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Abstract: Public transport is an important part of sustainable economic development, sustainable
cities, and communities. Reducing energy consumption in public transport can be achieved through
better organisation of the transport system, changes in infrastructure, the use of new energy-efficient
means of transport, and other ways to achieve intelligent mobility. The operation of a city bus
involves frequent stops. These stops are due to the need to exchange passengers at bus stops and
traffic conditions. Each stop and the subsequent acceleration process require additional energy
consumption. In this paper, an analysis of bus operation within the Rzeszéw ITS on a selected route
is carried out to determine the energy consumption in these special modes. First, the number and
duration of stops were determined based on data recorded during the bus operation using the tracker.
Then, taking into account the idle fuel consumption and the energy consumption required to reach
a set speed, the total energy consumption associated with the stops was determined. The results
obtained on the selected route indicate a significant share of energy associated with stops at bus stops
and outside bus stops in total fuel consumption. These shares are about 26.2% and about 42.5%,
respectively. The opportunity to improve the energy efficiency of the city bus on the route due to
the reduction of stops at bus stops by introducing on-demand stops as one of the elements of ITS
has been evaluated. The number of stops related to traffic conditions can be reduced by further
improving traffic management and measures to modify urban infrastructure.

Keywords: transport system; public bus; traffic condition; stops; energy efficiency

1. Introduction

The energy consumption of public buses and, in the case of conventional vehicles, their
fuel consumption depends on many factors. Research on the impact of these factors has
been conducted by researchers from various countries. The literature contains information
on the analysis of the impact of traffic conditions taking into account many factors, as well
as selected isolated factors. Some of the works [1-4] take into account various driving
profiles reflecting specific traffic conditions. Many studies were conducted in real operating
conditions [5-16]. A number of works analyse the impact of selected factors on fuel
consumption. Many authors dealt with driving technique and drivers’ skills [1-3,6-10].
The influence of the number of passengers on fuel consumption [6,13], the influence of
the length of sections [17], and the accelerations and decelerations obtained [6,18] were
also considered. Several studies also analysed the impact of road inclination on fuel
consumption [5,6,19]. One paper dealt with the impact of engine oil viscosity on fuel
consumption [20]. In [14], the significant impact of air conditioning, outside temperature,
average speed, congestion index, and average acceleration on the energy consumption of
an electric bus was demonstrated. In [15], a significant impact of external temperature on
the energy consumption of an electric bus was demonstrated. The work [21] showed that
the number of bus stops is one of the three most significant factors influencing the energy
consumption of an electric bus. However, this work does not indicate the exact increase in
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energy consumption because it involves creating a predictive model and does not consider
the exact impact.

The energy demand in urban traffic characterised by high variability of traffic parame-
ters is much higher than in steady-state traffic [4,11]. The range and dynamics of changes
in these parameters are largely dependent on external traffic conditions and the time of
day. These changes include maximum speed, average speed, and number and duration
of stops. Urban traffic is characterised by repeated phases of accelerated and decelerated
motion. During the deceleration motion resulting from braking, the kinetic energy acquired
from the propulsion engine is dissipated. In vehicles without a recuperation system, this
energy is lost. The work of friction forces in the brakes is converted into heat dissipated
into the atmosphere.

The stoppage of the bus and the associated need to dissipate kinetic energy are the
results of two factors. The first is traffic conditions. In this case, the factor forcing the
bus to stop can be traffic lights, pedestrian crossings and exits from a subordinated road.
The second factor results from the need to stop at a bus stop. The number of stops at
bus stops can be regulated to some extent by public transport authorities. Reducing the
overall number of stops and thus increasing traffic flow should contribute to reducing
energy demand.

There are several systems for organising public transport in Europe. These systems
may require stopping at all bus stops or only when requested by passengers on the bus or
at a bus stop. There is also an intermediate system, where only part of the bus stops are
on-demand. These bus stops are most often characterised by low passenger exchange.

