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Abstract. In the present work a methodology has been developed to study some parameters of traffic in
characteristic sections of urban infrastructure. For this purpose, the average driving speeds, average fuel
consumption and their impact on environmental performance are determined. The traffic in the road infrastructure
of the capital of Bulgaria - Sofia has been studied. In the study, the road infrastructure is divided according to the
degree of traffic load into three main groups. These are transport sections in the center of the city with high traffic
during heavy traffic hours, sections with medium load and sections of highway type. An experimental study was
performed for the three types of sections. For these sections the speeds of movement in typical time zones, fuel
consumption, the speed of the car’s exhaust gases and ecological indicators were measured. The work introduced
a coefficient of stay, reflecting the ratio of the time in which the car was moving at a speed below 1 km-h* or was
at the traffic lights to the total travel time in the section. This coefficient is introduced to determine the traffic load
in the respective sections. The study of the speed of cars in these sections is also important in the case when
conventional cars are replaced by those that use electricity (electric cars). The test performed to measure the
exhaust gas flow rate depends on the engine operating modes. The speed of the exhaust gas discharge has a direct
impact on the environment. The speed of the gases is different in the different speed regimes of the car. The
percentage of the various components in the exhaust gases and the knowledge of the outflow rate make it possible
to determine the volumes or quantities of harmful emissions emitted into the atmosphere. The developed
methodology and the performed research can be used for assessment of the transport network in busy urban areas,
correction of the results obtained by WLTP or NEDS and prognosis. The dimensionless coefficient is introduced
in the work for the first time. It is the ratio of the time in which the car is at rest (speed below 1 km-h) to the total
time for passing the relevant section. The coefficient reaches the road sections loaded in certain time zones to
values 0.40-0.45. Another indicator that is being introduced for the first time is the volume of exhaust gases.
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Introduction

The proposed research includes a study of specific sections of the urban road network. These are
the roads that at certain times of the day become a cramped place for cars. The speed of movement is
extremely low. Harmful emissions are atypical and difficult to determine because the operating modes
of internal combustion engines are highly nonlinear.

The need to reduce the negative impact of cars on the environment has become an important factor
in the development of the industry. In recent years, standards have been adopted with increased
requirements for car emissions. Efforts are currently being made to introduce emission testing
procedures that include the operating range of the engine used in real driving conditions.

The conditions that affect the level of emissions occur under real driving conditions. The results of
road tests are not always identical to those obtained during emission tests. The differences in results are
due to factors such as: environment (variable temperature, atmospheric pressure, humidity, wind speed,
rain, snow, etc.), road condition, traffic intensity, driver behavior - aggressive, neutral, environmentally
friendly driving.

Publications on these issues can be divided into the following groups.

e The first group of works is dedicated to the creation of laboratory test conditions that will most
reliably recreate the road conditions, emissions and fuel consumption are taken into account.
These are tests like NEDS and WLTP. Such are the works [1-5]. This way of research is
necessary in order to create equal conditions in which to compare cars.

e The second group of works concerns specific research in road conditions. These tests are needed
to adjust, if necessary, laboratory tests or to obtain results for situations other than laboratory
tests. In [6] the authors consider and conduct road tests on urban and extra-urban routes and
propose the introduction of correction factors for the obtained emissions. In [7] the authors
propose conducting road tests on three routes to obtain real-world emissions. A similar idea is
used by the authors of the work [8]. Here are four routes (urban, suburban, mixed and hilly) of
Hong Kong. The article analyzes road emissions and fuel consumption of a Euro 4 petrol car
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driven by them. The effects of changes in road slopes and traffic conditions on emissions and
fuel consumption are shown. In [9] a method is proposed for determining the driving cycles of
cars in urban traffic for the center of Naples. Fuel consumption and test car emissions on certain
urban routes were measured in [10], the indicators of two cars equipped with different engines
(petrol and diesel) in real traffic on a test route on the highway are investigated.

e The third group of works related to vehicle emissions is devoted to other methods. In [11] an
overall estimate of the emissions of cars of different types in the countries of the European
Community is made. In [12] the authors use calculation procedures to obtain the amount of
exhaust gases.

