular this work is a proposal for an analysis of the emission problem and, as a
consequence, gas concentration for the areas of roundabouts. The proposed approach deter-
mines not only the estimation of the emissions from vehicles, but extends it to the analysis
of the solution of the intersection itself, the traffic conditions of vehicles and, consequently,
the concentration of harmful gases in the surrounding area. The issue of exhaust emissions
is all the more important because it leads to climate change, which makes it, at present, the
second most important problem faced by the global community [12–14]. The greenhouse
effect is a natural process that plays a key role in shaping the planet’s climate, while human
activity through, for example, burning fossil fuels accelerates this process. This causes
an unnaturally rapid accumulation of greenhouse gases in the atmosphere [15,16]. The
main greenhouse gases emitted by human activities are carbon dioxide, methane, nitric
oxide, hydrofluorocarbons, perfluorocarbons, and sulfur hexafluoride [17–19]. Apart from
greenhouse gases, emissions of particulate matter, especially those with the dimensions
PM2.5 and 10 [20–22], are extremely dangerous to health and the environment.

Due to the fact that the permissible emission limits of pollutants with regard to air
quality standards are increasingly often exceeded, there is a need to develop new models
for assessing emissions from road transport to properly estimate the impact of vehicle traffic
on the overall emission of harmful exhaust components. In order to estimate the impact of,
for example, intelligent traffic control systems, dynamic speed limits or various types of
intersections (roundabouts) on pollutant emissions, the calculations should be sufficiently
sensitive to the characteristics of vehicle traffic under real operating conditions [23–25].

One of the crucial points where the greatest accumulation of vehicle traffic occurs
in cities are intersections. In recent years, there has been a significant increase in the
construction of roundabouts. The advantage of using this type of road solution is the
increase in road traffic safety compared to other types of intersections [26–29].

Considering the entrance and exit areas of the roundabouts, stop-and-go maneuvers
generated by acceleration and deceleration are prevalent, and the speed remains mostly
constant along the circulatory carriageway.

The congestion conditions at the roundabout inlets generally result in time loss, long
queues and changes in vehicle speed cycles. The occurrence of these phenomena has a large
impact on the air quality in the surrounding area around the roundabouts. The comparison
was made through modeling on micro simulation software and then through the use of a
tool dedicated to the evaluation of pollutant emissions from vehicular traffic.

According to the above issues, the authors conducted research on the measurement of
actual PM10 concentrations in the area of the chosen roundabout, as well as conducting
simulation study research. The conducted analyses were divided into two parts. In
the first part, the actual measurement of PM10 concentration for the analyzed area of
the two-lane roundabout was undertaken and the obtained results were related to the
VERSIT + simulation model. The VERSIT+ is an emission model which based on multiple
regression model where the driving cycle of a given vehicle is a variable [30]. The actual
measurements also concerned the PM2.5. All the emission results obtained were compared
both to the Polish air quality index and the European Common Air Quality Index (CAQI).
The Polish air quality index was developed in 2012; it classifies the air quality on the
basis of 1-hour results from measurements of gas concentrations in the air [31]. The CAQI
index has been used since 2006; similar to the Polish air quality index, the results of air
quality classification can be related to their one-hour average gas concentrations [32]. The
analyses carried out in this way allowed development, on the basis of the researched
roundabout, its counterpart in the Vissim traffic microsimulation program [33]. The Vissim
software enables vehicle movement simulation based on discrete time steps; its stochastic
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microscopic model includes a Wiedemann car following psycho-physical driver behavior.
In this way, it was possible to create a PM10 concentration map for the studied area in the
VERSIT+ calculation model. The obtained results indicate in which areas there are high
concentrations of PM10, which has a negative impact on the health of passers-by and the
natural environment. In the next part of the work, the authors indicate possible examples
of solving the PM10 concentration problem for roundabout areas. The PM10 concentration
maps for an alternative turbo roundabout solution and the concept of using an increased
share of electric vehicles are presented.

The comparison also considered the possibility that the flow of vehicles will change
in the coming years, increasing the percentage of electric vehicles due to incentives and
policies on environmental sustainability, an increasing number of charging stations in the
urban context and also a growing acceptance of users to the use of electric vehicles.

There are more and more car models on the automotive market that are powered
exclusively by an electric engine. Such a solution may undoubtedly be of great importance
for use in inner city areas, where there is the highest density of vehicles, especially in the
areas of intersections.