The aim of this paper is to determine the energy loss associated with the stopping
process at bus stops and outside bus stops. The second group is associated with stops
forced by external traffic conditions. The subject of impact of stops on fuel consumption is
not widely researched and this paper aims to increase the knowledge of this subject.

The article consists of the following parts:

The first part provides an introduction;

The second part presents the energy balance of the bus;

In the third part, the examined case is described and a statistical analysis of the
vehicle’s motion profile is made;

The fourth part presents the simulation of energy consumption;

The fifth part summarizes the paper.

2. Energy Balance of the Bus

A system of forces shown in Figure 1 [22,23] acts on a moving vehicle. In the figure
presented, the road is assumed to be horizontal, hence the absence of the resistance force of
the hill F,.
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Figure 1. System of forces acting on an accelerating vehicle moving on a horizontal surface

F,—inertia force, F,,—air resistance force, Fi—rolling resistance force, F,—driving force, Q—vehicle
b P g g
weight, My—driving torque, v—vehicle speed).
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Due to the speeds reached by the bus (below 80 km/h), the rolling resistance force Ft
is assumed to be a constant value and not dependent on speed v. The other forces acting on
the vehicle, apart from the gravity force Q, depend on the traffic conditions, which include
speed and acceleration.

Figure 2 shows a fragment of a simplified driving cycle of the city bus. The acceleration,
steady-state movement, and braking phases, as well as the stop time, can be distinguished
in Figure 2.
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Figure 2. Theoretical driving cycle between stops (t,—acceleration time, t,—steady-state motion
time, t,—braking time, t-—stop time, t-—cycle time).

According to the principle of dynamics, the sum of all forces acting on the vehicle
equals 0. For forces acting horizontally, it can be represented by the following relation:

F,—F—Fy—F—F,=0 1)

In the further considerations presented in the article, it is assumed that the road
inclination angle « = 0. This assumption results from the fact that the vast majority of the
bus stops of the analysed line are located on flat terrain, characterised by an altitude of 200
to 205 metres above sea level. Then, F;, = 0 and Equation (1) takes the form

Fo—F—-F,—-F=0 )
The individual parts of the equation can be described by the following relationships:

Fr=mxfi*g 3)

_p*A*cx*vz

E, >

(4)

where

cy—air resistance coefficient;
A—vehicle frontal area, [m?2];
p—air density, [kg/m3];
v—rvebhicle speed, [m/s];
fr—rolling resistance coefficient;
m—rvehicle weight, [kg];

g—acceleration due to gravity, [m/s?].
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During acceleration, the driving force overcomes the movement resistances F; and F)
and the inertia force F,. At the final stage of the acceleration process, the vehicle has the
kinetic energy described by the following relation:

2
m *x 0
Ep = 5 )

During the steady-state motion phase, the kinetic energy of the vehicle does not
change. The energy supplied by the engine covers the energy losses due to the drag and
rolling forces described by the relationships:

P * A xcy %03 %8y,

Wy =Fy*s, = >

(6)

Wi =F x5, =mx*gx* fr x5y (7)
where

sy—length of a road section of a steady-state motion, [m];
cy—air resistance coefficient;

A—vehicle frontal area, [m?2];

p—air density, [kg/m3];

v,—speed of steady-state motion, [m/s];

fr—rolling resistance coefficient;

m—rvehicle weight, [kg];

g—acceleration due to gravity, [m/s?].

In the case of braking, the kinetic energy of the vehicle Ey is converted into the work
of braking forces W, the work of rolling resistance forces W;, and the work of air resistance
forces W) This is described by the following dependencies:

Ek:Wb+Wt+Wp (8)

Wi = F %55 = m * g * fi 5y 9)
ap * 2

Sp = Up xtp — bzb (10)

where

sy—length of braking distance, [m];
ay—deceleration, [m/s2];
ty—braking time, [s];
v,—the speed at which braking is initiated, [m/s].