The following characteristic speeds are known to be compared to the speed of car traffic in large
cities. This is the average speed of pedestrians 5 km-h?, the average speed of cyclists 15-20 km-h?,
which in the presence of wide bike lanes can reach 30 km-h. Here it is necessary to add the speed of
electrified two-wheeled vehicles such as bicycles, scooters and others, which is 30 km-h. The study of
car traffic in large cities requires the definition of different time zones and different city-specific road
sections, the study of road sections with intensive traffic in some characteristic parts of the day, when
the traffic is intensive, as the studied values can be assumed average speed for passing a typical road
section and time for passing the section. These indicators can be compared with those of other urban
road sections. These parameters do not allow for comparison on one indicator such as the movement of
the car at speeds below 1-2 km-h, these are speeds at which the car is practically at rest.

A speed of 1-2 km-h? is important as an indicator of the throughput of these sections during heavy
traffic. Studying this type of section is important because drivers waste time in their cars, the
environment is saturated with emissions from exhaust gases and their components.

According to a publication and study by the DPA (Deutsche Presse-Agentur GmbH), drivers in
major world capitals lose more than 100 hours in one year. For example, the lost time in traffic of
German drivers is the smallest.

The research discussed in the present paper addresses a specific problem of urban traffic. This is a
study of traffic jams in certain time zones. These studies are not well represented in NEDS and WLTP
test cycles. In WLTP in the part concerning low speeds up to 50 km-h* there is a better correspondence
between the real processes and those filmed in real conditions.

The aim of the present study is to obtain real data on congested routes from the urban road network
and on their basis to propose indicators for assessing their load as traffic and load as emissions from
cars.

Materials and methods

The presented work proposes specific indicators to show more accurately the phenomena occurring
in heavy traffic. In this study new indicators to assess the traffic are proposed.

The first specific indicator is related to the time lost by drivers in a section of road. This can be
represented by the time spent in this section Tsop, S Or driving at extremely low speeds (less than
1 km-h). Another indicator that can assess the road section is the dimensionless coefficient which is
the ratio of the time in which the car is at rest (speed below 1 km-h) relative to the total time for passing
the relevant section Tsum, S.

TSO
Ksop = -I-t o 1)

sum

where Tsop — time in which the driver is traveling at a speed of less than 1 km-h, s;
Taum — total time to cross the section, s.

This indicator is proposed for the first time in this study.

If it is necessary to assess the possibility of a road section by bicycle or other alternative means, a
similar factor can be studied as the ratio of the time the car travels at a speed lower than that of the
bicycle to the total travel time.

The behavior of the car when passing sections with different loads is different. It depends on the
driver’s driving style. The driver is dependent on the behavior of the transport flow. The intensity with

591



ENGINEERING FOR RURAL DEVELOPMENT Jelgava, 25.-27.05.2022.

which it moves, stops and accelerates the flow affects both the speed of the car and the speed of the gas
flow in the exhaust pipe.

The second specific indicator is the speed of the gas flow in the exhaust pipe of the car. The
acceleration time of the car strongly influences the quantity and quality of exhaust gases. This is the
reason why the rate of exhaust emissions is being studied. The speed of the gases when accelerating the
car is directly related to the amount of harmful emissions entering the space. The volume of exhaust
gases can be calculated as follows

W = S 'Vgas 'Tacc’ (2)

ex.gas

where S — cross-sectional area of the exit pipe, m?;
Vgas — speed of the exhaust gases, m-s™;
Tacc— time of passage of the gases, s.

This indicator is proposed for the first time in this study.

Knowing the percentage of components in the harmful emissions, their quantity can be obtained.

The paper considers different variants of the car movement, acceleration with different intensity
and from different initial speeds, uniform movement at different speeds, operation of the engine at
extremely low speeds of the car.

Methodology of the experiment

o Selection of road sections. The study was conducted on typical sections of the city road
network of Sofia. They are characterized by intense traffic in the time zone 17-18.30 o’clock
and 8-9 o’clock. The road sections have been chosen to be horizontal. This is necessary so that
slope resistances are not taken into account. The sections have slopes of up to 1%. To
compensate for the slopes, research is conducted in both directions. The studied sections have
a total length in both directions 3.0-4.6 km. The road surface is asphalt with a well-maintained
surface.

e External atmospheric conditions. The tests were performed at an outdoor temperature of 18-
25 °C. Normal humidity. There is no wind, which eliminates frontal air resistance,

e Measured indicators. Experimental studies include real-time measurement of four parameters.
This is the speed of the car Ve, m-s™. The maximum speed has been adopted in accordance
with transport legislation. The maximum speed for city traffic is 50 km-h, and for traffic on
city highways is 80 km-h. The speed of the exhaust gases Vgas, m-s™* and the fuel consumption
Q, I-ht are also measured. Additionally, the volume of exhaust gases Wexgas, m? is calculated.
During the experiment, the driver follows the flow of cars in traffic, performs urgent maneuvers
and is an integral part of traffic in compliance with traffic rules.