Therefore, the conducted analyses concern the simulation of vehicle traffic, including
the 25% share of vehicles powered by an electric motor, which emit zero exhaust emissions.

The research steps are represented in the flow-chart in Figure 1.
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Figure 1. Flow chart of research.

This study is preparatory to the evaluation of different actions to be implemented by
the local administration for a reduction of environmental impacts generated by vehicular
traffic in the examined area. In particular, two different strategies were evaluated:

1. variation of the functional geometric scheme with the proposed implementation of a
turbo-roundabout.

2. evaluation of a scenario with an increase in electric vehicle traffic with the same
current geometry.

The results lay the foundations for future research steps related to an increase in
comparative scenarios for the two strategies examined.

2. Case Study Description: Basic Characteristics and Design Elements

The research started with the selection of a high-flow roundabout intersection in
Rzeszow city (Poland), characterized by about 200,000 habitants.

Rzeszow has a visibly formed zone of intercity development, with a radial-concentric
layout, with the industrial and residential districts being visibly separated. The city is
divided into 30 districts. The population density is one of the lowest among medium-sized
cities in Poland. There are many recreational and green areas within the city.
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The city of Rzeszow bears witness to practically all unfavorable effects of urban
development related to the functioning of transport. The increase in the number of vehicles
and traffic intensity contributes to road congestion and higher journey times [34].

In particular, a functioning roundabout with four arms and double lanes was selected
(Figure 2). It is located in the east part of the city and the daily traffic is about 1000 veh/h
during the peak hour 08:00–09:00 in the weekday mornings.
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The outer diameter of the roundabout is 84 m, while the dimensions of the road width
for inlets and outlets are 4.15 m, and for roads at the roundabout, 4.28 m. Main flow
direction is in the relation of north-south, when for secondary flow is west-east.

The roundabout is located next to the supermarkets, a hospital and it actually enables
vehicles to enter the city from suburban areas. This intersection is also a crossing of national
roads. Because of this, the selected roundabout was chosen for research because congestion
occurs on its access roads during rush hours, which impedes traffic in the city, causes long
traffic delays and has strong impact on the surrounding environmental conditions.

In the following paragraphs the project scenarios have been described taking into
consideration the innovative intervention on two aspects of mobility, one connected to the
geometry of the infrastructure with the hypothesis of implementing an unconventional
roundabout called turbo roundabout and development of electric vehicles and the conse-
quent change in the composition of the vehicle fleet. Table 1 summarizes the characteristics
of the compared scenarios.

Table 1. Short description of different evaluated scenarios.

Scenario Road Scheme Traffic Composition Emission Source

0 two-lane
roundabout

80% light vehicle (fuel engine); 10%
heavy vehicle; 10% buses

direct acquisition +
simulation

1 turbo
roundabout

80% light vehicle (fuel engine); 10%
heavy vehicle; 10% buses simulation

2 two-lane
roundabout

55% light vehicle (fuel engine) + 25%
e-vehicle; 10% heavy vehicle; 10% buses simulation
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The monitored area was characterized by 4 cameras and induction loop detectors
localized at the intersection and on access and exit roads of the roundabout, so the presented
data is based on real road values.

The traffic data and its composition refer to an average value obtained from 15 days
of monitoring with a peak value observed during weekdays (during the hours 08:00-09:00
in the morning).

2.1. Turbo Roundabout Scheme Proposal

A turbo roundabout is a recent development and only a few countries in Europe have
regulations that allow its implementation in urban and non-urban areas.

This scheme originates from a standard traffic circle with two lanes on the ring and
allows, thanks to its particular geometry, separating the currents that will have to travel
the ring from those that will have to make a turning maneuver.

The first turbo roundabout was built in the Netherlands in 2000 [35]. The advantages
related to this geometric scheme are related to the reduction of points of conflict and the
overall reduction of speed of travel and therefore greater safety is achieved compared
to standard two-lane traffic circles [36]. The literature shows that the turbo roundabout
geometric scheme is optimal for safety and the level of service levels (LOS) in the presence of
bus raid transit BRT [37,38] but not in some conditions with cyclist traffic components [39].

Several turbo schemes have become popular in the last decade in several European
countries such as Slovenia and in the USA as shown in the Figure 3.
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Figure 3. Example of turbo-roundabout located in Maribor-Slovenia.

For the purpose of a comparative analysis of the emissions and concentration of PM,
which arises at the current two-lane roundabout, a turbo roundabout will also be modeled
in the Vissim traffic microsimulation program (Figure 4).

