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Abstract: The public-transport sector represents, on a global level, a major ecological and economic
concern. Improving air quality and reducing greenhouse gas (GHG) production in the urban
environment can be achieved by using electric buses instead of those operating with internal
combustion engines (ICE). In this paper, the energy consumption for a fleet of electric buses Solaris
Urbino 12e type is analyzed, based on the experimental data taken from a number of 22 buses, which
operate on a number of eight urban lines, on a route of approximately 100 km from the city of
Cluj-Napoca, Romania; consumption was monitored for 12 consecutive months (July 2018-June 2019).
The energy efficiency of the model for the studied electric buses depends largely on the management
of the energy stored on the electric bus battery system, in relation to the characteristics of the route
traveled, respectively to the atmospheric conditions during the monitored period. Based on the
collected experimental data and on the technical characteristics of the electric buses, the influence of
the atmospheric conditions on their energy balance was highlighted, considering the interdependence
relations between the considered atmospheric conditions.

Keywords: electric bus; battery; energy efficiency; environmental conditions

1. Introduction

Urban public transport plays a very important role in society, as it is the current means of transport
serving a significant number of people every day. The sustainable tendency of urban mobility is to
transport as many people daily as possible, with ecological, nonpolluting means of transport, which
will have a direct effect not only on the reduction of the greenhouse gases (GHG), but also on the
reduction of the environmental noise, traffic congestion, and the infrastructure vibration due to the
vehicles equipped with internal combustion engines (ICE).

Most electric vehicles adopt AC motors due to their higher reliability and longer service life.
Various electric motors and batteries used in electric vehicles are still subject to research, and innovative
strategies are explored to compete with thermal-engine technology [1].

Due to the tendency of the big cities agglomeration, there is a need to increase the number of
buses in the public transport fleets, and if the bus fleet is not renewed with environmentally friendly,
nonpolluting means of public transport, it will result an increase of the environmental pollution
(chemical and acoustic) that would affect the health of the population. Also, by renewing the bus fleet
park of the public transport companies, the aim is to encourage the use of the environmentally friendly,
nonpolluting means of transport, to the detriment of using personal cars in urban traffic.

In [2], Grijalva et al. noted that a bus used at the nominal occupancy level could replace up to
40 personal cars from urban traffic.
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Regarding the problems mentioned above, the main solution for eliminating them is to replace
the classic buses equipped with ICE with silent and nonpolluting electric buses.

However, this solution has two major drawbacks: the high purchase price of an electric bus (which
can be double compared to a classic bus with the same capacity [3], but which can be compensated
by accessing European non-reimbursable funds [4]), respectively the autonomy of the electric bus,
which depends on the capacity of the batteries that equip this bus and on the charging strategy (fast
charging between buses route, respectively slow charging overnight) [5]. Because the batteries are
the most expensive elements of an electric bus [6,7] and also have a considerable mass (between
1500 and 3000 kg) [8,9], the energy store in them must to be used to the maximum. The energy
consumption for the electric bus varies according to a large number of parameters (the technology used
in the construction of the electric bus, the experience of the driver, the traffic conditions, atmospheric
conditions, the altitude profile of the route, the degree of the boarded passengers, etc.) between 1.0
and 3.5 kWh/km [10-14].

The batteries of the electric buses are recyclable, and their major advantage is the operational costs
with electricity that is much cheaper than conventional fuels [3], respectively the maintenance costs
that practically do not exist for a period of up to 10 years [15]. The most important feature of a battery
pack is to store a maximum amount of energy in a volume and at a minimum mass, in order to ensure
the maximum autonomy [16].

In [17], Demircali et al. studied a virtual model for a battery of an electric vehicle, directly
dependent on the ambient temperature, showing that, with the increase or decrease of this temperature,
the energy stored in the battery is changed.

The energy consumption for the electric vehicles is influenced by the atmospheric conditions, not
only from the point of view of the direct influence on the storage capacity of the batteries, but also from
the point of view of the increase of the energy consumption due to the supply of the auxiliary systems
(heating, ventilation, and air-conditioning in the vehicle), as demonstrated by lora et al., in [18].

In [5], Vepsildinen et al. showed that the optimal energy consumption of an electric bus takes
place at an ambient temperature of 20 °C. However, the studies of Qian et al. [19] showed that ambient
temperature plays an important role in the battery life of an electric vehicle and, therefore, implicitly
on the energy storage capacity. Thus, the increase or decrease in ambient temperature above certain
thresholds lead to the more frequent use of cooling or heating, resulting in premature aging of the
battery and the reduction of its storage capacity.

In different climatic zones, the ambient temperature can directly influence the efficiency of an
electric vehicle, having the effect of increasing the energy consumption due to the use of air-conditioning
systems for cooling or heating [10,20-25]. In [24], Yuksel et al. showed, by analyzing the energy
consumption according to the ambient temperature during more than 7000 trips in six regions of the
US, that the energy consumption for extreme values of the ambient temperature can be doubled (=30 °C
to +40 °C), but it is kept at optimum values for a thermal regime between +17 and +27 °C.

