
Citation: Sparber, W.; Grotto, A.;

Zambelli, P.; Vaccaro, R.; Zubaryeva,

A. Evaluation of Different Scenarios

to Switch the Whole Regional Bus

Fleet of an Italian Alpine Region to

Zero-Emission Buses. World Electr.

Veh. J. 2023, 14, 91. https://doi.org/

10.3390/wevj14040091

Academic Editor: Joeri Van Mierlo

Received: 17 February 2023

Revised: 24 March 2023

Accepted: 30 March 2023

Published: 1 April 2023

Copyright: © 2023 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

Article

Evaluation of Different Scenarios to Switch the Whole Regional
Bus Fleet of an Italian Alpine Region to Zero-Emission Buses
Wolfram Sparber 1 , Andrea Grotto 1,2 , Pietro Zambelli 1, Roberto Vaccaro 1 and Alyona Zubaryeva 1,*

1 Institute for Renewable Energy, European Academy of Bolzano (EURAC Research), Viale Druso 1,
39100 Bolzano, Italy

2 IREC, Jardins de les Dones de Negre 1, 2ª pl., 08930 Sant Adrià del Besòs Barcelona, Spain
* Correspondence: alyona.zubaryeva@eurac.edu; Tel.: +39-0471-055619

Abstract: Public bus decarbonization is increasingly important to address the global issue of climate
change. There are several challenges associated with large-scale introduction of zero-emission
technologies in public fleets. This is especially the case in an extra-urban context, of mountain regions
with challenging weather conditions. In this work the analysis of the state-of-the-art ZEBs, local bus
lines, and timetables was performed to understand the best fit of technology—battery electric buses
(BEBs) or fuel cell electric buses (FCEBs)—for each line in such a region. Further, a simulation tool
was developed to calculate the compatibility of zero-emission technologies with the current needs of
the public transportation considering distance, altitude difference, and climate conditions. The results
show that a complete switch of the fleet is possible with a slight increase in the number of buses and
that there is no clear difference in the distance covered in mountainous areas by BEBs versus FCEBs,
but that both technologies can cover similar distances. The tool developed is not limited to bus fleets
but can be applied to all kinds of fleets that cover clearly defined daily routes.

Keywords: battery electric bus; fuel cell electric bus; energy consumption; simulation

1. Introduction

Public bus decarbonization is becoming increasingly important to address the global
issue of climate change. The transportation sector is one of the largest sources of greenhouse
gas emissions, given that passenger travel vehicles (cars, motorbikes, and buses) produce
around 45% of global transport emissions [1]. Decarbonizing the public bus fleet not only
reduces emissions, but it also has a range of other benefits for both the environment and
society. There are, however, several challenges associated with large-scale introduction of
zero-emission technologies in public fleets, that include: high upfront costs [2], technical
issues (i.e., battery range, charging times, and the reliability of the technology) [3] or fi-
nancial sustainability [4] to ensure long-term maintenance and operation costs within the
public domain. The public transportation authority (PTA) in the Italian Alpine province of
South Tyrol has been at the forefront in the testing and implementation of the innovative
zero-emission bus fleets for decades [5] and foresees the complete phase-out of diesel buses
and their replacement with zero emission buses (ZEBs). The geographical and climatic char-
acteristics of the province also represent peculiarities for currently available zero-emission
technologies and their management. South Tyrol is the most northern province of Italy and
is located in the Dolomite Alps with around 60% of the area located above 1500 m a.s.l.,
only 4% of the area is located below 500 m a.s.l. Besides its around 530,000 inhabitants [6],
it is visited by several million tourists per year. To act as a representative region for green
transport [7] and in consideration of the climate policy developments in Europe, South
Tyrol approved an ambitious provincial climate plan [8], which includes drastic reduction
of transport GHG emissions. In this work, first the analysis of the state-of-the art ZEBs,
South Tyrolean bus lines, and their timetables was carried out. The goal of the study
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was to understand which technology—battery electric buses (BEBs) or fuel cell electric
buses (FCEBs)—is appropriate for a particular line. Furthermore, a simulation tool was
developed to calculate the compatibility of zero-emission technologies with the current
needs of the public transportation service in South Tyrol to provide a preliminary study
to decision-makers. The authors adopted a simplified energy modelling methodology,
accepting model limitations. To the best of the authors’ knowledge, there have not yet been
scholarly studies that combine the relationship among several important factors [9] for
zero-emission fleets in extra-urban environments: elevation, temperature considerations,
longer distances, timetables, and both electric and hydrogen bus technologies.