One of the major differences of these solutions is the reduction of the number of
conflict points from 24 to 14, which may affect traffic flow, reduce stop and go operations
of vehicles and, consequently, decrease the PM concentration in the air.

2.2. Actual and Future E-Traffic Composition in Poland

Poland is one of the largest passenger car sales markets in Europe. Poland’s car fleet
is currently dominated by cars with combustion engines. In 2019, 71% of newly registered
cars in Poland ran on gasoline, followed by diesel cars with a 20% share. Hybrid electric
vehicles (HEVs) accounted for 7% of the fleet, and vehicles powered by liquefied petroleum
gas (LPG) and compressed natural gas (CNG) vehicles had a combined share of 1.5%. Only
a small percentage of new passenger cars were electric vehicles (0.5%), of which 0.3% were
battery electric vehicles (BEVs) and 0.2% were plug-in hybrid electric vehicles (PHEVs). In
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the first six months of 2020, new electric car registrations accounted for 1.5%, with first-time
registrations of BEVs and used BEVs [10,40].
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Although the main cause of poor air quality is a large number of small domestic
heating units that burn coal, wood, or household waste, motorized vehicles also contribute
significantly to pollution. The country has one of the oldest vehicle fleets in Europe, with
an average vehicle age of 14 years in 2018 compared to 11 years in the EU, which is partly
due to the large number of imported used vehicles.

In order to meet the EU’s carbon dioxide (CO2) emission targets, improve local air
quality and boost the economy, the Polish government is committed to promoting the
electrification of its vehicle fleet like described on Figure 5 about Poland area.
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In July 2020, the number of electric passenger cars in Poland amounted to over
13 thousand, an increase of 12 percent since May 2020. The battery electric vehicles (BEVs)
accounted for 55.4 % of the electric cars market as of July 2020 [42], as described in Figure 6.



Energies 2021, 14, 1046 7 of 21

Energies 2021, 14, 1046 7 of 21 
 

 

In July 2020, the number of electric passenger cars in Poland amounted to over 13 

thousand, an increase of 12 percent since May 2020. The battery electric vehicles (BEVs) 

accounted for 55.4 % of the electric cars market as of July 2020 [42], as described in Figure 6. 

 

Figure 6. Trend of battery electric vehicles (BEVs) and plug-in hybrid electric vehicles (PHEVs) 

during the period May 2019 to July 2020. 

The research was conducted in order to highlight some strategies for environmental 

improvement, showing the results of two project scenarios, one related to a new geome-

try and the other related to a new traffic composition in accordance with the imminent 

diffusion of electric vehicles. 

The spread of electric cars means a reduction in direct emissions. In the absence of 

combustion, in fact, electric vehicles do not emit nitrogen oxides (NOx), carbon monoxide 

(CO), particulate matter (PM10 and PM2.5), unburnt hydrocarbons and volatile organic 

compounds (essentially HC). Consequently, the spread of electric cars is certainly bene-

ficial to air quality in built-up areas and on the road network [43]. 

The project scenario (scenario 2) relating to the modification of the vehicle composi-

tion was defined through a preliminary hypothesis of 25% increase of electric vehicles 

considering that Poland is targeting one million electric vehicles by 2025. 

3. Methodology 

The research methodology was characterized by two different steps. The first part 

concerned the measurements of the actual concentration of particulate matter concentra-

tions generated from motor vehicles in the area of the two-lane roundabout. In the work, 

the CEM DT-9881M analyzer was used to measure the concentration, the specification of 

which is presented in Table 2. The device also makes it possible to take photos during the 

measurements; an exemplary photograph from the research is shown in Figure 7, which, 

in addition to the survey area, presents exemplary results of the PM concentrations. The 

CEM DT-9881M is the product of China’s CEM instruments company and has the ability 

to measure suspended particle mass concentration [44]. This device is mobile and allows 

measuring the concentrations and relate them to the air quality index. 

Table 2. Selected parameters of the CEM DT-9881M analyzer. Based on [44]. 