The force of air resistance depends on the speed, which during the braking process
changes from v, to 0 on the distance s,. The energy lost as a result of air resistance is
presented as

S St p*A*cx*v(s)z
w,,_/o Fp*ds—/o : ds (11)

According to Equation (8), the energy lost as a result of the braking forces is equal
to the kinetic energy of the vehicle at the start of the braking process minus the works
Wt and W,. The ratio of the work of rolling resistance forces to the total kinetic energy
according to Equation (12) is a value independent of the vehicle speed at the start of
the braking. This ratio is influenced only by the rolling resistance coefficient and the
deceleration during braking.

We _gxh (12)

Ek a
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The ratio of the work of air resistance forces to the total kinetic energy is largely
dependent on the vehicle’s speed at the start of braking.

Figure 3 shows the ratio of these two components to the total kinetic energy at the
start of the braking.

a b
0.2 (a) 0.2r (b)
0.8 ab=0.5 m/s? 0.8 ab=0.5 m/s?
- —— ab=1 m/s? - —— ab=1 m/s?
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Figure 3. The ratio of the work of the motion resistance forces to the kinetic energy E at the start of
braking for different values of deceleration a;, (v,—the speed at which braking is initiated), (a) the
ratio of the work W; of the rolling resistance forces to the kinetic energy Ej, (b) the ratio of the work
W), of the air resistance forces to the kinetic energy Ej.

It can be seen that for the same values of braking deceleration, the work of the rolling
resistance forces is many times greater than that of the air resistance forces. In both cases,
the magnitude of these forces is strongly influenced by braking deceleration. As the value
of deceleration increases, the braking distance shortens and the ratio of these two quantities
to the kinetic energy decreases.

3. Case Description and Analysis of Parameters Related to Vehicle Movement
3.1. Intelligent Transport System in Rzeszow

There is an Intelligent Transport System in the city of Rzeszéw. This system includes
the following subsystems: Area Traffic Control System, Public Transport Management
System, Passenger Information System, Electronic Toll Collection System, Dynamic Vehicle
Weighing System, and ICT Platform integrating the previously mentioned subsystems. The
Area Traffic Control System consists of a traffic light control system that ensures smooth
traffic flow and minimises waiting times at intersections, a right-of-way system for public
transport that assigns priority to public transport and emergency vehicles, and a driver
information system that uses variable message signs to provide quick information on traffic
impediments, changes in traffic organisation and recommended detours. The basis of the
signalling system are induction loops embedded in the asphalt and a camera system, which
allows the signalling system to adjust the traffic intensity. In addition, at intersections with
traffic lights, there is also automatic detection of pedestrian and bicycle traffic, thanks to
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which there is no need to press a button to change the lights. Assigning priority to public
transport and emergency vehicles involves transmitting information from the vehicle to
the traffic light controller, checking whether it is possible to pass without having to stop.
Depending on the situation, there may be an extension of the phase of the traffic lights
allowing passage, or a shortening of the phases preceding the next phase of the lights
allowing passage. The Public Transport Management System enables identification of
the location of vehicles, counting the number of passengers and controlling the quality
standards of passenger service. This allows the current needs of public transport in the
city to be responded to. Thanks to this system, passengers are informed in real time about
bus delays. The Passenger Information System aims to provide efficient information to
public transport passengers. It includes information boards at bus stops and a web-based
system that provides more information than the information boards. The Electronic Fare
Collection System is an electronic public transport ticketing system. Under this system,
it is possible to buy time-based or single-trip tickets, the price of which depends on the
number of bus stops travelled. The Dynamic Vehicle Weighing System is designed to detect
overloaded vehicles and to record information about detected overloads. This system
consists of sensors embedded in the asphalt that monitor axle loads and a central system
that collects data [24-26].

