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The study presented in this paper evaluates cumulative energy consumption solely

for traction including recuperation (if any), well-to-wheel greenhouse-gas emis-
sions, and operating costs for diesel, CNG and supercapacitor electric buses in
case of their operation on Belgrade's radial public transport line 27. A phys-
ics-based longitudinal-dynamics model was calibrated with actual speed profile,
altitude, and passenger-load data collected in field tests, then applied to two com-
plete cycles (Republic Square < Mirijevo 3). Results show that the e-bus energy
balance (consumption - recuperation) was only 47.9 MJ per half-cycle, yielding
energy savings of 71% relative to the diesel bus and 82% relative to the CNG
bus. Corresponding unit energy balance per fuel were 4.74 MJ/km for electric,
16.23 MJ/km for diesel and 25.64 MJ/km for CNG powered buses. Despite Ser-
bia's coal-dominated electricity mix, well-to-wheel CO, emissions from the e-bus
remained the lowest at 0.73-0.74 kg/km, while tail-pipe emissions of CO, NOx, and
PM were eliminated entirely. Comparative analysis confirmed that road gradient
and stop density dominate energy demand in case of equivalent driving style (i.e.,
excluding driver's impact). The findings demonstrate that electric buses can de-
liver substantial energy and local-pollution benefits even on hilly, mixed-traffic
routes, providing actionable evidence for fleet managers and policy-makers con-
sidering propulsion-technology transitions in comparable urban contexts.

Keywords: supercapacitor e-bus, CNG bus, Diesel bus

Introduction

Urban public transport plays a crucial role in ensuring sustainable mobility of urban
population, reducing traffic congestion, and minimizing the environmental footprint of cities.
Among the various modes of public transportation, buses represent a flexible and widely used
solution, especially in cities like Belgrade with expanding populations and evolving mobility
needs. However, the energy consumption and environmental impact of buses can vary signifi-
cantly depending on the type of powertrain they use.

In recent years, there has been growing interest in transitioning from conventional
diesel-powered buses to alternative powertrain technologies, including CNG, hybrid-electric,
battery-electric, supercapacitor-electric, and fuel cell systems. Directive 2009/33/EC on the
promotion of clean road transport vehicles in support of low emission mobility [1] defined
either as clean heavy duty vehicle (including category M3 buses) running on alternative fuels
(i.e., electricity, hydrogen, biofuels, synthetic and paraffinic fuels, CNG, liquefied natural gas
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— LNG, and liquefied petroleum gas — LPG) or zero-emission heavy duty vehicle without an
internal combustion engine (ICE) (i.e., electric or fuel-cell bus) or with an ICE emitting less
than 1 g CO, per kWh and prescribed by its 2019 amendments [2] their primacy in future bus
procurements (from at least 24% in Romania, 27% in Croatia, and 28% in Slovenia up to 45%
until the end of 2025, and from 33% up to 65% from 2026 until the end of 2030) and use in the
urban public transport systems. Actually, Belgrade city administration has chosen, as an effort
to attain urban bus system environmental sustainability, from 2016 on implementing electric
buses (hereafter referred to as e-bus), more precisely supercapacitor e-buses (SCEB) on new
dedicated urban bus lines labelled Eko#, so as to highlight (and encourage further) ecological
principles. Almost simultaneously, CNG buses were introduced in operation beside up until
then exclusively diesel-powered buses, making so Belgrade urban bus system a living-lab ex-
periment. Although not always cost efficient, this shift is driven by the need to reduce GHG
emissions, improve energy efficiency, lower urban traffic noise levels and align with broader
environmental and climate goals. Nevertheless, the selection of the most suitable urban bus
powertrain technology must be grounded in empirical data, particularly concerning real-world
energy consumption under specific operating conditions.