Mass of PM Concentration Particulate Number PN 
Measurement of Ambient Temperature 

and Relative Humidity 

Channels: PM2.5/PM10 Channels: 0.3; 0.5; 1.0; 2.5; 5.0; 10 µm Temperature measuring range: 0–50 °C 

Mass concentration range: 

0-2000 µg/m3 
Flow: 0.1 ft3 (2.83l/min) 

Relative humidity measuring range: 0–100% 

RH 

Resolution: 1µg/m3 
Counting efficiency: 50% for 0.3 µm; 100% 

for particles > 0.45 µm 
Accuracy temperature measuring: 0.5 °C 

0

2000

4000

6000

8000

10000

12000

14000

July 2019 August

2019

October

2019

December

2019

March 2020 May 2020 July 2020

n
°v

eh
ic

le
s

BEV PHEV TOTAL

Figure 6. Trend of battery electric vehicles (BEVs) and plug-in hybrid electric vehicles (PHEVs)
during the period May 2019 to July 2020.

The research was conducted in order to highlight some strategies for environmental
improvement, showing the results of two project scenarios, one related to a new geometry
and the other related to a new traffic composition in accordance with the imminent diffusion
of electric vehicles.

The spread of electric cars means a reduction in direct emissions. In the absence of
combustion, in fact, electric vehicles do not emit nitrogen oxides (NOx), carbon monoxide
(CO), particulate matter (PM10 and PM2.5), unburnt hydrocarbons and volatile organic
compounds (essentially HC). Consequently, the spread of electric cars is certainly beneficial
to air quality in built-up areas and on the road network [43].

The project scenario (scenario 2) relating to the modification of the vehicle compo-
sition was defined through a preliminary hypothesis of 25% increase of electric vehicles
considering that Poland is targeting one million electric vehicles by 2025.

3. Methodology

The research methodology was characterized by two different steps. The first part
concerned the measurements of the actual concentration of particulate matter concentra-
tions generated from motor vehicles in the area of the two-lane roundabout. In the work,
the CEM DT-9881M analyzer was used to measure the concentration, the specification of
which is presented in Table 2. The device also makes it possible to take photos during the
measurements; an exemplary photograph from the research is shown in Figure 7, which,
in addition to the survey area, presents exemplary results of the PM concentrations. The
CEM DT-9881M is the product of China’s CEM instruments company and has the ability
to measure suspended particle mass concentration [44]. This device is mobile and allows
measuring the concentrations and relate them to the air quality index.

The measurements from the CEM device were collected in November 2020 for two
consecutive days with comparable road traffic conditions.

Table 2. Selected parameters of the CEM DT-9881M analyzer. Based on [44].

Mass of PM Concentration Particulate Number PN Measurement of Ambient Temperature
and Relative Humidity

Channels: PM2.5/PM10 Channels: 0.3; 0.5; 1.0; 2.5; 5.0; 10 µm Temperature measuring range: 0–50 ◦C

Mass concentration range: 0-2000 µg/m3 Flow: 0.1 ft3 (2.83 L/min)
Relative humidity measuring range:

0–100% RH

Resolution: 1µg/m3 Counting efficiency: 50% for 0.3 µm;
100% for particles > 0.45 µm Accuracy temperature measuring: ±0.5 ◦C
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Figure 7. Photograph of sample results in the monitored area.

In Poland, air quality measurements are carried out in accordance with the Regulation
of the Minister of the Environment of August 24, 2012 on the levels of certain substances
in the air. The current air pollution measurement system in Poland is equipped with
automatic measuring stations where a given type of pollution is measured continuously
with a separate analyzer [45]. At the time when the measurements were made in accordance
with the data from the city quality of air station located 2 km from the roundabout, the
PM10 concentrations were 21 and 48.6 µg/m3, respectively. In relation to the Polish
Air Quality Index for 1-h concentrations, it indicated good air quality in relation to this
pollutant component.

The average wind speed on the studied days was respectively 3.3 m/s (east direction)
and 8.3 m/s (southeast direction).

Measurements were performed every 50 m, starting at a distance of 300 m from the
roundabout, while at each examined point 3 measurements of PM concentrations were made
(Figure 8). The CEM device detects the concentration in real time and for measurement one of
the arms of the roundabout was chosen. This inlet where the measurements were made can
be considered as a representative, because on it there is the highest volume of vehicles.
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The average background measurements of PM10 concentrations carried out 50 m from
the center of the roundabout and access roads showed the following values: 15 µg/m3
and 75 µg/m3, which classifies them into a very good and moderate air quality index,
respectively (Polish air quality index). In addition to the measurement of PM10, the value of
PM2.5 concentrations was also measured, which on the measurement days was: 6 µg/m3

and 47 µg/m3, which is equivalent to very good and moderate air quality (Polish air
quality index).