3.2. Characteristics of the Considered Route

The analysis and research carried out in this article concerns a selected public transport
route in Rzeszéw. It is one of the main public transport routes that practically runs through
the entire city. All subsystems of the city ITS are actively involved in this route. The
recorded data are from the days 16 to 18 March 2022, 21 to 25 March 2022, 29 March 2022,
and 4 April 2022, and these are working days. Data are from one diesel-powered bus, a
Mercedes-Benz O530 operating on city route number 13. A diagram of the route number 13
is shown in Figure 4.
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Figure 4. Diagram of the route no. 13: (a) direction A to B; (b) direction B to A.

Due to the road layout with separated traffic directions streets, both routes are not
the same. There are 35 bus stops on the route in the A to B direction and 38 bus stops in
the B to A direction. In the A to B direction, the route is 16.376 km long and in the Bto A
direction 16.805 km long. Depending on the time of day and the direction of traffic, the
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total number of stops on a given course varies. The highest number of stops occurs during
the morning and afternoon rush hours. This is shown in Figure 5.
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Figure 5. Total number of stops on courses in the analysed period depending on the time of the start
of the course: (a) direction A to B; (b) direction B to A.

The data used in the study come from a GPS data recorder installed in the vehicle,
which records data at a frequency of 1 Hz. A description of the system and its characteristics
is presented in papers [27-29].

Fuel consumption data were provided by MPK Rzeszéw (Municipal Transport Com-
pany, Rzeszéw, Poland). The bus was refuelled at the end of each day after work and the
amount of fuel refuelled was recorded.

3.3. Characteristics of the Traffic Profile

All the routes under consideration are operated by the same bus running the same
daily schedule. In direction A to B, the bus makes seven trips per day and in direction B
to A six trips per day. Figure 6a shows an example of the speed profile during the day on
25 March 2022. The speed of the bus in urban traffic very rarely reaches values greater than
15 m/s, which corresponds to a value of 54 km/h.

As can be seen in Figure 6b, there are four phases in the movement of a public bus:
the acceleration phase, the braking phase, the steady speed phase, and the stopping phase.
The stopping phase results from the need to stop at a bus stop and from the current traffic
conditions, e.g., stopping in front of traffic lights.

The varying traffic conditions and the number of passengers transported on a particu-
lar course affect the duration of the course and the average course speed. A chart of course
durations in the studied period is shown in Figure 7.
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Figure 6. Bus speed profile for a selected working day: (a) from the entire day; (b) from the selected
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Figure 7. Course durations in the studied period depending on the time of the start of the course:
(a) in the direction A to B; (b) in the B to A direction.

To determine the energy lost in the braking process, it is necessary to know the vehicle
speed v}, at the start of the braking. In most cases, this speed does not correspond to the
speed at the end of the acceleration process v, nor to the maximum speed reached by the
bus between bus stops, as illustrated in Figure 8.

As each braking process is characterised by different initial conditions and intensity,
the determination of the energy lost as a result of this process requires a case-by-case
consideration.
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Figure 8. Graph of bus speed from two selected parts of the route between bus stops (va—acceleration
speed after the stop, vi,—braking speed before the stop): (a)—morning rush hour, (b)—afternoon
rush hour.

3.4. Analysis of Braking Process Parameters

As part of the study, all braking speeds v}, were determined from the recorded data.
The results were divided into two groups. The first is related to the braking process before
the bus stop. The second group is related to stopping forced by traffic conditions. The
distribution of these speeds is shown in Figures 9 and 10. Figure 9 concerns the braking
speed before the bus stop. Figure 10 concerns braking speeds forced by traffic conditions.

The distributions shown in Figures 9 and 10 differ. In the case of Figure 10, the
distribution has a flattened nature. This is due to traffic conditions in traffic jams. Vehicles
involved in this traffic move at low speeds and stop frequently. In the case of Figure 9, most
of the braking processes are carried out from a much higher speed. Figure 11 shows the
average braking speeds before a bus stop on the course as a function of the average speed
on the course. Figure 12 shows the average braking speeds outside the bus stops on the
course as a function of the average speed on the course.