2. Literature Review on State-of-Art of Zero-Emission Fleets Simulation Tools Used
in Planning

While several works concentrate on the evaluation and comparison of the environmen-
tal and financial performance of future electric and hydrogen fleets [10–12], only few offer
frameworks for a regional transition with specific applications. To keep this review succinct,
we focus on the relevant optimization and simulation tools that either aim at transition
of large-scale fleets and/or simulate several bus technologies simultaneously. Scholars
proposed simulation optimization tools and decision-making frameworks of the potential
replacement of the conventional bus fleets with zero-emission ones mostly at urban scale.
The authors of [13] proposed using a mixed integer linear model for the analysis of mul-
tiple bus routes at urban level in Berlin (Germany) for battery-electric buses, using such
parameters as individual route, bus type, and traffic. The impact of high slope variation or
longer distances was not discussed as based on the topology of the case it was not relevant.
Within the optimization tools, [14] used a similar mixed integer linear cost optimization
model to analyze the potential for the substitution of traditional public transportation
modes with the electric buses using a function of least energy consuming routes. They
assumed only constant slope values in a simplified road network with varying distances,
but focused on the potential location of the infrastructure for electric buses. The authors
of [15] combined energy consumption, carbon emission, and operational cost models and
bi-objective model, which minimizes the total carbon emission and operational cost of all
bus lines applied for the fleet of the city of Liuzhou for a mix of electric and diesel buses.
Scholars considered travel distance in their energy consumption model; however, no slope
considerations were included. The authors of [16] developed a mixed integer nonlinear
programming with a detailed calculation of energy consumption for electric buses only
applied to the transit network of Belleville city (Canada). This energy consumption module
mostly considers the impact of traffic intensity as the slope variation in the case study is
low. Another optimization approach through mixed integer linear model was proposed
by [17] and applied for the electrification of a bus route under partial charging and battery
degradation in Singapore.

Regarding simulation tools, [18] developed a model as part of a larger grid impact
study to evaluate the potential implementation of only electric buses. The model was
applied to the case study of the network of the city of Belleville (Canada). Simulations were
performed based on a logit model that considers bus deployment on the one hand and the
operation of charging systems on the other. Among the variables considered were standard
urban and suburban distances for bus travel and simulated energy consumption without
consideration of slope or climate impacts. In [19], a simulation tool combined bus route
design, energy range, and the infrastructure scheduling for the transition to all-electric bus
fleets in urban environments, with Barcelona (Spain) as the case study. Energy consumption
and battery capacity in this work is calculated as a function of speed and distance, without
slope and weather conditions. Within the knowledge of the authors, the only study address-
ing the transition of large-scale fleets towards battery-electric buses at extra-urban level
was performed by [20]. They developed a model that considers distinctive spatiotemporal
characteristics and difficulties associated with longer distance operation of battery-electric
buses. The model suggests potential for investment optimization based on a variety of



World Electr. Veh. J. 2023, 14, 91 3 of 14

strategies that can be adopted by public transportation operators operating at regional level
for charging infrastructure based on electric bus specific operation characteristics.

Specific works addressing the use of simulation tools that consider at once slopes, longer
route length, and climatic conditions and their impact on energy consumption of electric and
hydrogen fueled buses and therefore fleet composition as well as related infrastructure that
needs to be applied in highly mountainous areas are missing in scholarly literature.

3. Materials and Methods

Within the following section the methods and materials used in order to set up the
simulation tool are described. The tool has been written using Python programming
language and consists of approximately 10,000 lines of code.

The tool includes two main algorithms:
The first algorithm calculates the energy consumption of BEBs and FCEBs traveling

once along one specific line. In order to do so, vehicle parameters have to be assumed
(Section 3.1), precise information on the lines needs to be available (Section 3.2) and the
energy consumption to travel along the lines is simulated (Section 3.3).

This first algorithm is applied to each single line covered by public buses today in
order to evaluate if ZEBs are able to travel one return trip on the specific line.

The second algorithm is designed to calculate the minimum number of buses and
charging stations required to serve a specific bus line. To achieve this, the algorithm takes
into account the timetable and frequency of the buses, energy requirements for traveling
along the line (which can vary depending on the direction of travel), and the state of charge
(SOC) of the batteries or hydrogen tank at the start and end of the route. It considers
whether recharging or refueling is needed and positions charging or refueling stations
accordingly at the beginning and end of routes. The algorithm also determines how much
recharging or refueling is possible within the given timetable.