Higher values of PM10 and PM2.5 concentrations in the air relate to increased emissions
from households located in the area of the studied roundabout. The ranges of PM10 and
PM2.5 concentrations in relation to the Polish Air Quality Index are presented in Table 3.

Table 3. Polish Air Quality Index for concentrations of PM10 and PM2.5; Based on [31].

Air Quality Index PM10 [µg/m3] PM2,5 [µg/m3] Health Information

Very good 0–21 0–13 Air quality is satisfactory, air pollution is not a threat, ideal
conditions for outdoor activities.

Good 21.1–61 13.1–37

Air quality is good, conditions are good for outdoor activities,
air pollutants can pose a minimal risk to those at higher risk

(including children, the elderly, and people with heart or
respiratory diseases).

Moderate 61.1–101 37.1–61

The air quality is acceptable. Acceptable conditions for outdoor
activities, although air pollutants may pose a risk to those at

increased risk (including children, the elderly, and people with
heart or respiratory disease).

Sufficient 101.1–141 61.1–85

The air quality is sufficient, it is recommended to limit outdoor
activity, air pollution is a threat to people at high risk (including

children, the elderly and people with heart or respiratory
diseases), other people should limit staying outside, especially
when they experience symptoms such as a cough or sore throat.

Bad 141.1–201 85.1–121

The air quality is bad, outdoor activities are not recommended,
people at high risk (including children, the elderly and people
with heart or respiratory diseases should avoid being outdoors),

other people should limit their use of outdoors.

Very bad >201 >121

The air quality is very bad, all outdoor activities are
discouraged, people in the high-risk group (including children,
elderly people, and people with heart or respiratory diseases
should absolutely avoid being outside), other people should

limit staying outside to a minimum.

For comparison, Table 4 contains the concentration ranges for the European Com-
mon Air Quality Index (CAQI). The research carried out in the first part of the paper
made it possible to initially determine the amount of concentration that arises around
the roundabout.

Table 4. Common Air Quality Index (CAQI) index for PM concentration ranges for the hourly mean
values; based on [32].

Qualitative Name PM10 [µg/m3] PM2.5 [µg/m3]

Very high >180 >110
High 180–90 110–55

Medium 90–50 55–30
Low 50–25 30–15

Very low <25 <15

The research data were also used to verify the exhaust concentration model used in
the second part.

The second part of the work concerned the use of the VERSIT + computational model,
thanks to which it is possible to calculate the emission and concentration of harmful
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exhaust components on a micro scale. The calculated parameter from this model was
PM10. It would be difficult to carry out the simultaneous concentration measurement
for all roundabout inlets and outlets, as well as for the roundabout at different distances
from the road, therefore simulation models [46] are often used for this type of calculation.
To perform this type of analysis, it was necessary to create a simulation model of the
researched roundabout and to calibrate it properly.

Roundabouts, as infrastructure objects of road intersections, are a place where many
stop-start operations (acceleration, braking) take place, which contributes to the increase
in exhaust emissions [47]. Such a specific traffic condition at the intersection requires the
use of accurate and adequate exhaust emission models [48]. Simulating queues of vehicles
presents a number of challenges, such as developing a new acceleration profile for the
leader’s vehicle and determining the spacing between vehicles. In order to simulate the
emissions calculation in the VERSIT + model, it is necessary to create the roundabout
model in Vissim software beforehand.

Vissim is one of the most advanced and flexible traffic simulation software which
allows simulating the movement of vehicles on a micro scale [49–51]. The VERSIT+ emis-
sion model is a multiple regression model in which the driving cycle of a given vehicle is
a variable. This means that for emission calculation it requires obtaining speed profiles
from Vissim [52]. The model of the roundabout made in the Vissim traffic microsimulation
program was created based on a satellite image. Calibration of the model was carried out
on the basis of real data and was divided into two parts. In the first part, the acceleration
parameters and the desired speed were calibrated so that the speed profiles that occur
during the real runs coincide with the simulated ones. This calibration was performed
based on several dozen real driving tests on the roundabout and registration of speed pro-
files with the use of GPS technology. In the VISSIM program, the desired speed is defined
as a distribution, not as a specific unit value. For each type of vehicle, the desired speed
distribution is a key parameter that affects the capacity of the road and the travel speed
achieved. The standard value of the desired speed distribution is defined by the minimum
and maximum speed range. Figure 9 shows the cumulative probability of the desired
speed distribution from real and simulation data. Based on the road data of cumulative
probability obtained in the analyzed speed range, the obtained distribution for the desired
speed parameter from the Vissim program was mapped. The speeds shown in Figure 9
relate to the ranges above 30 km/h, that is, the speed that has been defined as desired at
roundabouts and exits.
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The second stage of calibration consisted in overlapping traffic data and turning
operation for all inlets and outlets of the roundabout. This calibration was carried out
based on real data from induction loops and cameras located at the inlets and outlets to the
researched roundabout; those data were obtained from the municipal road authority [53].
The traffic volume data for the concerned case for inlets was as follows: east—1414 V/h
(Vehicles/hour), south—1103 V/h, west—932 V/h, north—1448 V/h. The age structure
and fuel type of the vehicles was adopted based on statistical data [44]. According to them,
the following values were set in the model: 56% of vehicles are fueled with petrol, 31%
with diesel and 13% with LPG.