Zhu et al. [26] showed that, under extreme temperature conditions (30 °C to +40 °C), the energy
efficiency of the electric bus batteries is low and, at the same time, the degradation of the battery
characteristics is accelerated. These authors demonstrate the importance of the thermal management
of the batteries which, regardless of the atmospheric conditions, must ensure an optimum temperature
on the surface of the batteries around +30 °C.

The studies conducted by Jardin et al. in [27] showed that the optimum operating temperature for
an electric bus based on energy consumption (kWh/km) is in the range between +20 and +25 °C, the
maximum consumption being at low ambient temperatures.

The main objective of this work is to highlight the energy consumption and, respectively, the
energy recovered for a fleet of 22 electric buses, Solaris Urbino 12e type, which operate on eight urban
lines, on a route about 100 km from the city Cluj-Napoca, Romania. The consumption was monitored
for 12 consecutive months (July 2018-June 2019). The temperate climate that characterizes most of
the cities located in the continental area of Europe implies the existence of four seasons with extreme
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differences of environment temperatures (from -30 °C in the winter months and up to +40 °C in the
summer months) [28-30], differences that can have a significant impact on the electric buses autonomy.

2. Materials and Methods
2.1. Electric Bus Model

2.1.1. Electric Bus Model Data

Electric buses use electric propulsion based on an electric motor powered by rechargeable batteries
via a voltage inverter. The battery-charging strategy involves the use of slow-charging stations
(overnight), with a power of 40 kW and a full battery life between 4 and 6 hours, respectively,
fast-charging stations (between races) with a power of 230 kW, and a charging time to ensure the
autonomy required for a 10 to 20 minute ride [13].

The values for the main technical characteristics of the electric buses Solaris Urbino 12e model
(Figure 1) that were used to carry out the study presented in this paper are listed in Table 1 [9,31].

3

w1

Figure 1. Solaris Urbino 12e electric bus fleet (author photo).

Table 1. Technical characteristics of the electric buses.

Parameters Unit Value
Length/Width/Height m 12.00/2.55/3.25
Distance from hitch to front axle m 9.30
Wheelbase m 5.90
Nominal/Loaded Weight kg 13,800/18,000
Number of passenger’s seats/total - 23/70
Motor (type) - Electric asynchronous
Maximum engine power kW 160
Maximum engine torque Nm 1450
Inverter input voltage Ve 687
Inverter output voltage Vea 3 x 380
Batteries (type) - LiyTisOq5 (LTO)
Battery capacity kWh 210
Battery voltage Ve 687
Energy consumption kWh/km 1.00/2.00
summer/winter
Autonomy (producer) km 105

Autonomy (real) km 75-150
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2.1.2. Battery Pack Data

The battery pack acts as a chemical storage unit for the electricity required to operate the motors
that provide the bus propulsion. At the same time, the energy from the batteries must supply the
auxiliary systems (cooling, heating, ventilation, lights, multimedia, telematics, etc.) under extreme
ambient temperature values, ranging from -30 °C to +40 °C.

The basic unit of the battery pack is the cell. A number of “n” cells arranged in a series-parallel
grouping form a module [32,33]. In the present case, for the studied Solaris Urbino 12e buses, the
standard battery pack consists of eight modules interconnected in parallel that provide the nominal
voltage of 690 V. at the terminals of the battery pack and which is applied as the input voltage to the
system of the voltage inverter. The inverter converts the direct current (DC) voltage into a three-phase
alternating current (AC) voltage (3 X 380 V,) which supplies the electric propulsion motors. To increase
the autonomy, the electric buses are powered by a system of 3 to 6 battery packs, connected in parallel,
to increase the value of the current and thus of the stored energy [34].

The LiyTi5O1, (LTO) batteries that equip the electric buses (Figure 2) are batteries with superior
thermal stability, high energy storage capacity in cells, and a high lifespan (expressed through
charge—discharge cycles) [9,35]. LTO batteries have the following advantages: operating safety,
longevity, performance, and power density, but have a low energy density and are expensive [36].

ePack nominal voltage  [V]: 651.2
*Pack MAX voltage IV}: 730.4
*Pack MIN voltage V):475.2
*Battery efficiency 7%

S O L /.\ R l S *Pack nominal energy [kWh: 50.792
*Pack useful energy [kWh]: 40.36
*DMDC [A]: 120

TmMpPAaCT o a0

«Discharge cont. power [kW]: 80

0O

[T TPAT TR R

Figure 2. LTO batteries that equip the Solaris Urbino 12e electric buses (author photo).

The virtual model for the basic cell of the battery pack is shown in Figure 3, and, based on this
model, the electrical equations that describe the characteristics of cells, modules, and of the battery
packs were formulated [34,37-42].