In the case of Figure 11, there is little change in the average braking speed before
a bus stop on the course from the average speed on the course. As Figure 9 shows, the
majority of braking speeds before the bus stop are clustered between values of 6 m/s and
12 m/s. In Figure 12, the significant effect of the average speed on the course is seen on
the average braking speed outside the bus stops on the course. When moving in a traffic
jam, the vehicle moves at low speeds, hence the low braking speeds. At higher average
speeds on a given course, the braking process resulting from, for example, pedestrians at a
crossing or traffic lights takes place at a higher speed, close to the braking speed before the
bus stop.



Energies 2024, 17, 4179

800 . .

700

600

500

400

300

Number of observations

200

100

0
0 5 10

Speed at the start of braking, [m/s]

Figure 9. Distribution of braking speeds before the bus stop in the studied period: (a) in the direction

A to B; (b) in the B to A direction.
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Figure 10. Distribution of braking speeds forced by traffic conditions in the studied period: (a) in the
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a given course: (a) in the direction A to B; (b) in the B to A direction.



Energies 2024, 17, 4179 12 of 26

Figure 13 shows the distribution of decelerations during the braking process before bus
stops during the period studied. Figure 14 shows the distribution of decelerations during
the braking process outside the bus stops during the period studied. In the case of the
decelerations of the braking process shown in Figures 13 and 14, no significant differences
can be seen between the distributions of these decelerations. Most of the decelerations
achieved do not exceed 1.25 m/s?. This value does not cause discomfort to passengers and
does not pose any threat.

a b
1200 T (@) T 1200 T (b) T
1000 1000 [ 1
2 2
S 800 § 800f .
© ©
c 2
o) [
2 2
o 600 o 600 b
kS G
@ @
E E
S 400 S 400 b
z z
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Deceleration, [m/sz] Deceleration, [m/s2]

Figure 13. Distribution of decelerations during braking before a bus stop: (a) in the direction A to B;

(b) in the B to A direction.
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Figure 14. Distribution of decelerations during braking outside the bus stop: (a) in the direction A to
B; (b) in the B to A direction.



Energies 2024, 17, 4179

13 of 26

average deceleration, [m/sZ]

Similarly to the braking speeds in Figures 11 and 12, an analysis of the effect of the
average speed on a given course on the average deceleration on the course was also carried
out. The dependence of the average deceleration during the braking process before bus
stops on a course on the average speed on a course is shown in Figure 15. The dependence
of the average deceleration during the braking process outside bus stops on a course on the
average speed on a course is shown in Figure 16.
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Figure 15. Average decelerations during braking before bus stops on a course depending on the
average speed on a given course: (a) in the direction A to B; (b) in the B to A direction.
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Figure 16. Average decelerations during braking outside bus stops on a course depending on the
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Figures 15 and 16 do not indicate the effect of the average speed on a given course
on the average deceleration during the braking process before a bus stop and outside a
bus stop.

3.5. Analysis of Stop Times

An important element that affects the average speed on a given route is the stop
times at and outside bus stops. In addition, these stop times contribute to increased fuel
consumption. The total stop times at bus stops on a given course for the studied period
are shown in Figure 17. The total stop times outside bus stops on a given course for the
studied period are shown in Figure 18.
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Figure 17. Total stop times at bus stops on a given course depending on the time of the start of the
course: (a) in the direction A to B; (b) in the B to A direction.
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Figure 18. Total stop times outside bus stops on a given course depending on the time of the start of
the course; (a) in the direction A to B: (b) in the B to A direction.
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In Figure 18, the impact of rush hour on the total stop times outside bus stops for a
given course is greater than on the total stop times at bus stops shown in Figure 17.

Figure 19 shows the distribution of the stop times at bus stops in the studied period.
Figure 20 shows the distribution of stop times outside bus stops in the studied period.
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Figure 19. Distribution of stop times at bus stops: (a) in the direction A to B; (b) in the B to A direction.
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Figure 20. Distribution of stop times outside bus stops: (a) in the direction A to B; (b) in the B to
A direction.