Based on statistical data [54] of the structure of vehicles, and taking into account the
compliance with specific exhaust emission standards for the tested case, Figure 10 shows
the relationship between vehicles and EURO emission standards.
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Figure 10. Structure of EURO emission standards of vehicles for the studied case.

Cars that have been registered for more than 24 years (such as EURO1) were omitted
in the emission calculation due to their marginal share in the vehicle structure.

In order to check the quality of matching distribution data, road and simulation data,
the G test was used. It is recommended to use this kind of test to see whether the number of
observations in each category fits a theoretical expectation, and to confirm that the sample
size is large. The G test is calculated based on Equation (1) (check the match between
observed and simulated distributions) [55]:

G = 2 ∑
i

fi,observed· ln
(

fi,observed

fi,simulated

)
(1)

where fi,observed indicates road data, while fi,simulated indicates data obtained from the simula-
tion model.

After the last calibration stage, the G test value was 0.00612 for the speed distribution
and 0.0589 for the acceleration distribution. Figures 11 and 12 show a comparison of speed
distribution and acceleration of empirical and model data before and after calibration.

Based on Figures 11 and 12 it can be seen that the calibration process of the model
improved the mapping of the speed distribution and acceleration from the simulation to
the real values. Therefore, the prepared models should be perceived as close to reality
in terms of the researched parameters that have the greatest impact on the emission of
harmful exhaust components from vehicles.
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4. Results and Discussion

Taking into consideration the database created by the TNO company relating to the
measurements of the emission levels of over 3000 types of cars in a variety of conditions,
the tool VERSIT + is able to evaluate the concentrations for the scenarios examined with
particular reference to the emissions of particulate matter [56].

Versit+ is a statistical emission model able to calculate real-world emissions of road
vehicles. The EnViVer tool [57] allowed the connection between the emission model of the
VERSIT + tool and the scenarios simulated by the VISSIM software. It is a postprocessor
that reads VISSIM output in the form of a vehicle protocol form.

The EnViVer output showed the impact of a traffic measurement on exhaust emissions
in an “emissions” map.

The results are presented in Figure 13. The results are divided into 2 groups, the
first one pertaining to days when the air quality in the area was classified as very good
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(according to the Polish Air Quality Index) (green dots), while the second group (red dots)
covers measurements classified as moderate.
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Looking at Figure 13, it is possible to state that the measurements of concentrations
recorded in the vicinity of the traffic circle intersection on days when the air presented
optimal characteristics were comparable to the results produced by the VERSIT+ model.
Specifically, the deviations amounted to a maximum of about 20%, while on average
about 10%.

For measurements at a distance of 200 m and more, the obtained differences in
measurements from the model and actual tests increase and amount to approximately 40%
on average.

There were large discrepancies between the results provided by the stations and those
obtained from the tool. This was undoubtedly influenced by the meteorological conditions
on the monitoring day in question, which were characterized by poor air movement. This
led to a reduced dispersion of vehicle exhaust gases, so that pollutant concentrations
remained close to the source of emission.

The smallest differences in the actual results in relation to the model results concern
the distance of 100 to 150 m from the roundabout and amount to an average of 7 to 10% for
moderate air.

Figure 14 shows the results of PM2.5 concentration for data from real trials for the
roundabout area. They are not compared with the model results because it does not contain
algorithms for calculating the concentrations of this size of particulate matter. All values
for the ambient air of very good quality are within the limits of very good or good quality
according to the Polish Air Quality Index. However, when there is a deterioration of the
ambient air quality, for example, moderate, then while approaching the roundabout, an
increase in PM2.5 concentration can be noticed, from the value of approximately 50 µg/m3,
which corresponds to moderate quality, to the value of approximately 200 µg/m3, which is
already a very bad quality and is particularly dangerous for human health.