This algorithm is applied to all bus lines by considering one representative day. The
algorithm considers both zero-emission bus (ZEB) technologies: electric and hydrogen.
For each line, and technology, the algorithm identifies whether additional ZEB buses are
required compared to the number of buses required to serve the same line using diesel
buses. This need for additional buses arises when the SOC of the battery or the hydrogen
available is insufficient to cover the next trip, and recharging or refueling time between
trips is too short to adequately recharge or refuel.

3.1. Vehicle Study

The state-of-the-art ZEBs were implemented in order to analyze their possible em-
ployment on the different lines in South Tyrol. Before proceeding to data collection on the
performances of the different models, the main ZEBs’ characteristics were identified.

Forty-one models of ZEBs were analyzed (of which 12 were FCEBs), sold in European,
American, and Asian markets. Buses are classified into three categories, according to the
Italian Ministerial Decree of 20 June 2003 [21] as per Table 1.

Table 1. Bus classification used in ZEB model analysis.

Class Description

C1
vehicles built with areas designed primarily for standing

passengers (normally employed in urban areas), with more than
22 passengers

C2

vehicles designed primarily to carry seated passengers, designed
so that standing passengers can also be transported in the aisle

and/or designated area (normally employed in urban and
suburban areas), with more than 22 passengers

C3 vehicles built with areas designated for seated passengers only,
also referred to as “coach”, with more than 22 passengers
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• Given the goal of the project, evaluating the possibility of changing the current fleet of
diesel buses in regional service, the class of interest is C3. Given the small number of
BEBs-class C3 and the absence of FCEBs-class C3 buses at the time of data collection,
C2 and C1 classes were also considered.

• The following parameters were identified to describe the different buses:
• Energy storage: the study considered both battery capacity in kWh (for BEBs and

FCEBs), and hydrogen storage in kg (for FCEBs). Although some manufacturers state
that battery capacity depends on charging velocity, authors considered slow charging
condition (typical in depot) for data uniformity issues and did not include the aging
process. Most of the data were derived from the manufacturer’s websites;

• Range: It represents the maximum distance that the bus can cover in km. This
parameter is influenced by the battery capacity, the HVAC (heating ventilation and
air conditioning) system, the regenerative braking (recovery efficiency and braking
style), and the trips and the general driving style. Many manufactures did not refer
to standardized duty cycles (some of them adopted S.O.R.T. cycles [22]) and did not
specify the HVAC’s influence on energy consumption. The data collected were mainly
obtained from the manufacturer’s website, in some cases by emails received directly
from the manufacturer or by interpolations;

• Motor power: given the presence of wheel motors in some models, this parameter
corresponds to the sum of all motor powers present in the power train. It is expressed
in kW;

• Specific consumption: it represents the average energy consumption to travel a dis-
tance and is expressed in kWh/km for BEBs and (kg of hydrogen)/km for FCEBs. As
for the range, the specific consumption has been deduced from information received
from the manufacturer (website or emails) or through interpolation. The HVAC system
and the adoption of a specific running cycle have in many cases not been declared by
the manufacturer;

• Vehicle weight: this parameter is expressed in kg and was used in order to make
considerations on the vehicle’s potential energy, given the variations of altitude on the
South Tyrolean bus lines.

The electric bus considered for the simulations has an energy storage of 660 kWh, a
motor power of 248.59 kW, a weight of 19,050 kg, a claimed range of 386 km, and an esti-
mated specific consumption of 1.4 kWh/km. The hydrogen model used for the simulations
has a range of 350 km, a storage of 38 kg of hydrogen, and a specific consumption of about
0.11 kg of hydrogen/km.

3.2. Road Network

The road network was converted into a 3D vector, combining 2D roads with digital
terrain models (DTMs) using the GRASS GIS ‘v.drape’ command [23]. Figure 1 shows the
intercity lines that have been simulated in South Tyrol, considering the orography of the
territory. However, the 3D roads included several elevation points that were not correct
due to road infrastructures: bridges, tunnels, underpasses, and subways. The official road
network contained the information on the infrastructure type for each line. Therefore, the
authors proceeded in interpolating the elevation of the critical infrastructure using a linear
interpolation [24] with the road elevation before and after the infrastructure. An iterative
linear interpolation was implemented and applied to the road network to recursively
remove the road segments with a slope greater than 20%. The bus lines time schedule
was provided by the local public transport organization Strutture Trasporto Alto Adige
spa (STA) using the General Transit Feed Specification (GTFS) format. The time schedule
provided covers the full year, however—to reduce complexity—for the simulations the
authors selected one representative particularly challenging day. The bus line geometries
extracted from the GTFS file were forced to follow the 3D roads network moving the bus line
point to the closest 3D road point using the GeoPandas Python package [25]. Then, using
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Shapely [26], the authors characterized each line with the total distance (subdivided by
distance up and down) and with the elevation difference (distinguished in up and down).