G,

R ohmic
Ucell
Uow

Figure 3. Equivalent circuit models (ECM) of the battery cell.
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The voltage at the terminals of a cell (U ) is calculated with the following equation [38]:

noQ

i=1 a/ (1)

ucell = Upeo — Icell'Rohmic -

where Uy (V) is the voltage of the open circuit of the open-circuit voltage cell (OCV), I (A) is the
current at the cell terminals, Rohmic ((2) is the internal resistance of the cell, Q; (W) is the load capacity
of the cell, and C; (F) is the capacity of the cell capacitor.

The load capacity of the cell is expressed by the following equation [38]:

Qi = f IC,"dt = f(lcell_ %)'dt' @)

where Ic; (A) is the current through the cell capacitor, and R; () is the resistance of each
resistor-capacitor (RC) element of the cell.

The electrical voltage at the terminals of a battery module (Upoqule) is calculated according to the
number of cells connected in series (Ngeries), using the following relation:

Usnodute = Uceli Nseries- 3)

The electric current at the terminals of a battery module (Iyodule) is calculated according to the
number of cells connected in parallel (nparanel), using the following relation:

Lnodute = Leenl Nparallel- 4)

The state of charge (SOC) of a battery module Qp,ogule (%) is calculated based on the number of
cells and on the charge level of each cell Q.. (%), respectively, on the number of cells connected in
parallel (nparanel), using the following relation [38]:

Qmodule = chll'npamllel = Qmax'soc'npumllelr &)

where Quax (%) is the maximum loading degree of each RC element of the cell.

The power of a battery module Pp,oqule (W) is calculated according to the number of cells and
to the power of each cell P.j; (W), respectively, according to the number of cells connected in series
(Ngeries), using the following relationship:

Pmodule = Pcell'nseries = cell'Icell'nseries- (6)

The lost power of a battery module (P1oss, module (W)) is calculated using the following relation:

n
Ploss,module = (I?gll'Rohmic + Zi:l I%{i'Ri)'nseries- (7)
Instant charge of the battery is given by the following relation, based on the Coulomb-Counting
algorithm [43]:
t
Q) = Qo= [ e ®

where Qq is the initial battery charging status, and I, (A) is the current at the battery.
The SOC of the battery is expressed as a percentage of the maximum charge capacity, Qmax [43,44]:
Q(t)

SOC(t) = 100%: =~ 9
(t) Os ©)
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Similarly, depth of discharge (DOD) of the battery is expressed as a percentage of total capacity
consumed [43]:
Qmax B Q(t)
Qmax )
The functional characteristic of the battery cell is shown in Figure 4, and the values of the main
characteristic parameters of the battery pack that equip the electric buses are shown in Table 2 [39,45].

DOD(t) = 100%: (10)
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Figure 4. Battery characteristics.

Table 2. Technical characteristics of the electric batteries.

Parameters Unit Value
Nominal cells capacity Ah 26
Cells Nominal cells voltage \Y% 3.7
Nominal cells energy kWh 0.0962
Nominal modules energy kWh 6.25
Modules Number of modules - 8
Mass of module kg 42
Nominal packs capacity Ah 58.8
Nominal packs voltage \Y% 687
Pack Nominal packs energy kWh 41.22
Number of modules - 3-6
Mass of pack kg 485

2.1.3. Electric Machine

Electric buses are powered by an electric motor, asynchronous motor (ASM) type, which operates
in electric-motor mode, consuming battery power, or in generator mode, recovering the energy when
descending slopes or in particular braking situations. The operating characteristic of the electric
propulsion system is described by the motor torque diagram vs. speed, for all the possible traction
regimes (Figure 5) [38,46,47].
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Torque (Nm
qA( )

Brake backward J| Drive forward
(generating or (traction or
braking mode) motoring mode)

» Speed (1/min)

Drive backward || Brake forward
(traction or (generating or
motoring mode) §| braking mode)

Figure 5. Motor speed-torque diagram (traction modes).

The torque of the electric motor is maximum from the start and remains constant until it reaches
a constant speed corresponding to the cruise speed. The power of the electric motor increases
linearly until maximum, and then it descends simultaneously with the decrease of the motor torque
(Figure 6) [48,49].

Regenerative braking involves the partial recovery of the kinetic energy and the storage of this
energy in the battery to increase the range of the electric buses. During the regenerative braking,
the electric motor turns into a generator and charges the batteries. The kinetic energy of the electric
buses depends on their mass and speed, but only half of this energy, at most, can be recovered, and

this depends on the generator’s ability to produce electricity, respectively, on the battery’s charging
capacity [50,51].

500 ' 140
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450 '
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400 ' '
1 1
350 ' ! 100 s
g " i =
Z 0 : : 80 <
g 250 ; : %
8-200 ' Higher ' 60 o
S : Efficiency i A~
& - iciency i
150 ) ' 40
100 . "
' ' 20
50 L] 1
1 1
0 = 0
0 1000 2000 3000 4000 5000 6000 7000 8000

Speed (1/min)
Figure 6. Motor speed-torque/power characteristic.