The results of PM10 concentration from the VERSIT + calculation model for the devel-
oped roundabout model is shown in Figure 15. The maximum values of PM10 concentration
for the two-lane roundabout model, according to the Polish Air Quality Index, are within
the limits of sufficient quality. However, when referring these results to the CAQI index,
both solutions rank in terms of a high-class index, that is, high environmental pollution.
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Pollutant Impact Mitigation

PM concentration limits for air quality in Poland were determined on the basis of the
Regulation of the Minister of the Environment of 24 August 2012 on the levels of certain
substances in the air [45]. On the other hand, relating the measurements to exceedances of
air pollutant concentration limits concerns the permissible number of such exceedances of
the average daily limit value. However, due to the diversity of health effects of exposure
to particulate matter, it is necessary to assess the dustiness of the air with averaging the
measurement results over time. Even short-term exposure is dangerous, so it is important
to continuously measure the exhaust gas emissions from vehicles driving on city thorough-
fares. The health effects associated with short-term exposure to air which is polluted by
particulate matters, according to the World Health Organization [58] are as follows:

• respiratory problems,
• pneumonia,
• increased consumption of drugs,
• increased number of deaths,
• increased number of hospitalizations,
• unfavorable changes in the circulatory system.

In contrast, the effects related to long-term exposure to particulate matter are
as follows:

• increased number of chronic symptoms of diseases of the upper respiratory tract,
• decreased respiratory function of the lungs in children,
• decreased respiratory function of the lungs in adults,
• decrease life expectancy.

Due to the fact that Polish air is one of the worst in Europe in terms of pollution [59,60],
efforts should be made to minimize the negative impact on the environment by motor vehicles,
for example, through continuous monitoring of the current state and implementation of new
infrastructure solutions that are more environmentally friendly.

The diurnal emission cycle in the city and the presence of traffic peaks on the main
arteries of the city (inciting dust on street routes) have a significant impact on the daily
course of air dust [58,61]. On the example of the researched roundabout, it can be seen that
the highest emission of harmful components of exhaust gases from vehicles takes place
near pedestrian crossings, which are located near the roundabout entrances. Therefore, it is
important to influence the awareness of people who should prefer pro-ecological behavior
on a daily basis.

One of the methods of limiting the emission and concentration of harmful exhaust
components from vehicles is the use of such road infrastructure solutions that will have
a better impact on the flow of traffic, while reducing the number of vehicle stops. In
terms of the analyzed area of the roundabout, it would be reasonable to use a turbo
roundabout solution.

Therefore, simulation analyses were carried out, adopting the basic principles that
guide this type of solution to the model. The main direction of traffic was the north-south
direction (this applies to the geometry of the turbo roundabout). The traffic volume for the
turbo roundabout simulation scenario was the same as for the two-lane roundabout model.
The results of the simulation are shown in Figure 16.
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SIT + model.

From Figure 16 it can be seen that this solution of roundabout would reduce the high
concentration points of PM10 from 4 for a two-lane roundabout to 2 for a turbo roundabout.
Unfortunately, it can be noticed that for roads that are less privileged (east-west direction)
there was an increase in the length of the increased concentration of PM10. This state of
affairs is because the traffic in the main directions is smoother; that means that there is less
stop and go operations of vehicles.

In order to further search for a better solution to reduce the concentration of the
roundabout area, an additional vehicle structure was created for the model of a two-lane
roundabout, including electric cars. The idea of more common use of electric cars, especially
in the field of urban mobility, is now popular all over the world [62–65]. The use of electric
vehicles is the subject of numerous studies regarding both the improvement of vehicles
and batteries [66,67] and the propensity of users [67–70] but also from the point of view of
transport planning with the location of charging stations [71,72].

Germany has set itself a target of 6 million electric vehicles by 2030 [73].
The Norwegian mobility policy has led to an electric vehicle share of 50% of total

vehicle sales [74]. In connection with numerous initiatives to popularize electric cars, the
Polish government also applied certain subsidies to their purchase, as well as development
plans for its own vehicle designs [41]. In Poland, the number of electric cars is growing. In
2019, the number of hybrid electric vehicles (HEVs) accounted for 7% of total sales [42].