The very low stop times of approximately 5 s are visible in Figure 19, which are
unrealistic from the point of view of passenger exchange. They result from the need for the



Energies 2024, 17, 4179

16 of 26

bus to stop at every bus stop, regardless of the number of passengers waiting and willing to
get off. This solution is imposed by the city authorities. The number of bus stops at which
there was no passenger exchange on a given route during the studied period is shown in

Figure 21 and the time of stops at these bus stops is shown in Figure 22.
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Figure 21. Number of bus stops without passenger exchange on a given course depending on the

time of the start of the course: (a) in the direction A to B; (b) in the B to A direction.
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Figure 22. Total stop times at bus stops without passenger exchange on a given course; (a) in the
direction A to B; (b) in the B to A direction.

Figure 23 shows the dependence of the average stop times at a bus stop on a course on
the average speed on a given course. Figure 24 shows the dependence of the average stop
times outside a bus stop on a course on the average speed on a given course.
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Figure 23. Average stop times at a bus stop on a course depending on the average speed on a given
course: (a) in the direction A to B; (b) in the B to A direction.
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Figure 24. Average stop times outside the bus stop on a course depending on the average speed on a

given course: (a) in the direction A to B; (b) in the B to A direction.

4. Determining Energy Consumption
4.1. Assumptions

According to part 2, the energy lost in breaking and at standstill contains two compo-
nents. The first takes into account the braking speed. The second component depends on
the stop time. In the calculations carried out, it was assumed that the mass of the vehicle
with passengers m is equal to 13,000 kg. This is the mass of an empty bus that includes
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the mass of 15 passengers. The energy consumption at standstill can be determined from
the stop times obtained from the analysis (Figures 19 and 20) and the assumed specific
fuel consumption gs. Taking into account the data obtained from the transport company
and the data in the literature [5,30,31], qs was assumed to be 0.57 g/s. This represents a
consumption of approximately 2.5 L/h.

The simulation took into account the work of friction forces. However, the work
of the air resistance forces was not taken into account. For an average braking speed of
approximately 9 m/s and an average deceleration of approximately 1 m/s?, this work
amounts to approximately 1% of the kinetic energy, as shown in Figure 4b.

The speed at which a bus brakes, as well as the stop time, are not constant quantities.
These quantities and, in particular, the speed at which the braking process begins, depend
on many factors. Among the most relevant are the external traffic conditions and the
associated average speeds on a given course.

The value of energy Ej, lost in the fuel is

Ey
E, = +E 13
b T * 1 s (13)
where
E,—total energy lost;
Eir—lost kinetic energy.
" m ok vy, 2
Ex=) —— —mxgx*fixs 14
k 1:21 > 8 * ft *sp (14)
where
m—bus weight, m = 13,000 kg;
v,—the speed at which the bus brakes, m/s;
g—acceleration due to gravity, ¢ = 9.81 m/s?;
fi—rolling resistance coefficient, f; = 0.01;
sp—braking distance, m;
nn—efficiency of the drive system, 17, = 0.88;
n.—engine efficiency, . = 0.36;
Es—energy lost during standstill.
n
Es =Y tixqsxW, (15)

i=1
where

t—bus standstill time, s;
gs—fuel consumption per second during standstill, g/s;

W, —-calorific value of fuel, W,, = 42%.

The average energy lost per stop E;, was calculated according to the formula

n
" Ep
E, = == 16
b ” (16)

where

Ey;—energy lost on the ith stop;
n—number of all stops.