e Measuring equipment. Travel speed is measured with a Peiseler fifth wheel. The speed of the
exhaust gases from the engine is measured with a differential pressure transmitter — testo 6351
(Pitot tube). Fuel consumption is measured by a flowmeter PLU 116H, and emissions are
measured with a TEXA gas analyzer.

e Consistency in the experiment. After selecting the characteristic sections, the time zones in
which the experiment is conducted are selected. Visually and by counting the passing cars per
unit of time, the hours in which the experiments are conducted are determined. These are 8-
9 o’clock, 10-11 o’clock, 12-13 o’clock, 15-16 o’clock and 17-18.30 o’clock.

Results and discussion

The experiments were performed on all working days of the week. In each of the time zones 4-6
experiments were conducted in both directions and the results were averaged. The main indicators are
the speed of the car and the flow rates of the exhaust gases. The difference is only in the percentage of
harmful emissions in the content of the emitted volumes of harmful emissions.

The experiment was conducted with a light truck with a diesel engine, Fig. 1. The ecological
category of the vehicle for conducting specific measurements and subsequent analyzes does not affect
the main results of the study. The main indicators are the speed of the car and the flow rates of the
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exhaust gases. The difference is only in the percentage of harmful emissions in the content of the emitted
volumes of harmful emissions.

Fig. 1. General appearance of the installed receivers: 1 — Pitot tube;
2 — tube for exhaust gases; 3 — fifth wheel

The connection diagram of the measuring equipment is shown in Fig.2.

Fig. 2. Schematic diagram for measuring: 1 — flowmeter; 2 — pulse signal converter from the
flowmeter; 3 — fifth wheel for measuring speed; 4 — fifth wheel signal convert; 5 — gas analyzer;
6 —tube for reaching the gases to the gas analyzer and the Pitot tube for measuring the speed of the
exhaust gases; 7 — pulse signal converter from the Pitot tube; DQ Hotinger digital converter;
PC — personal computer with the necessary software for data processing

Figure 2 shows that the electrical signals from the fifth wheel, the Pitot tube and the flow meter are
fed to the analog-to-digital converter DQ Hotinger. It converts signals from analog to digital and they
are processed by the computer. The signals from the gas analyzer with the help of a specialized program
are fed directly to the computer.
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Fig. 3. Passing at 3 pm through a road section with a strong traffic load:
Q — fuel consumption; Vcar — speed of the car; Vgas — Speed of the exhaust gases
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Fig. 4. Passing at 5 pm to 6 pm through a road section with a strong traffic load:
Q — fuel consumption; Vcar — speed of the car; Vgas — Speed of the exhaust gases

Figure 3 and Figure 4 show two typical records of a section with a heavy traffic load. One of the
recordings was made at 3 pm and the other at 5 pm to 6 pm. The following differences can be seen
visually. The time to cross the same section in length is almost twice as long in the time zone 5 pm to 6
pm. The second feature is that the car, following the traffic flow, accelerates in different ways in both

cases.

The test results are processed and data on the coefficient of stay Kswop are obtained, Fig. 5. Formula

(1) is applied to determine this coefficient.

Figure 5 shows how traffic at different times of the day affects Ksop. FOur road sections are
considered. The first is a section of downtown. The second is from this part of the city called the “wide
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center”. The third section reflects a moderately busy area, and the fourth section refers to a city highway.
Sections of road with a coefficient of stay less than 0.2 have good possibility.
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Fig. 5. Change of the coefficient Ksop at different times of the day for four road sections:
route 1 — section of downtown; route 2 — wide center; route 3 — moderately
busy area; route 4 — city highway

The studied parts of the urban road network are characterized by strong nonlinearity of the change
of speed. This nonlinearity is due to the uneven supply of fuel. The speed of fuel supply affects the speed
of the exhaust gases. In order to determine the different regimes, the emissions in the most repetitive
accelerations from the graphs in Fig. 3 and Fig. 4 are used. Instantaneous emission measurement at
acceleration from 0 to 60 km-h™ is shown in Fig.6.
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—
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Fig. 6. Screen view of the gas analyzer interface with instantaneous emission
values when accelerating the vehicle from 0 to 60 km-h*

The results of the measurement of the gas velocity and the corresponding instantaneous emission
values at typical modes are shown in Table 1. The data obtained for Vgas, Tacc, and knowing S, allow to
determine the volume of exhaust gases Wex.gas by formula (2).