Therefore, the simulation model assumed that 25% of vehicles in the current vehicle
structure will be full electric. Electric vehicles replaced 25% of diesel vehicles. This state of
affairs has an impact not only on the generation of PM10 concentration in the analyzed
area, but also on the driving characteristics, because electric cars are characterized by a
higher torque, which is available from zero speed [75]. Therefore, electric cars accelerate
more dynamically, which translates into more smooth traffic. Therefore, the desired speed
and acceleration parameters were modified in the micro-simulation model for the class of
electric vehicles. This simulation scenario was implemented on a two-lane roundabout
model with the same traffic volume assumption as for the previous simulations. The
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obtained concentration map for traffic on a two-lane roundabout, where the share of
electric vehicles is 25%, is presented in Figure 17.
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Determining the share of 25% of fully electric vehicles resulted in the fact that the
PM10 concentration on most of the inlet and outlet roads from the roundabout is about
15 µg/m3, while it increases only in the scope of the roundabout itself, where it is about
75 µg/m3. Increasing the share of electric vehicles would therefore reduce the PM10
emissions from motor vehicle sources by approximately 30%. Based on Figure 17, a
significant reduction in the length of high PM10 concentration can also be observed. In fact,
its highest concentration is within the entrance and exit of the roundabout. Popularizing
and increasing the share of electric vehicles in the city, in particular in terms of crossing
intersections, in the analyzed case of roundabouts would be of great benefit for pedestrians,
as it would result in lower values of particulate matters concentration within pedestrian
crossings and pavements located along the road.

Due to this state of affairs, most of the studied area in this case has a very low status
of air pollutants in the CAQI scale of the air quality index. This confirms the current global
policy on electromobility, which should apply in particular to inner-city areas.

5. Conclusions

The effects of air pollution on human health, particularly on overall mortality, have
been known for years, especially because of the enormous health impact of some severe
pollution episodes in the 1930s through the 1950s.

However, as shown by recent epidemiological studies, cities are still to be considered
at risk due to different types of pollutants including vehicular emissions.

Over the years we have seen the definition of restrictive regulations on traffic pollution
with the use of mitigation strategies and the dissemination of urban planning and transport
characterized by road geometries with fewer stop and gos. Moreover, the development of
new forms of vehicle power supply has significantly reduced pollutant emissions.



Energies 2021, 14, 1046 18 of 21

The comparative analysis of traffic scenarios allows evaluating in a predictive way the
best strategy to be adopted in the field of infrastructure management and urban planning
policies of cities.

The comparison of road intersections in terms supporting the use of software to bring
out some considerations arising directly or indirectly from the geometry investigated.

Based on the conducted analyses of the real tests and simulation results, it follows that:

• the results of PM10 concentration from motor vehicles depend on the air quality for
the ambient background, which is influenced by for example, wind force,

• it is possible to improve air quality for the area of roundabouts and reduce PM10
higher concentration points from 4 to 2 by applying newer infrastructure solutions
such as turbo roundabouts,

• a significant improvement in air quality is possible if we replace diesel engines with
fully electric cars; especially on inlet and outlet roads of roundabouts, it can lead to
reducing of PM10 concentration by about 30%, and

• the preparation of concentration maps and their analysis in relation to various so-
lutions would allow for a better location of pedestrian crossings and minimize the
harmfulness of exhaust gases to the health of pedestrians.

From the results of the analyses conducted, it can be seen that the greatest benefits in
terms of reducing harmful exhaust components (particulate matter is considered in this
analysis) come from increasing the share of all-electric vehicles. The development trends of
many countries in the world include the electrification of vehicles, thus replacing internal
combustion vehicles. It should be considered whether these changes are not taking place
too slowly, because now on the car market there are many models that use only the electric
motor. Future legislative efforts i.e., EU countries should focus on the further reduction of
vehicles with internal combustion engines in favor of electric drive, because such a solution
is necessary to significantly reduce the impact of exhaust emission from transport on the
environment and human health.

The varied use of different air quality indexes also indicates the need to create a new
global air quality index, such that regardless of geographic location, it would have the
same impact on human health and the environment.

The limitations and, at the same time, goals for future research are to compare other
types of roundabouts in terms of the emission of harmful exhaust components from
vehicles, for example, the flower roundabout. It is also necessary to conduct this type of
analysis for other days of the week, taking into account the traffic of heavy vehicles and
buses and also a different percentage of electric vehicles. For development purposes, the
analysis of traffic calming action, for example, zone-30 signs etc. would also be beneficial.
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