World Electr. Veh. J. 2023, 14, 91 5 of 15 
 

(STA) using the General Transit Feed Specification (GTFS) format. The time schedule pro-
vided covers the full year, however—to reduce complexity—for the simulations the au-
thors selected one representative particularly challenging day. The bus line geometries 
extracted from the GTFS file were forced to follow the 3D roads network moving the bus 
line point to the closest 3D road point using the GeoPandas Python package [25]. Then, 
using Shapely [26], the authors characterized each line with the total distance (subdivided 
by distance up and down) and with the elevation difference (distinguished in up and 
down). 

 
Figure 1. Bus lines analyzed in the case study of South Tyrol province, Italy. 

3.3. Vehicle Modelling and Assumptions 
Formulas (1) through (4) provide the model used to calculate the energy consump-

tion of electric and hydrogen buses. The model takes into account parameters such as dis-
tance travelled, height difference, vehicle weight, and climatic conditions to determine the 
energy required for a bus to travel a certain route. Route profiles, including total altitude 
difference and distance travelled uphill, downhill, and on flat terrain, are also factored in. 
However, traffic conditions, speed, and driver behavior are not considered due to lack of 
available data and the need for a different simulation model. The model also does not 
provide detailed information on the drive system components, which are included in the 
average energy consumption per kilometer used in the calculation. 

The authors analyzed the bus schedule to record the cases where the stops were 
longer than 10 min. On the overall bus service, only 46 stops were registered. Therefore, 
it has been decided to ignore the stops within the line and to consider only the stops be-
tween one course and the next with a stopping time above 10 min as a potentially eligible 
chance to charge the bus. 

The energy required by the bus to travel each line was assessed by performing a 
global energy balance for BEBs and FCEBs. The study aimed to assess the feasibility to 
move the full current public transport buses to ZEBs, therefore the analysis was conducted 
selecting conservative values and considering the worst conditions a bus could encounter. 
The energy balance was performed based on Formula (1). 

Figure 1. Bus lines analyzed in the case study of South Tyrol province, Italy.

3.3. Vehicle Modelling and Assumptions

Formulas (1)–(4) provide the model used to calculate the energy consumption of
electric and hydrogen buses. The model takes into account parameters such as distance
travelled, height difference, vehicle weight, and climatic conditions to determine the energy
required for a bus to travel a certain route. Route profiles, including total altitude difference
and distance travelled uphill, downhill, and on flat terrain, are also factored in. However,
traffic conditions, speed, and driver behavior are not considered due to lack of available
data and the need for a different simulation model. The model also does not provide
detailed information on the drive system components, which are included in the average
energy consumption per kilometer used in the calculation.

The authors analyzed the bus schedule to record the cases where the stops were longer
than 10 min. On the overall bus service, only 46 stops were registered. Therefore, it has
been decided to ignore the stops within the line and to consider only the stops between one
course and the next with a stopping time above 10 min as a potentially eligible chance to
charge the bus.

The energy required by the bus to travel each line was assessed by performing a global
energy balance for BEBs and FCEBs. The study aimed to assess the feasibility to move the
full current public transport buses to ZEBs, therefore the analysis was conducted selecting
conservative values and considering the worst conditions a bus could encounter. The
energy balance was performed based on Formula (1).

Etot = Edist + Eup − Edown (1)

where, Edist is the energy required to move the bus in a horizontal direction; and Eup and Edown
are, respectively, the energy required by the bus to travel upwards and the energy that might
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be generated through the regenerative braking system travelling downwards. Formula (2)
was applied to assess the energy due to the distance under conservative conditions.