The volume of exhaust gases is a sufficiently accurate indicator of the participation of cars in
environmental pollution. In its values it depends on the size of the internal combustion engine, and in
quality on the environmental category of the car.

Based on the obtained results, some average values were calculated. For the presented records in
Fig. 3 and Fig. 4 average values of the vehicle speed Vc.r are reported. The average speeds of the car are
13.2 km-h for driving in 5 p.m. and 25.7 km-h for driving at 3 p.m. The average speed of the exhaust
gases in the first case is 4.2 m-s, and for the second case it is 7.8 m-s™. These are average gas speeds
only when the car is moving. Gas speeds in case of downtime are not taken into account. The downtime
in the case of Fig. 4 for movement in the time zone 5 pm is over 40% of the total time for passing the
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section. Although the average value of the gas velocity in Fig. 3 is higher, taking into account the
residence time of the second case of Fig. 4, more exhaust gases are discharged into space than in the
case of Fig. 3. One of the environmental pollutants is not only the components of the exhaust gases, but
also the warming of the air in these areas of heavy traffic. This is best taken into account with the exhaust
gas volume parameter Wey gas.

Table 1
Exhaust gas parameters at different vehicle acceleration and instantaneous emission values

-1
f\‘:‘c(:;lkr.rlol‘.]. Tace, S \\i;jsuaé\,/er;asgf Wex.gas, m? CO, % CO2, %
0-46 25 15 1.060 0.04 6.2
12-40 25 17 1.202 0.03 5.9
0-31 15 33 1.400 0.03 5.4
15-38 15 18 0.763 0.02 6.3
12-58 35 18 1.781 0.02 6.0
18-48 10 38 1.074 0.03 5.3
22-51 10 36 1.018 0.08 5.1
15-28 15 16 0.679 0.07 5.3
2-26 15 18 0.763 0.06 5.9
15-35 15 18 0.763 0.02 6.1
0-22 10 18 0.509 0.03 4.1
0-24 10 24 0.679 0.04 47
0-58 50 10 1.414 0.05 7.0
12-42 15 24 1.018 0.03 4.8
20-37 10 18 0.508 0.02 5.8
17-51 30 11 0.933 0.02 7.1
13-68 25 15 1.555 0.02 7.3
19-78 45 22 1.908 0.17 9.0
48-65 15 32 1.357 0.04 6.2
30-58 10 55 1.555 0.02 4.8
Conclusions

The paper presents a possible method for studying heavy traffic in large cities. The paper offers an
estimate of both the downtime of the car and the speed of the exhaust gases. The exhaust gas velocity is
proportional to the exhaust gas volume. The conducted research provides an opportunity to assess the
level of congestion and the corresponding environmental consequences of them specific to urban areas.

1. In this study, the dimensionless coefficient, Kswop, is introduced, which is the ratio of the time at
which the car is at rest (speed below 1 km-h?) to the total time for passing the relevant section. This
indicator proves to be sensitive enough. The coefficient reaches the road sections loaded in certain time
zones to values 0.4 - 0.45. The use of this coefficient gives more accurate results compared to the
average speed for estimating the load in specific sections in large cities.

2. To study the amount of emissions in the congested sections of urban traffic, the indicator of the
volume of exhaust gases Wex gas has been introduced. This indicator is important for estimating the
total amount of exhaust gases. It can be used to calculate the total volume of exhaust gases for the
surveyed urban area. This volume is directly related to the increase in atmospheric temperature
during heavy traffic. This effect has not been studied in this paper.

3. The study with the proposed results shows that the use of validated cycles (WLTP) cannot be an
accurate indicator of vehicle traffic in urban conditions and in the presence of bottlenecks in traffic.

4. Estimating traffic congestion in large cities using an average speed is too general and does not
provide a realistic estimate for the busiest sections. It is true for areas with medium load, where the
downtime is minimal (less than 10%). The use of downtime or downtime ratio to assess the busiest
road sections allows decisions to be made related to changes in flow management.
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5. The traffic in the considered road sections is non-stationary for internal combustion engines.
Measurement of the amount of harmful emissions is important for the speed of the exhaust gases.
To reach a certain speed in a shorter time (driving with higher accelerations) creates conditions for
higher average speeds of exhaust gases. This also leads to greater pollution.