4.2. Simulation of Energy Loss in the Braking Process

Using the above assumptions, a simulation of energy loss in the braking process was
performed. The braking process and the standstill process were considered separately. For
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the calculations, the energy loss values due to the braking process and the stop time on a
given course were determined for each braking separately. Figure 25 shows the dependence
of the average braking energy before a bus stop on the course on the average speed on a
given course. Figure 26 shows the dependence of the average braking energy outside the
bus stop on the course on the average speed on a given course.
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Figure 25. Average braking energy before bus stop on a course depending on the average speed on a
given course: (a) in the direction A to B; (b) in the B to A direction.
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Figure 26. Average braking energy outside a bus stop on a course depending on the average speed
on a given course: (a) in the direction A to B; (b) in the B to A direction.
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Figure 27 shows the dependence of the average standstill energy of stopping at a bus
stop on a course on the average speed of a given course. Figure 28 shows the dependence
of the average standstill energy of stopping outside a bus stop on a course on the average
speed of a given course.
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Figure 27. Average standstill energy of stopping at a bus stop on a course depending on the average
speed on a given course: (a) in the direction A to B; (b) in the B to A direction.
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Figure 28. Average standstill energy of stopping outside a bus stop on a course depending on the
average speed on a given course: (a) in the direction A to B; (b) in the B to A direction.
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4.3. Total Energy Losses and Their Analysis

When summing the braking and standstill energy loss for each stop, the total braking
and standstill energy loss was obtained. From this value calculated for each stop on a given
course, the average total energy lost per stop on a given course was determined. Figure 29
shows the dependence of the average total energy lost per stop at a bus stop on a course on
the average speed on a given course. Figure 30 shows the dependence of the average total
energy lost per stop outside a bus stop on a course on the average speed on a given course.
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Figure 29. Average total energy lost per stop at a bus stop on a course depending on the average
speed on a given course: (a) in the direction A to B; (b) in the B to A direction.
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Figure 31 shows the distribution of the total energy lost per stop at a bus stop. The
red line presents the normal distribution of energy losses, which can be described by a
Gaussian distribution function.
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Figure 31. Distribution of the total energy lost per stop at a bus stop: (a) in the direction A to B; (b) in
the B to A direction.

The average energy lost per stop at a bus stop in the direction A to B is 2.014 MJ, and
in the direction B to A 1.978 MJ. During the studied period, according to data provided by
the transport company, the bus was refuelled with 1020.75 L of fuel. The total energy lost
during stops at bus stops in the studied period constitutes 26.15% of fuel consumption; that
is, 266.97 L.

Table 1 shows the share of braking and standstill energy in the total energy lost during
stops at a bus stop during the entire studied period.

Table 1. Shares of braking and standstill energy in the total energy lost during stops at a bus stop.

Direction Share of Braking Energy [%] Share of Standstill Energy [%]
AtoB 78.35 21.65
Bto A 75.89 2411

Figure 32 shows the distribution of the total energy lost per stop outside a bus stop.
The distribution presented in Figure 32 has a different character from the distribution in
Figure 31. The bus brakes very often at low speed during a traffic jam, as can be seen in
Figure 10.

The average energy lost per stop outside the bus stop in the direction A to Bis 1.591 MJ,
and in the direction B to A 1.578 MJ. The total energy lost during stops outside the bus
stops constitutes 42.5% of the fuel consumption in the examined period; that is, 433.83 L.

Table 2 shows the shares of braking energy and standstill energy in the total energy
lost during stops outside the bus stop during the entire studied period.
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Figure 32. Distribution of the total energy lost per stop outside a bus stop: (a) in the direction A to B;
(b) in the B to A direction.

Table 2. Shares of braking and standstill energy in the total energy lost during stops outside the

bus stop.
Direction Share of Braking Energy [%] Share of Standstill Energy [%]
AtoB 23.32 76.68
Bto A 22.74 77.26

5. Discussion

The calculations carried out for the selected bus route showed the amount of energy
lost in the process of breaking and being standstill at and outside bus stops. Within the
courses analysed, the bus reached different average speeds. It can tentatively be assumed
that this corresponds to the nature of operation on other routes. The amount of energy lost
is an important component of the energy balance. On an average working day, the bus
consumed 100 L. During the day, it made 13 courses with 473 bus stops. Fuel consumption
related to stops at bus stops represents approximately 26% of total fuel consumption during
the working day. The fuel consumption related to stops outside of bus stops represents
approximately 42.5% of the daily fuel consumption.