2.2. Environment Model

2.2.1. Ambient Temperature

The meteorological data regarding the temperature history for Cluj-Napoca, related to the
monitored period (July 2018-June 2019), were taken from the archive of the weather station rp5.ru [52].
The average daily values for temperature were calculated as the average values for the electric buses
operating at hourly intervals, from the beginning of the program (5:00 a.m.) to the end of the program

(11:00 p.m.), based on daily records of variations in temperature values, obtaining the results that are
presented in Figure 7.
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Figure 7. The average daily temperature values recorded for the monitored period.

2.2.2. Ambient Humidity

Similar to the temperature history (See Section 2.2.1), compared to the monitored period
(July 2018-June 2019), data were taken regarding the values for the atmospheric humidity [52].
The average values for the atmospheric humidity were calculated as the average values for the electric
buses operating at hourly intervals, based on daily records of the variations for the atmospheric
humidity values, obtaining the results that are presented in Figure 8.

Humidity (%)
100.0

92.13
84.25
76.38

68.50

Months

60.63

52.75

44.88

P l |

2 4 6 8 10 12 14 16 18 20 22 24 26 28 30
Days

37.00

Figure 8. The average daily atmospheric humidity values recorded for the monitored period.
2.2.3. Pressure and Air Density

Similar to the temperature history (see Section 2.2.1), compared to the monitored period
(July 2018-June 2019), data were taken regarding the atmospheric pressure values [52]. The average
values for the atmospheric pressure were calculated as the average values for the electric buses
operating at hourly intervals, based on the daily records of the atmospheric pressure values’ variations,
obtaining the results that are presented in Figure 9.
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Figure 9. The average daily atmospheric pressure values recorded for the monitored period.

The average daily air-density value (Figure 10) was calculated based on the average daily
recordings of the thermal values, using the following relation [53]:

p —0.378-u-ps

o 11
Pair = =587 05T/ (1)

where p,; is the average daily air density (kg/m?), p is the average daily atmospheric pressure (Pa),
u is the average daily relative humidity (-), ps is the saturation pressure (Pa), and T is the absolute
temperature (K) relative to the average daily ambient temperature (T (K) =t (°C) + 273.15).

The saturation pressure was calculated using the following relation [54]:

¢(77.3450+0.0057-T-32)

Ps = T82 (12)

Air density (kg/m?)
1.281

June
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. 1.261
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2 4 6 8 10 12 14 16 18 20 22 24 26 28 30
Days

Figure 10. The calculated average daily air density values for the monitored period.
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2.3. Energy Balance

2.3.1. Energy Consumption

The energy consumption of the electric buses is influenced by a number of factors, such as:
increasing the total mass of buses by loading the passengers, the consumption generated by the
auxiliary systems that cause a significant increase in the amount of energy consumed by the batteries (air
conditioner equipment, multimedia equipment, lighting equipment, telematics equipment, auxiliary
equipment), some of these factors being not dependent on the distance traveled by the electric
buses [55-57]. At the same time, the altitude profile of the route can influence the energy consumption.
This increases during periods of acceleration or ascent of the ramps and decreases when descending the
slopes or when the bus decelerates, reaching negative values (the energy is transferred from the electric
motor that works in generator mode, to the battery). The data collected for the monitored period
(July 2018-June 2019) showed an average daily distance traveled between 100 km (one driver/electric
bus) and 200 km (two drivers/one electric bus).

In addition to these factors, there are climatic parameters (ambient temperature, atmospheric
humidity, air pressure, and density) that have a major influence on the energy consumption of the electric
buses. The experimental data recorded during the monitored period include the atmospheric conditions
characteristic for all seasons with extreme values during a calendar year (ambient temperatures between
-15 °C in January 2019 and +32 °C in August 2018, respectively humidity values between 14% in
November 2018 and 100% in most months of the year).

Yuan et al. in [58], consider that it is difficult to obtain real traffic data on the energy consumption
for electric buses, and standards for defining this consumption and registration procedures are used to
evaluate the energy consumption (ISO 8714-2002 Electric road vehicles—Reference energy consumption
and range—Test procedures for passenger cars and light commercial vehicles [59], respectively, GB
18386-2017 Electric vehicles—Energy consumption and range—Test procedures [60]).

In this paper, the data on the energy consumption were recorded by real-time monitoring of bus
operation in the city of Cluj-Napoca, which is achieved through the system of tracking and monitoring
the traffic Thoreb [61], a system that allows the observation of buses in real-time by monitoring
on a digital map based on the signals generated by the Global Positioning System (GPS) modules
installed on the buses and transmitted to the dispatchers using the General Packet Radio Service
(GPRS) technology. At the same time, from the bus controller area network (CAN), data regarding the
technical status of the buses, the distance traveled, the energy consumption, the number of passengers
transported, etc. are collected and sent to the dispatchers [13].

The evaluation of the energy consumption data on the electric buses for the monitored period
(July 2018-June 2019) was performed with a Boxplot graph (Figure 11 and Table 3) which, based on the
initial data, generates a statistical model for each monitored month.
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Figure 11. Boxplot analysis of energy consumption (kWh/km).