This paper is based on a recent study aiming to evaluate and compare the energy
consumption of selected differently powered urban bus models, SCEB: model HIGER, type
KLQ6125GEV3, CNG bus: model MAZ-BIK, type 203 CNG (EEV) and Diesel bus: model
HIGER type KLQ6129GQ2 (Euro VI), operating on a selected public transport line in Bel-
grade. By modelling, simulating, validating and analysing actual urban bus operational data,
the research provided us with insights into the energy performance of each selected powertrain,
taking into account urban driving patterns, passenger load variations, on predefined route and
traffic characteristics. The findings contribute to evidence-based decision-making for transport
planners, city authorities, and public transport operators seeking to optimize fleet performance
while advancing environmental sustainability.

Literature review

Regarding different bus powertrains, early comparative studies consistently showed
that battery-electric buses (BEB) resulted in less energy consumption (incl. recuperation) for
traction purposes than ICE buses. A 2023 simulation of a high capacity corridor reported 35%-
40% lower specific energy demand for BEB than for diesel buses, even after accounting for
auxiliary loads and seasonal temperature swings [3]. More recently, a multi-route field cam-
paign on a Caribbean island contrasted real-world telematics from diesel, CNG and BEB fleets.
The authors found lifetime energy savings of 55%-70% for BEB and highlighted the impor-
tance of overnight-depot charging strategies [4]. Recent laboratory/track study that added hy-
brid and fuel-cell variants confirmed the same hierarchy: BEB < hybrid < CNG < diesel in
[MJkm™], but also warned that gradeability and HVAC penalties can erode up to one quarter of
the electric advantage on steep routes [5]. Considering modelling approaches for traction-pow-
er demand, physics-based longitudinal dynamics remain the dominant tool for a-priori energy
estimation. Recent refinements couple the classic tractive-force balance with stochastic or ma-
chine-learning modules to capture traffic variability. Zhao et al. [6] integrated LightGBM with
a deterministic traction model and reduced mean-absolute prediction error below 6% on 78
urban trips. Viana-Fons and Paya [7] embed the vehicle model in mesoscopic traffic simulators
or 3-D city digital twins to evaluate signal priority and lane segregation effects, achieving up to
25% energy-consumption spread across alternative network designs. Field campaigns remain
indispensable for model validation. Misanovi¢ et al. [8] monitored a Higer KLQ6125GEV3
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fleet on Belgrade’s EKO 1 line across three seasons, linking traction energy to passenger load,
ambient temperature and driving style; recuperative braking covered 14%-19% of the gross
demand. Comparable datasets from Rotterdam, Sofia, and Helsinki confirm the strong influ-
ence of stop density (elasticity = 0.35 MJ per additional stop-per-kilometre) and indicate that
depot-heating loads can add 8%-12% to winter energy budgets. Momcilovi¢ et al. [9] modelled
and calibrated SCEB and simulated its operation on several public transport lines in Belgrade
in order to check its compliance with energy balance (consumption-recuperation) in every-
day operation. Regarding key influencing factors, a consensus has emerged on five dominant
drivers: mass (curb + passengers), speed profile (resulting from timetable requirements, traffic
flow interactions and driving styles), longitudinal grade, HVAC/ancillary loads, and ambient
temperature [8, 9]. Sensitivity analyses show that a 1% increase in mean road gradient raises
traction energy by 4%-6%, whereas a 10% cut in peak acceleration yields roughly 3% savings
[8]. Machine-learning studies rank average kinetic energy and cumulative positive elevation
gain as the two most important predictors [6].
Energy-efficiency research on Belgrade’s bus network is relatively sparse but grow-
ing in recent years. Stokic and Dimitrijevic in [10] approach SCEB implementation on a small
network of public transport lines instead of actual diesel buses and thoroughly analyse the
implementation challenges in Belgrade. An earlier subsystem-level study on-line 41 compared
trolleybus, articulated diesel and standard diesel configurations reported that electrified pow-
ertrains halved traction energy while reducing PM emissions by 90% [11]. More recent work
focuses on route electrification scenarios, indicating that Belgrade’s hilly topography (sections
>6% grade) can raise BEB energy use by up to 18% compared with flat profiles. National grid
factors also matter: Serbia’s coal-dominant generation mix currently offsets 30%-35% of the
well-to-wheel CO, benefit relative to EU-average mixes, yet BEB still outperform CNG and
diesel on local pollutants and total primary energy [12].
Despite extensive global work, three gaps motivate the study presented in this paper:
— route-scale traction energy consumption (incl. recuperation) analysis in hilly, mixed-traffic
conditions, as few studies provide actual measurements on gradients typical of Belgrade’s
radial bus lines,