Acknowledgements

This research was supported by contract NoKII-06-H27/12 of 11.12.2018 “Modelling and
elaboration of complex system for selection of transport technology in transport network” funded by the
National Science Fund of the Ministry of Education and Science of Bulgaria.

Author contributions

Conceptualization, L.K., E.S. and E.D.; methodology, L.K., E.S. and E.D.; validation, L.K and E.S.;
formal analysis, L.K., E.S. and E.D.; investigation, L.K., E.S. and E.D.; data curation, L.K., E.S. and
E.D.; writing — original draft preparation, L.K., E.S. and E.D.; writing — review and editing, L.K., E.S.
and E.D.; visualization, L.K., E.S. and E.D. All authors have read and agreed to the published version
of the manuscript.

References

[1] Verner J., Sejkorova M.,Comparison of CVS and PEMS measuring devices used for stating CO2
exhaust emissions of light-duty vehicles during wltp testing procedure, Engineering for rural
development jelgava, 23.-25.05.2018, pp. 2054-2058.

[2] Lejda K., Artur Jaworski A., Madziel M., Balawender K. Adam Ustrzycki A., Savostin-Kosiak D.,
Assessment of Petrol and Natural Gas Vehicle Carbon Oxides Emissions in the Laboratory and On-
Road Tests, Energies 2021, 14, 1631

[3] Sondors K., Birkavs A., Pirs V, Birzietis G., Dukulis I.,Comparison of vehicle performance using
fossil diesel fuel blends with biodiesel and HVO fuel, Engineering for rural development jelgava,
22.-24.05.2019. pp. 964-970.

[4] Inoue T., Hirota T. and Inoue R. Analysis Igarashi T. Effect of Engine Design/Control Parameters
and Emission Control Systems on Specific Reactivity of S.I. Engine Exhaust Gases, International
Congress and Exposition Detroit, Michigan February 27-March 2, 1995, pp. 95-107.

[5] Sondors K., Dukulis I., Pirs V., Birkavs A., Birzietis G., Gailis M., Comparison of car performance
using hvo fuel and diesel fuel, Engineering for rural development, Jelgava, 26.-28.05.2021,
pp. 1547-1557.

[6] Merkisz J., Markowski J., Jasinski R. Analysis of Passenger Car Emission Factors in RDE Tests,
Web of Conferences 10, 00073 (2016), DOI: 10.1051/ 2016, e3sconf/20161000073

[7]1 Merkisz J., Pielecha J. Comparison of Real Driving Emissions tests, IOP Conference Series:
Materials Science and Engineering, 2018 IOP Conf. Ser.: Mater. Sci. Eng. 421 042055

[8] Tsang K.S., W.T. Hung W.T., Cheung. C.S., Emissions and fuel consumption of a Euro 4 car
operating along different routes in Hong Kong,, Transportation Research Part D, Transport and
Environment, Volume 16, Issue 5, July 2011, pp. 415-422.

[9] Rapone M., Della L., D’Aniello R, and D’Aniello F. Experimental Evaluation of Fuel Consumption
and Emissions in Congested Urban Traffic, SAE TECHNICAL PAPER SERIES 952401, Fuels &
Lubricants Meeting & Exposiotion Toronto, Ontario October 16-19, 1995

[10] Gis W., GisM., Wisniowski P., Taubert S., Initial assessment of the legitimacy of limiting the
maximum permissible speed on highways and motorways based on tests in real traffic conditions,
IOP Conf. Series: Earth and Environmental Science 642 (2021) 012016 IOP Publishing
DOI: 10.1088/1755-1315/642/1/012016

[11]Jasina M., Ambroziak T., Mekisz A., Piecha J., The Influence of Road Transport on Emission of
Toxic Substances in Poland against the EU Countries, Journal of KONES, January 2014, pp. 133-
140.

[12] Gailis M. Dukulis 1., Pirs V., Birzietis G., Practical methodology for calculation of specific gaseous
emissions, Engineering for rural development, Jelgava, 23.-25.05.2018, pp. 2141-2146.

597


https://www.sciencedirect.com/journal/transportation-research-part-d-transport-and-environment
https://www.sciencedirect.com/journal/transportation-research-part-d-transport-and-environment
https://www.sciencedirect.com/journal/transportation-research-part-d-transport-and-environment/vol/16/issue/5