Table 3. Boxplot analysis of energy consumption (kWh/km).

Month 1 SD Min Q1 Med Q3 Max
July 2018 1.13 0.07 0.98 1.09 1.13 1.18 1.27
August 2018 1.16 0.08 1.04 1.10 1.16 1.22 1.39
September 2018 1.08 0.08 0.97 1.00 1.08 1.12 1.29
October 2018 1.16 0.11 0.94 1.07 1.16 1.23 1.42
November 2018 1.48 0.25 1.02 1.34 1.48 1.60 1.93
December 2018 1.82 0.17 1.52 1.69 1.82 1.92 2.20
January 2019 1.91 0.19 1.56 1.76 1.89 2.02 2.26
February 2019 1.59 0.17 1.33 1.44 1.59 1.77 1.90
March 2019 1.35 0.18 1.10 1.20 1.33 1.45 1.67
April 2019 1.34 0.10 1.16 1.27 1.34 1.41 1.47
May 2019 1.31 0.07 1.14 1.24 1.31 1.35 1.43
June 2019 1.31 0.06 1.19 1.26 1.31 1.35 1.43

2.3.2. Regenerative Braking Energy

Similar to the energy consumption of the electric buses, the energy recovered through the
regenerative braking was recorded for the monitored period (July 2018-June 2019).

The evaluation of the data regarding the energy recovered by the regenerative braking of the
electric buses for the monitored period was performed with a Boxplot graph (Figure 12 and Table 4)
which, based on the initial data, generates a statistical model for each monitored month.
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Figure 12. Amount of the energy recovered by regenerative braking (kWh/km).

Table 4. Amount of the energy recovered by regenerative braking (kWh/km).

Month u SD Min Q1 Med Q3 Max
July 2018 0.43 0.05 0.35 0.38 0.42 0.46 0.53
August 2018 0.40 0.05 0.29 0.37 0.41 0.44 0.47
September 2018 0.42 0.02 0.39 0.41 0.43 0.44 0.46
October 2018 0.43 0.03 0.36 041 0.44 0.45 0.49
November 2018 0.37 0.04 0.29 0.35 0.37 0.40 0.45
December 2018 0.29 0.04 0.20 0.27 0.30 0.33 0.34
January 2019 0.29 0.03 0.22 0.26 0.29 0.31 0.35
February 2019 0.35 0.04 0.26 0.32 0.37 0.39 0.41
March 2019 0.41 0.05 0.33 0.37 0.39 0.44 0.52
April 2019 0.48 0.05 0.34 0.44 0.48 0.53 0.57
May 2019 0.50 0.05 0.41 0.47 0.49 0.53 0.60
June 2019 0.50 0.05 0.39 0.47 0.50 0.53 0.61

2.3.3. Total Energy Balance

The energy balance recorded during the monitored period (July 2018-June 2019) for the Solaris
Urbino 12e electric buses, depending on the atmospheric conditions (ambient temperature, atmospheric
humidity, air pressure, and density) is shown in Table 5 and Figure 13.
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Table 5. The energy balance of the Solaris Urbino 12e electric bus.

Value 2018 2019
July August  September October November December January February March April May June
Daily minim 9.6 11.6 0.6 1.0 -10.0 -12.5 -15.0 -9 —4.8 -0.7 2.3 111
Temperature Monthly minim 15.2 19.8 8.0 5.9 -7.0 -72 -10.4 —44 3.0 7.6 47 16.3
€0 Average 21.0 232 18.6 134 5.0 -0.2 -8 2.2 8.2 11.8 15.1 22.8
Monthly maxim 244 255 23.7 19.1 17.6 3.6 2.7 8.0 12.4 18.8 20.3 26.3
Daily maxim 29.7 319 31.2 25.2 23.6 6.0 55 15.5 204 26.3 26.6 32.0
Daily minim 35.0 31.0 27.0 25.0 14.0 62.0 59.0 34.0 27.0 21.0 34.0 28.0
Monthly minim 55.5 55.1 54.7 52.0 47.7 78.4 71.8 58.1 46.3 37.1 61.5 51.8
Humidity(%) Average 75.5 68.1 66.5 69.6 84.7 95.9 94.7 80.4 62.2 59.5 78.3 68.3
Monthly maxim 97.4 85.3 914 97.9 100.0 100.0 100.0 97.8 95.8 93.5 97.3 87.7
Daily maxim 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0
Daily minim 718.3 720.6 721.0 713.8 713.5 715.6 707.2 716.5 715.8 716.5 714.8 722.8
Atmospheric Monthly minim 718.8 721.6 722.5 716.0 714.4 719.1 709.6 717.8 719.0 717.3 716.3 723.7
Pressure (Torr) Average 723.8 727.3 728.7 729.0 730.3 728.7 7215 729.8 726.2 725.2 7222 726.9
Monthly maxim 726.9 731.0 740.4 735.6 738.1 733.5 731.2 739.9 737.3 733.6 728.7 732.5
Daily maxim 727.7 731.8 746.5 736.8 738.9 734.4 733.9 7414 738.4 734.8 729.5 733.7
Daily minim 0.87 0.88 0.83 0.80 0.88 0.91 1.20 1.00 0.90 0.79 0.83 0.95
Consumption Monthly minim 0.87 0.88 0.83 0.80 0.88 0.91 1.20 1.00 0.90 0.79 0.83 0.95
(kWh/km) Average 1.13 1.16 1.07 1.16 1.45 1.78 1.90 1.60 1.30 1.30 1.28 1.33
Monthly maxim 1.58 1.54 1.67 1.71 2.22 2.49 2.90 2.30 2.30 2.63 2.09 1.78
Daily maxim 1.58 1.54 1.67 1.71 2.22 2.49 2.90 2.30 2.30 2.63 2.09 1.78
Daily minim 0.21 0.16 0.10 0.19 0.13 0.09 0.10 0.20 0.20 0.00 0.00 0.12
Recover Monthly minim 0.21 0.16 0.10 0.19 0.13 0.09 0.10 0.20 0.20 0.00 0.00 0.12
(kWh/km) Average 0.43 0.40 0.42 043 0.38 0.29 0.30 0.30 0.40 0.48 0.50 0.49
Monthly maxim 0.69 0.72 0.96 0.77 0.70 0.56 0.60 0.60 0.70 1.22 0.99 0.89
Daily maxim 0.69 0.72 0.96 0.77 0.70 0.56 0.60 0.60 0.70 1.29 0.99 0.89
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Figure 13. The energy balance of the Solaris Urbino 12e electric bus.
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3. Results