— well-to-wheel normalisation with local electricity mixes, since most e-bus analyses assume
EU or Chinese grid factors, not the Serbian coal-lignite blend, and

— synchronous cost-energy-emission accounting - there is limited evidence that combines re-
al-world unit [MJkm™] and cumulative energy consumption [MJ], unit [kgkm™'] and accu-
mulated [kg] GHG emissions and related unit costs [€ per km] under strictly identical duty
cycles for diesel, CNG and electric buses.

Addressing these gaps, the forthcoming sections develop a calibrated power-demand
model, apply it to bus line 27 in both directions, and benchmark cumulative energy consump-
tion, GHG emissions and operating costs for three propulsion technologies under identical
boundary conditions.

Power demand in real-world urban bus operation

Accurate identification and analysis of the resistive forces (i.e., resistances) encoun-
tered during bus operation are essential for the accurate calculation of the power demand to
overcome them. In this regard, a detailed modelling of bus operating conditions is necessary,
enabling a more realistic estimation of energy consumption depending on the type of power-
train being analysed.
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During real-world operation, buses face various types of resistance, ranging from
aerodynamic drag, rolling resistance, gradient resistance, to acceleration resistance [13-15].
Comprehensive and detailed consideration of these resistances, along with their quantification,
allows for accurate energy consumption assessment under specific bus operating conditions.
To achieve the desired bus motion and determine energy consumption of the modelled bus, the
traction force at the wheel perimeter, F,, must be calculated, to be at least equal to the sum of
all relevant motion resistances, fig. 1. Based on calculated forces, a more accurate bus operation
model and energy consumption is developed:

F,2R,+R +R, +R,

Figure 1. Forces and resistances acting on a bus during motion

Aerodynamic drag, R,, is a force opposing vehicle motion directly proportional to the
square of its speed, V%, air density, p, wind speed, w, vehicle frontal (cross-section) area, A, and
aerodynamic drag coefficient, Cy [15]. Frontal wind blowing in opposite direction vehicle mo-
tion, will make the aerodynamic drag increase, while tailwind will logically decrease it. Rolling
resistance, R,, results from friction, specifically interaction between the tyres/wheels and the
road surface [15]. A portion of this resistance arises due to the deformation of tires in motion,
which causes energy losses in the form of heat. Rolling resistance, R,, is proportional to the
vehicle mass, m, gravitational acceleration, g, road slope, €, and rolling resistance coefficient,
u.. Gradient resistance, R,, occurs when a vehicle moves on an uphill slope. This force results
from the gravitational component directed downhill, increasing the required traction force. Key
parameters in modelling gradient resistance include m, g, and 8 [15]. When descending a down-
hill slope, gravity assists motion, reducing the traction force. Therefore, maintaining a constant
speed downhill generally requires less energy than driving on flat terrain or uphill. However,
if the bus exceeds the desired speed while descending, braking is necessary to maintain the
target speed. For electric buses, this braking process is particularly efficient due to regenerative
braking, which converts kinetic into electrical energy rather than dissipating it. Acceleration
resistance, R,, arises while vehicle changes speed, whether accelerating or decelerating. If the
bus was traveling at a constant speed, it would not need to be considered to calculate the power
demand. However, in real urban operating conditions, bus motion is typically non-uniform,
with frequent start-stop operation. Acceleration resistance depends on m and acceleration rate,
a [15]. Rotational acceleration resistance, R,,, occurs due to the need to accelerate various ro-
tating vehicle components, such as wheels, axles, and other drive system components. These
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require additional torque to reach the desired angular velocity, leading to additional motion
resistance, approximated as 10% of the acceleration resistance [16]. Based on previously de-
scribed forces, the total F, required to overcome motion resistance is expressed:

F> pACdIQ2 + thomgeost + mgsind +1,10ma
- 2
Once the total traction force required to overcome resistances in given conditions is
determined, power demand, P,, from the engine is calculated:
P> pAC, S
© 2+ mI( e geosf+gsind +1,10a)

After determining the power demand, which will be identical for all the considered
urban buses independent of their powertrain for fixed bus size, capacity and kerb weight, actual
(desired or defined) passenger flows (load), longitudinal road slope and speed/acceleration pro-
files per direction in peak traffic conditions, we assess the urban bus traction energy demand.
After completing the survey of bus fuel/energy consumption in actual operating conditions on
a chosen public transport line, and model calibration with collected relevant data, we simulate
fuel/energy consumption for all powertrain options, which will be presented hereafter.

Urban bus operation model - Belgrade case study

The city of Belgrade, the capital of the Republic of Serbia, with approximately two
million inhabitants, faces significant daily traffic congestion, which calls for an efficient and
sustainable urban public transport system to eventually relieve the traffic situation. Belgrade
public transport system is nowadays still composed of two high priority (rigid, catenary sys-
tem dependent) modes: tramways and trolleybuses, and two lower priority (extremely flexible)
modes: buses and minibuses. Public transport system sustainability is directly affected by ve-
hicle consumption and their energy efficiency. To be able to calculate energy consumption on a
real-world public transport line in Belgrade, it is first necessary to realistically describe the fun-
damental operating characteristics of the chosen bus lines, such as speed profiles, interstation
distances, and relative passenger volumes (vehicle loads), timetables (planned and effective
ingress and egress times at stops/stations) and road slopes. Based on recorded speed profiles
and topographic features in earlier published research [9, 10], it is possible to approximate
energy consumption on selected urban bus routes. Additionally, predominantly hilly terrain
poses specific operational challenges for buses. For the purposes of the study presented in this
paper, urban bus line 27 was selected. This public transport line connects the central urban zone
(Republic Square) with the peripheral residential area (Mirijevo 3), and can thus be classified
as a radial urban bus line. Based on an analysis of the topographic characteristics of the bus line
and the geometry of the route (curve radii, road cross-sections), line 27 can be categorized as a
medium-difficulty route. The study was conducted over two cycles (i.e., two complete bus runs
in both directions), and the results are presented separately for each cycle.

Key bus operation influence parameters include:

— interstation passenger flow [pax/vehicle], i.e., the number of boarding and alighting passen-
gers (ingress/egress) at each stop, and passenger volume (load) between consecutive stops
influencing actual vehicle gross weight (shown in purple in figs. 3 and 4,

— altitude (i.e., gradient) profile [m], recorded continuously from the starting to the final ter-
minus, with elevation values at each stop and a generated longitudinal slope profile per
direction, enabling the energy consumption calculation and variations caused by gradient
resistance (shown in blue in figs. 3 and 4), and
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— driving style, portrayed by speed and acceleration profiles, shown in fig. 2, influenced by
interstation distance, (shown in orange in figs. 3 and 4), leading to actual fuel consumption
subsequently converted to traction energy consumption in [MJ], value of cumulative (trac-
tion) energy as a measure of energy efficiency, recorded continuously from start to finish
with cumulative values associated to each stop.

Based on registered input parameters, it is possible to compute the power demand, for
discrete values of instantaneous speed, acceleration, and road slope. However, since these val-
ues constantly change in urban bus real-world operation, a suitable methodology is established
to calculate the power demand under real-world operating conditions. The first step involves
analysing the speed vs. time diagram, obtained by recording instantaneous vehicle speed at
fixed time intervals. The resulting time series, referred to as the speed profile, enable analysis of
driving dynamics, including acceleration, deceleration, and cruising at constant speed phases.
Therefrom, instantaneous acceleration values are derived, critical for calculating acceleration
resistance. Positive values indicate acceleration phases, while negative indicate deceleration.
This profile is essential for analysing vehicle dynamics and computing acceleration resistance,
which in turn is necessary for power demand determination. Analysis of speed and acceleration
profiles on urban bus line 27 with instantaneous speed values (in blue on the left axis) and ac-
celeration values (in orange on the right axis) as function of time are shown in fig. 2.
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Figure 2. Belgrade bus line 27 direction A: instantaneous speed (blue)
and acceleration (orange) pro iles