The average energy lost per stop at bus stops and outside bus stops does not differ
much in both directions. Traffic intensity is different in both directions, but total traffic
volume is probably the same in both directions. It is indicated by almost the same average
energy lost in both directions.

Most of the energy lost at stops at bus stops is braking energy. It indicates that a bus
brakes from significant speed and is not standing still for long at bus stops. Most of the
energy lost at stops outside of bus stops is standstill energy. It indicates that the bus spends
significant time at standstill. This can be caused by traffic jams during rush hours and long
waiting at intersections.

Stops at the bus stops along a given route result from the timetable. In that case, the
associated energy losses do not depend on the average bus speed on a given route. The
amount of these losses depends on the stop. Stop times at bus stops are determined by the
number of passengers getting on and off and the number of doors. Low-floor buses with
wide entrances are required on busy routes.

In order to reduce the energy consumption associated with stops at the bus stops, the
number of stops could be reduced by introducing on-demand bus stops. The bus would
only stop if there was a need to change passengers. Taking this into account requires further
research and is part of efforts to improve existing city ITS. Those efforts should ensure the
smooth running of public buses with the aim of reducing energy consumption and therefore
harmful emissions. This will make public transport more environmentally friendly.
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6. Conclusions

City ITS allows for smooth traffic flow and minimizes waiting time at intersections,
which significantly increases the energy efficiency of vehicles in city traffic. This is especially
important for public buses. Energy consumption of public buses on urban routes can be
reduced by optimizing the existing network of bus stops, as well as by reducing the number
of stops outside bus stops. The constant increase in the intensity of urban road traffic
requires adaptive changes in the organization of road traffic and the improvement of road
infrastructure through the introduction of a priority system for public transport. Such
improvements of the existing ITS can be implemented only on the basis of studies of the
real conditions of urban traffic, in particular, the impact of stops on a typical route of the
city ITS on the energy efficiency of public buses.

The objective of this paper was to determine the energy consumption of the public
bus associated with stops at bus stops and outside bus stops. Stops are an important factor
of energy consumption in urban traffic. One of the main public bus routes in the city of
Rzeszoéw was analysed. Based on the fuel consumption and GPS data, the energy model of
diesel public buses was created. This model allowed the exact fuel consumption shares as-
sociated with stops at bus stops and outside bus stops to be determined. Fuel consumption
shares associated with stops at bus stops and outside bus stops were determined to be 26%
and 42.5%, respectively. This paper aimed to increase knowledge of how stops influence
energy consumption of a public bus.

The created model was based on the movement resistance forces and energy transfer
in engine and driven trains. Daily fuel consumption measurements were susceptible to
errors of several litres. The method of measuring fuel consumption could be improved to
reduce error to values of 1-2%.

The created model cannot be used to model losses of hybrid or battery electric buses,
because the model does not take into account regenerative breaking.

As simulation studies carried out have shown, the additional energy consumption for
buses related to stops outside of bus stops reaches significant values. Those values exceed
the energy consumption related to stops at bus stops. These stops are the result of traffic
conditions and transport infrastructure. Therefore, the reduction in the number of stops
outside bus stops requires the actions of the city authorities to improve the existing ITS.
Examples of such measures are changes to the traffic infrastructure consisting of separate
bus lanes, adaptive changes in the organization of traffic by introducing the priority of
public buses at intersections with traffic lights, and reconstruction of the road system to
eliminate bottlenecks. The obtained research results are the basis for improving the ITS of
the city of Rzeszow.

The second important factor is measures to reduce private vehicle traffic by taking
over passenger flows by public transport. However, these measures require appropriate
actions to encourage people to use public transport and the introduction of restrictions
such as banning cars from entering the city centre or introducing additional entry fees.
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