As the costs associated with the integration into the urban transport system of the electric buses
are high, it is necessary to carry out studies and research in order to provide the best solution in relation
to their optimal use, taking into account the particularities imposed by the zoning characteristics
(length and the gradient of routes, the flow of the transported passengers, the loading infrastructure,
the volume of traffic, the characteristics of the environment, etc.).

The study of the energy performances for the 22 electric buses during the monitored period
(July 2018-June 2019) highlighted their behavior at different values of the climatic parameters
(temperature, humidity, atmospheric pressure, and air density).

The climatic parameters were monitored during a calendar year and give a clear picture regarding
the atmospheric conditions and their influence on the energy consumption, respectively, on the energy
recovery during the operation of the electric buses.

The parameters resulting from the behavior of the driver are invariable, difficult to estimate and
impossible to generalize because they are psychological factors specific to each individual. However,
taking into account the data on variations in atmospheric pressure and air density, there is the possibility
to correlate human behavior with these variations, so that in the situation of increasing these values,
the behavior of drivers becomes more active, and in the situation of decreasing these values, behavior
becomes more passive.

From the results captured in Table 5 and in Figure 13, the average annual values of the climatic
parameters can be obtained, as follows: the average annual temperature, 11.6916 °C; the average annual
humidity, 75.3083%; the average annual atmospheric pressure, 726.6333 Torr; average annual energy
consumption of 1.3716 kWh/km; average annual energy recovery, of 0.4016 kWh/km. Taking these
into account, in Figures 14-18 the variations of the respective parameters are presented, as monthly
average values obtained, compared with their annual average values.
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Figure 14. Monthly average temperature variation vs. average annual temperature.
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Figure 18. Variation of average monthly energy recovery vs. annual average energy recovery.

A summary of the obtained results, as the interdependence between them and the influence
parameters on them, is captured in Figure 19. Thus, for each considered month from the monitored
period (July 2018—June 2019), the influence of the atmospheric conditions on the energy efficiency of the
studied electric buses was highlighted. Also, for each considered month, the reciprocal link between
temperature, humidity, atmospheric pressure, and air density is captured in Figure 19. Thus, it was
found that with the increase of the temperature, there is a reduction in air density, a slight decrease in
atmospheric pressure, and the recorded humidity showed a reduce tendency. The recorded values of
the humidity show that, with its increase, the air density increases, and the atmospheric pressure is
reduced. It also notes that the increase in pressure indicates an increase in air density.

Regarding the energy consumption of the electric buses, it can be seen that it increases with
decreasing the temperature and the atmospheric pressure, but the same tendency exists in the situation
of increasing the air humidity and the air density (Table 6 and Figure 19). The energy recovered by the
regenerative braking of the electric buses increases with the increase of the temperature and decreases
with the increase of the air humidity, air density, and atmospheric pressure. Also, it can be seen that
energy recovery largely compensates for the energy consumption of the electric buses.

Table 6. Data for energy consumption and energy recovery vs. atmospheric conditions.