In addition to speed and acceleration profiles, it is also necessary to determine the
longitudinal road slope (gradient) on vehicle operation routes, by recording the altitude in re-
al-world driving conditions with appropriate measuring equipment. The recorded data are then
processed and validated to eliminate errors, anomalies, and measurement noise. Correction in-
volves removing significant elevation deviations that differ substantially from both neighbour-
ing values, followed by interpolation of the elevation data along the distance axis for each meter
of the observed route. This provides the longitudinal slope angle as a function of travelled dis-
tance. However, to incorporate this data into power and resistance calculations, the slope must
be expressed as a function of time. This is achieved by assigning the measured slope values to
corresponding time points based on the distance travelled. The result is a function describing
slope variation over time, allowing this parameter to be incorporated into the analysis of driving
resistance and required traction force. Following this, additional data filtering is necessary to
eliminate extreme values that may result from measurement errors or brief irregularities in the
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road surface. For instance, all slope angles exceeding +4° are limited to exactly +4°, since such
inclines correspond to approximately 7% grade, which is rarely encountered in real-world bus
operations. Filtered and validated altitude data are shown in figures figs. 3 and 4 along with ac-
cumulated passenger flows in the buses between consecutive stops on public transport line 27.
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Figure 4. Belgrade bus line 27 in direction B: stations/stops, interstation
distances, altitude pro ile and elevation (blue), and passenger lows (purple)

The next chapter presents a comparative analysis of energy consumption for standard ur-
ban buses with different chosen alternative powertrains: diesel, CNG and supercapacitor-e-buses.

Comparative analysis of energy consumption of
urban buses with different powertrains

The buses powered by different alternative powertrains (including diesel, CNG, and
supercapacitor-electric) were first surveyed (tested) in operation on selected or dedicated pub-
lic transport lines in order to be able to simulate their specific energy consumption in similar
operating conditions. The survey involving empirical tests on aforementioned models of stan-
dard CNG and diesel-powered buses of same capacity were realised on-line 27 on an average
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mid-week working day (Tuesday-Thursday) of an average month (either in spring April-May
or in Autumn September-October) in off-peak and peak periods and all relevant data recorded.
Previously, a standard supercapacitor electric bus was surveyed and recorded on a dedicated
line Ekol as already presented in [9]. Then, all the buses in operation were then simulated on
a selected urban bus line 27 in IGNITE software environment, and the obtained simulated en-
ergy consumption results calibrated against measured parameters in practice. The models were
then upscaled to alternatively powered buses in same operating conditions (i.e., peak period
interstation passenger loads, peak traffic condition, speed, acceleration and altitude profiles).
Subsequently calculating their individual energy consumption, which allowed the authors to
make comparisons and analyses of energy efficiency of buses powered by conventional diesel,
CNG, and electricity stored in a supercapacitor. First set of figures display the energy efficiency
parameters, namely cumulative net fuel consumption for diesel bus in litres, for CNG in kg and
for e-bus in kWh and energy consumption converted to MJ to be able to compare the chosen
urban bus powertrains. To calculate energy consumption, the authors adopted the following
conversion rates: 1 litre of diesel fuel contains 36.0 MJ (approximately 10 kWh), while 1 kg
of CNG contains 48.9 MJ (approximately 13.6 kWh). Afterwards, set of figures present the
environmental parameters i.e., GHG emissions of CO, in kg, CO in g, NO, in g, and PM in g or
mg emitted on the observed bus line 27. For estimating GHG emissions, the authors used the
EMEP/EEA 1.A.3.b.i-iv Road Transport Appendix 4 Emission Factors 2024 spreadsheet, for
passenger load of 50% (available for 0%, 50%, and 100%) in urban peak (i.e., congested traffic)
conditions with an average operating speed set at approximately 13 km/h and reference road
slope (from an interval —6% to +6% offered stepwise in 2% steps, interpolated for the following
mean grades 0.67% in direction A and —0.64% in direction B).