Energy Energy

Consumption Recovery Temfzecr)ature Humidity (%) P?::;ﬁ:gl(l;zlrcr) Aﬁ(;‘;':? )1 v

(kWh) (kWh)

1.1384 0.4293 20.8806 74.7451 723.4645 1.1346
1.1582 0.4024 22.9064 68.6548 727.0193 1.1321
1.0859 0.4233 17.0466 68.9433 729.0666 1.1620
1.1645 0.4288 13.1774 70.6838 728.8581 1.1775
1.4642 0.3844 5.9866 82.6733 730.0066 1.2136
1.7943 0.2959 -0.4645 93.0290 727.6258 1.2367
1.9076 0.2877 -1.9354 93.4451 721.3612 1.2331
1.5870 0.3532 2.2250 80.7000 729.9035 1.2246
1.3475 0.4098 7.8096 62.1258 726.4741 1.1979
1.3383 0.4758 12.2600 61.7166 724.9633 1.1755
1.3061 0.5018 14.6064 80.0064 722.5193 1.1602

1.2719 0.4924 22.2733 69.4200 727.0833 1.1351
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Figure 19. Matrix scatter plot.

4. Discussion

In the summer months (July 2018, August 2018, and June 2019), it resulted in high energy
consumption compared to the average monthly values, due to the use of the air-conditioning system,
when the ambient temperature exceeded 30 °C. This temperature threshold was imposed from the
construction of the electric buses and results in the automatic operation of the air-conditioning until
the ambient temperature in the passenger compartment drops below 25 °C. Regarding the recovered
energy, an increase of it with the increase of the ambient temperature was noticed, under the conditions
of maintaining low values of the atmospheric humidity, which facilitates the braking capacities of the
electric buses on a dry road, respectively the increase of the electrical resistance of the braking system,
preventing the energy losses through braking rheostats. In the summer months, characterized by the
average monthly temperature values (see Table 5) higher than the annual average, with 79.61% in
July 2018, 79.61% in August 2018, and 98.43% in June 2019 (see Figure 14), the atmospheric humidity
is higher than the annual average by 0.25% in July 2018, lower by 9.57% in August 2018, and with
9.31% in June 2019 (see Figure 15), and the atmospheric pressure is lower than the annual average
by 0.39% in July 2018, higher by 0.09% in August 2018, and with 0.04% in June 2019 (see Figure 16),
resulting in lower energy consumption compared to the average annual consumption, by 17.62% in
July 2018, 15.43% in August 2018, and 3.04% in June 2019 (see Figure 17), and a higher amount of
energy recovered compared to its annual average, with 7.05% in July 2018, 21.99% in June 2019, and
lower by 0.41% in August 2018 (see Figure 18).

From the recorded results, it can be seen that the autumn months (September 2018 and October
2018) are the months with low energy consumption, mainly due to the thermal conditions, with values
of temperature of approx. 20 °C, but also with low values of the atmospheric humidity, being generally
dry weather, which facilitates the movement of the electric buses with a minimum of energy consumed
and a maximum recovered energy. During these months, the monthly average temperatures (see
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Table 5) were higher than the annual average, with 59.09% in September 2018 and with 14.61% in
October 2018 (see Figure 14), with lower atmospheric humidity compared to that annual average
with 11.69% in September 2018 and with 7.58% in October 2018 (see Figure 15), and the atmospheric
pressure higher than the annual average, with 0.28% in September 2018 and with 0.33% in October
2018 (see Figure 16), resulted in a lower energy consumption than the average annual consumption,
with 21.99% in September 2018 and with 5.43% in October 2018 (see Figure 17), and a higher amount of
energy recovered compared to its annual average, with 4.56% in September 2018 and with 7.05% in
October 2018 (see Figure 18).

Since November 2018, the cold season has started, which, due to the decrease of the ambient
temperature, especially in the time periods from the beginning of the work program (from 5:00 a.m. to
8:00 a.m.), respectively in the periods after the end of the work program (from 8:00 p.m. to 11:00 p.m.),
resulted in an accelerated increase of the average energy consumption. Due to the increase of the
atmospheric humidity and the reduction of the grip due to the wet road, the value of the recovered
energy decreased. November 2018 was characterized by monthly average values of the temperature
lower than the annual average value with 57.23% (see Figure 14), the atmospheric humidity higher
than the annual average with 12.47% (see Figure 15), and the atmospheric pressure compared to the
annual average by 0.50% higher (see Figure 16), resulted a higher energy consumption than the average
annual consumption, by 5.71% (see Figure 17), and a lower amount of recovered energy compared to
its annual average, with 5.39% (see Figure 18).

The winter months (December 2018 and January 2019) were the months with the lowest
temperatures in the entire monitored period. In addition to the negative temperatures of the day, the
start of the working program for the electric buses took place below the freezing threshold. Electric
buses, which are connected overnight to the external slow-charging stations, and the batteries are
heated by the thermal management system, consume, on the cold winter days (with temperatures below
—10 °C) up to 10% of the energy from the batteries, for heating the interior passenger compartment,
only in the interval of preparation for the buses” departure on the route. Thus, combined with the
increased of the daily consumption and the wet road conditions, it is reached that, during the cold
season, the consumption increase by 2 to 2.5 times compared to the periods with the lowest values
of consumption, and the energy values recovered will near zero. During these months, the monthly
average temperatures (see Table 5) were lower than the annual average by 101.71% in December 2018
and by 106.84% in January 2019 (see Figure 14), the humidity was higher than the annual average
with 27.34% in December 2018 and with 25.75% in January 2019 (see Figure 15), and the atmospheric
pressure was higher than the annual average, with 0.28% in December 2018 and lower, with 0.71% in
January 2019 (see Figure 16). The result was a higher energy consumption than the average annual
consumption, with 29.77% in December 2018 and 38.52% in January 2019 (see Figure 17), and a reduced
amount of energy recovery compared to its annual average, by 27.80% in December 2018 and by 25.31%
in January 2019 (see Figure 18).