Note: All presented values reflect only surveyed and/or simulated traction energy con-
sumption i.e., energy balance just for vehicle motion, including energy recuperation, where
available. Therefore, calculation values do not include additional onboard energy consumption
(for auxiliaries e.g., interior heating, ventilation and air-conditioning, lighting panels, door ac-
tivation, etc.), as it is assumed that such consumption remains similar in equivalent operating
conditions regardless of bus powertrain.

Urban bus line 27, direction A: Republic Square — Mirijevo 3

The comparison of urban buses powered by diesel, CNG, and electricity on public
transport line 27, in view of the total fuel consumption in direction A (towards the outskirts
of Belgrade) resulted in 4.56 litres of diesel, 5.39 kg of CNG, and 13.3 kWh of electricity for
SCEB (including recuperated energy) shown in fig. 5.

< 150 300

250

e-bus

NG R
/D'\fe/‘///@s/,
0

500 1000 1500 2000 2500 3000 0 500 1000 1500 2000 2500 3000
Time [s] Time [s]

Figure 5. Cumulative fuel (a) and energy consumption (b)
for different bus powertrain options in line 27 direction A

- 4
o N
o n

200 1

N
n

150 1

N
o U o

100 1
50 1

et

Energy consumption [MJ]

Diesel consumption [l]
CNG consumption [kg]
Electricity consumption [kW|

o



Momdilovi¢, V. M., et al.: Evaluation of Energy Consumption on a Public ...
THERMAL SCIENCE: Year 2026, Vol. 30, No. 3A, pp. 1961-1973 1969

Cumulative traction energy consumption expressed in megajoules MJ allows straight
forward comparisons between different powertrains, where e-bus demonstrated superior energy
efficiency compared to diesel and CNG buses, tab. 1 and fig. 5.

Table 1. Comparative analysis of selected bus powertrains operation on PT line 27 in direction A

Busipoweriain Cumulative traction energy Relative to the Best powertrain EE
[MJ] best powertrain [%]
e-bus 47.9MJ 1.0 x (baseline) (Baseline)
Diesel bus 163.7 MJ 3.4 x higher —71% energy saved
CNG bus 258.7MJ 5.4 x higher —82% energy saved

Regarding GHG emissions, accumulated CO, emissions of the modelled urban buses
on a half-cycle (partial run) in direction A is for:
— diesel bus: 11.91 kg,

— CNG bus: 14.77 kg, and
— e-bus™ 7.34 kg.

Note that due to Serbia’s unfavourable electricity generation mix, which is still far from
being environmentally sustainable, since it produces approximately 70% of its electricity from
coal-fired power plants, there are non-negligible GHG emissions from e-bus operation. However,
despite this, the e-bus still has the lowest CO, emissions of the three considered urban bus pow-
ertrain options (61.6% of diesel-powered and 49.7% of CNG-powered). The CNG bus emissions
were twice as high as those of e-bus, and 24% higher than those of the diesel bus. Cumulative
CO,, CO, NO,, or PM emissions in actual and/or simulated operation are shown in fig. 6.
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Figure 6. Cumulative CO,, CO, NO, and PM emissions for
different bus powertrain options in line 27 direction A

When considering other important emissions, fig. 6 and tab. 2, e-bus produces zero
emissions of CO, NO,, and PM in direction A. Concerning total CO emissions on a given urban
bus route semi-cycle (in direction A) CNG and diesel buses are nearly equal, where diesel bus
emits 29.07 g, and CNG bus 30.71 g. The NO, emissions of CNG bus are 12.62 g (73.7% less

“Emissions in well-to-wheel scenario, otherwise 0 kg CO, locally emitted in tank-to-wheel emission scenario
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than its competitor) diesel bus emitting 47.98 g. As for PM, exhaust emissions are in favour of
CNG buses with 156.4 mg (19.7% less) compared to diesel bus with 194.7 mg. Furthermore,
calculated unit values of energy consumption and emissions per kilometre under standard oper-
ating conditions on urban bus line 27 in direction A are given in tab. 2.

Table 2. Unit energy consumption and emissions of buses with
different powertrains on urban bus line 27 in direction A

Parameter s e-bus Diesel bus CNG bus
Unit fuel consumption 1.32 kWh/km 0.45 /km 0.53 kg/km
Unit energy consumption 4.74 MJ/km 16.23 MJ/km 25.64 MJ/km
Unit CO, emissions 0.73 kg/km 1.18 kg/km 1.46 kg/km
Unit CO emissions - 2.88 g/km 3.04 g’lkm
Unit NO, emissions - 4.7549 g/km 1.2512 g/km
Unit PM emissions - 0.0193 g/km 0.0155 g/km

Urban bus line 27, direction B: Mirijevo 3 — Republic Square

On the same public transport line 27, in the opposite direction (towards city centre),
from Mirijevo 3 to Republic Square, CNG and diesel fuel consumption decreased, amounting
to: 3.74 litres of diesel, 4.42 kg of CNG, meanwhile electricity consumption slightly increased
to approximately 13.9 kWh, fig. 7.

Likewise, expressing cumulative traction energy consumption in MJ, which allow
powertrain comparisons, e-bus demonstrated again superior energy efficiency compared to
both diesel and CNG buses, tab. 3.
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Figure 7. Cumulative fuel (a) and energy consumption (b) for
different bus powertrain options in line 27 direction B
Table 3. Comparative analysis of selected bus powertrains
operation on public transport line 27 in direction B
Bus powertrain Cumulative Relative to the Best powertrain EE
p traction energy [MJ] best powertrain [%]
e-bus 50.0 MJ 1.0 x (baseline) (Baseline)
Diesel bus 1344 MJ 2.7 x higher —63% energy saved
CNG bus 212.4MJ 4.2 x higher —76.5% energy saved

In terms of CO, emissions of the modelled urban buses accumulated on a half-cycle
(partial run) in direction B for:
— diesel bus: 9.78 kg,
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— CNG bus: 12.12 kg, and
— e-busl™ 7.67 kg.

Although e-bus was the only one to increase its CO, emissions in direction B, it still
has the lowest CO, emissions of the three urban bus powertrain options (78.4% of diesel-pow-
ered and 63.3% of CNG-powered). Thus, CNG bus emits 58.0% more CO, than the e-bus and
23.9% more than diesel bus. Accumulated CO,, CO, NO,, or PM emissions in operation are
shown in fig. 8.
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Figure 8. Cumulative CO,, CO, NO, and PM emissions for
different bus powertrain options in line 27 direction B

As in the previously shown (opposite) direction A, as well as in direction B, the e-bus
has no CO, NO,, or PM emissions, fig. 8. Concerning total CO emissions on a given urban bus
line 27 semi-cycle in direction B, diesel bus emits 23.9 g, while CNG bus emits 25.22 g (5.5%
higher than diesel). The NO, emissions of diesel bus totals 27.16 g, and CNG bus 9.28 g (65.8%
lower than the diesel-powered bus option). The PM emissions of CNG bus equal 124.8 mg,
which is 12.9% lower than diesel bus emissions with 143.2 mg. Table 4 presents unit values of
energy consumption and emissions per kilometre under standard operating conditions of differ-
ent bus powertrains on public transport line 27 in direction B.

Table 4. Unit energy consumption and emissions of buses with
different powertrains on urban bus line 27 in direction B

Paramana —ertrain e-bus Diesel bus CNG bus
Unit fuel consumption 1.36 kWh/km 0.36 I/km 0.43 kg/km
Unit energy consumption 4.88 MJ/km 13.12 MJ/km 20.74 MJ/km
Unit CO, emissions 0.74 kg/km 0.96 kg/km 1.18 kg/km
Unit CO emissions - 2.33 g/km 2.46 g/km
Unit NO, emissions - 2.6554 g/km 0.9075 g/km
Unit PM emissions - 0.014 g/km 0.0122 g/km

“Emissions in well-to-wheel scenario, otherwise 0 kg CO, locally emitted in tank-to-wheel emission scenario
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Comparison of traction energy costs in
real-world operation

Based on previously shown unit values of the observed parameters per kilometre for
each run and particular direction (i.e., half-cycle), it is possible to generate the average unit
traction energy costs for each bus powertrain type implementation on the considered bus line
27, tab. 5.