The transition from extremely low winter temperatures to thermal relaxation took place in
February 2019, which started with low temperatures, especially in the early morning, but also with
a slight increase in temperatures in the second half of the day, which have to lead to a reduction in
energy consumption. Due to low values of the atmospheric humidity and the lack of precipitation,
respectively, on a dry road, the amount of energy recovered during this period also increased. February
2019 was characterized by monthly average values of the temperature lower than the annual average
value by 81.18% (see Figure 14), the atmospheric humidity higher than the annual average by 6.76%
(see Figure 15), and the atmospheric pressure compared to the annual average higher with 0.44% (see
Figure 16). In February it resulted in higher energy consumption than the average annual consumption,
with 16.65% (see Figure 17), and a reduced of the energy recovery compared to its annual average,
with 25.31% (see Figure 18).

The spring months (March 2019 and April 2019) began with accelerated warming of the weather,
with the reduction of the atmospheric humidity, environmental aspects that led to the gradual reduction
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of the energy consumption to normal values and to the increased of the energy recovery. Even though,
during the two months, the mornings were colder, with temperatures around 0 °C, the thermal regime
did not influence the electric bus batteries when the buses started on the route. During these months,
the monthly average temperatures (see Table 5) were lower than the annual average by 29.86% in March
2019 and higher by 0.93% in April 2019 (see Figure 14), with lower atmospheric humidity compared to
the annual average, with 17.41% in March 2019 and with 20.99% in April 2019 (see Figure 15), and the
atmospheric pressure was lower than the annual average, with 0.06% in March 2019 and with 0.20%
in April 2019 (see Figure 16), and it resulted in lower energy consumption compared to the average
annual consumption, with 5.22% in each of the two months (see Figure 17), and a reduced amount of
energy compared to its annual average by 0.41% in March 2019 and by 19.50% higher in April 2019
(see Figure 18).

The transition to the hot season at summer temperatures began in May 2019, a month characterized
by positive thermal values throughout the operating range of the electric buses, respectively by the
average values of the atmospheric humidity. These climatic factors allowed us to achieve average energy
consumption within the normal limits specified by the manufacturer, cuamulating with maximum
energy recovery for the entire monitored interval. May 2019 was characterized by monthly average
values of the temperature higher than the annual average value, with 29.15% (see Figure 14), the
atmospheric humidity higher than the annual average by 3.97% (see Figure 15), and the atmospheric
pressure lower than the annual average by 0.61% (see Figure 16). In May; it resulted in lower energy
consumption than the average annual consumption, by 6.68% (see Figure 17), and an amount of
recovered energy higher than its annual average, with 24.48% (see Figure 18).

5. Conclusions

The energy efficiency of the electric buses was evaluated for 12 consecutive months (July 2018-June
2019), based on the weather conditions in Cluj-Napoca city, Romania, conditions that are specific to
the vast majority of continental Europe, taking into account other area features, such as the loading
infrastructure, traffic conditions, altitude profile of the traveled routes, the degree of loading with
passengers, and the traffic management.

Based on our findings, the following conclusions can be drawn:

e  The climatic parameters influence the consumption and energy recovery for the electric buses;

e  The energy consumption of the electric buses increases with the decreasing of the temperature
and the atmospheric pressure, but the same tendency exists even if the humidity and density of
the air increase;

e  The energy recovered by the regenerative braking of the electric buses increases with the increase
of the temperature and decreases with the increase of the air humidity, its density, and the
atmospheric pressure;

e  Energy recovery largely compensates the energy consumption of the electric buses;

e  The variations of the monitored parameters, obtained as monthly average values, compared with
their annual average values, highlight the interdependence of these quantities;

e Average energy consumption, within the normal limits specified by the manufacturer and
maximum energy recoveries, was obtained on the transition to the warm season;

e  The energy consumption of the electric buses increases when the buses accelerate or when the
buses climb the ramps, and it decreases when the buses decelerate or descend from the ramp.

The authors intend to develop various models to describe other influences on the energy balance
of the electric buses, to use them in their modeling, simulation, and exploitation. In addition, based on
the collected experimental data and on the technical characteristics of the real model of the electric
buses, the authors have already highlighted, with promising results, the influence of the atmospheric
conditions on their energy balance, taking into account the interdependence of the climatic parameters
(ambient temperature, atmospheric humidity, air pressure, and air density).
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