Table S. Unit costs for traction energy on bus line 27 per direction

Powertrain e-bus Diesel bus CNG bus
Energy costs
Unit traction costs in direction A 0.17 € per km 0.63 € per km 0.42 € per km
Unit traction costs in direction B 0.17 € per km 0.51 € per km 0.34 € per km

From tab. 5, it is obvious that the most cost-efficient option for the considered bus
line is the SCEB with 0.17 € per km, while the costliest would be the diesel-powered bus in
direction A (from Belgrade city centre to outskirts) with 0.63 € per km. The CNG bus is still at
least twice as costly as e-bus (to 2.47 times), but cheaper than diesel by 34%, with unit energy
cost of 0.34-0.42 € per km.

Conclusions

Regarding traction-energy savings, e-bus consumed approx. 48 MJ per one-way

(half) cycle, translating to 71% lower energy balance (consumption including recuperation)

than the diesel bus and 82% lower than the CNG bus. Unit energy consumption is determined

for e-bus at 4.7 MJ/km, for diesel 16.2 MJ/km and for CNG buses 25.6 MJ/km. Even at cur-
rent energy prices in Serbia, the e-bus achieved the lowest unit traction energy cost per km

(0.17 € per km), outperforming CNG (0.34-0.42 € per km, and diesel (0.51-0.63 € per km).

Environmentally, e-bus implementation should have superior local air-quality performance.

Tail-pipe CO, NO, and PM would be eliminated with e-bus implementation. The CNG buses

cut PM by 97% and NO, by 45% relative to diesel, yet still emitting appreciable CO. Even in

well-to-wheel scenario e-bus CO, advantage is maintained. Despite coal-dominant Serbian grid

(approximately 70%), e-bus emitted 0.73-0.74 kg CO, per km, which is 35-50% below diesel

and CNG bus GHG footprint. Electricity production decarbonisation would magnify this ben-

efit. Key factors influencing bus energy efficiency are identified: positive road gradient, stop
density (i.e., shorter interstation distance) and driving style depicted mainly by aggressive ac-

celeration are primary energy impact factors, while regenerative braking recuperated up to 19%

of gross energy consumption on downhill sections for e-buses.

Main recommendations of the study presented in this paper would cover:

e Phasing-in bus fleet electrification: especially on radial routes, prioritising lines with sig-
nificant ridership, frequent stops and high gradients, conditions that maximise regenera-
tive-braking gains and cause major diesel/CNG penalties.

® Integrating charging with grid-carbon strategy: pairing overnight depot charging with roof-
top photovoltaic solar panels or dedicated renewable power sources to improve grid-mix
carbon footprint. Evaluation of en-route fast-charging at termini with SCEB and hybrid
BEB with supercapacitors on longer, topography or passenger intensive routes.

® Introducing eco-driving programmes (gentler acceleration, coasting to stops) and smooth
speed-profile via signal priority; combined, can lower traction energy by an additional 6%-
10%; deploying on-board energy-monitoring dashboards to give drivers real-time feedback.
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e Planning for whole-life sustainability: incorporating battery second-life and recycling path-
ways in procurement contracts; conducting a total-cost-of-ownership assessment internalis-
ing local-pollutant externalities.

e Using CNG buses as an interim, not final solution: although CNG buses offer meaningful
PM and NO, savings, they deliver smaller CO, and cost benefits; serving as a transitional
option on routes where immediate electrification is constrained by capital or infrastructure.

e Policy support: introducing zero-emission buses incentives through differential road or en-
ergy taxes, low interest loans, and widening dedicated bus (priority) lanes; aligning national
renewable-energy targets with municipal bus-fleet electrification timelines to secure well-
to-wheel emission reductions.

Implementing these actions will allow Belgrade and comparable cities to capture the
full energy, economic and environmental advantages demonstrated by e-buses, while providing

a clear roadmap for continuous improvement as technologies and energy systems evolve.
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