Edist= c ∗ Dl/ηclima (2)

where, c is the specific consumption of the bus as specified by the bus model datasheet;
the authors considered the kWh/km for the BEBs and the kgH2/km for the FCEBs as
declared by bus model data sheet; Dl is the distance in km of the single bus line; and ηclima
is the increased consumption per km due to the energy need of the space conditioning
system. The actual energy consumption for space conditioning of the bus cabin can vary
significantly in dependence of the outside temperature (heating or cooling need), outside air
humidity (dehumidification need) and occupancy of the cabin (internal heat loads in the bus
cabin reducing heating needs but enhancing cooling and air exchange needs). In the present
analysis a simplified approach has been adopted inserting a fixed ηclima and choosing a
conservative value so that on most days of the year the impact of the air conditioning
system will be (relevantly) lower than assumed. For the BEBs, ηclima = 0.75 [27] as the
efficiency of the heating system was considered and for the FCEBs, ηclima = 0.75 [28] as the
efficiency of the cooling system (as for the heating system partially the use of the waste heat
of the fuel cell has been considered, and therefore the cooling situation can be the more
energy intensive one).

The energy required to travel up and down is defined by Formula (3).

Eup= g ∗
(

Wbus + Wpeople

)
∗ ∆up/

(
ηup ∗ ηclima

)
(3)

where, g is the gravity force 9.81 m/s2; Wbus is the weight in kg of the empty bus; Wpeople
is the weight in kg of the bus users calculated as the number of places available on the
bus multiplied by an average weight per person of 70 kg; ∆up is the elevation difference
in m; while ηup is the efficiency from battery to wheel. An efficiency of 0.85 [29] for the
BEBs has been considered and 0.425 for the FCBs has been considered. The second is the
result of 0.85 (battery to wheel) multiplied by the efficiency of the fuel cell (FC) to convert
the hydrogen to electricity, which was considered to be 0.54 [30]; ηclima is the penalty to
guarantee the comfort condition within the bus using 0.75 as in the previous formula.

The energy that might be generated through the regenerative braking system is as-
sessed based on Formula (4):

Edown = g ∗ Wbus ∗ ∆down ∗ (ηdown ∗ ηclima) (4)

where, g is gravity, Wbus is the weight of the empty bus, ∆down is the elevation difference,
ηdown is the efficiency from wheel to battery that was considered to be equal to 0.40 [31] for
BEBs and FCEBs, and with ηclima of 0.75. A worst case assumption has been made, that the
bus is full when going upwards and it is empty when going downwards (so max weight to
be lifted up, and min possibility to recover energy travelling down) [31].

All BEBs in the simulation have an initial level of the battery (90%)/FCEBs a level
of tank of (100%). The lower limit of the battery for the BEBs was set to be 15%, while
for the FCEBs the lower limit of the tank level was set to be 5%. The simulation tool goes
through the time schedule and for each line it checks if there is, in the initial/starting place,
a bus, already available, with enough energy to complete the line; if yes, then the line
will be assigned to the bus; if the bus that is available at the stop does not have enough
energy, it checks if the bus stays at the bus stop for more than 10 min; if yes, then it creates
a recharging/refueling point, then it checks if the energy in the battery/hydrogen in the
tank is enough to complete the line after 10 min; if yes it assigns the line to the bus, if not it
is marked that the bus is not available, it checks the next bus or creates a new one. Figure 2
shows the algorithm that describes the tool’s decision-making process.
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As no specific data on the actual operation of the vehicles were available at the time of
the study, it was assumed that each vehicle is “dedicated” to one single line only.

The simulation was executed under three different operative conditions. The first
condition simulates the option to recharge the bus only during the night. The second
condition simulates to recharge whenever the bus remains at the destination for a time
longer than 10 min. The third condition follows the second one but reduces the recharge of
the bus to the situation where battery/tank level is below 40%.

The recharging of the battery/tank is explained in Formula (5).

Erecharge = Eflow ∗ Tstop ∗ ηrecharge (5)

where, Eflow is considered to be 150 kWh/3600 s = 0.04167 kWh/s for the BEBs and of
0.075 kgH2/s for the FCBs as recharging/refueling of the bus. This flow is multiplied by
Tstop, the number of seconds (rounded to the floor minutes) that the bus stays on the bus
stop, multiplied by ηrecharge, the recharge efficiency of the system (95% for the BEBs and
100% for the FCBs have been considered).

4. Results
4.1. Vehicle Study

In this section the results regarding the vehicle simulations are presented (Table 2).
In particular, motor power presented a range between 150 and 350 kW for both FCBs and
BEBs, similar to the actual diesel bus fleet [32].

Table 2. Vehicle study parameters.

Parameters/Vehicle Type BEB FCEB

Energy storage 150–650 kWh Battery capacity: 40–120 kWh
H2 storage: 30–38 kg

Range 200–370 km 300–400 km

Motor power 140–350 kW 140–350 kW

Specific consumption 0.7–1.4 kWh/km 0.085–0.1 kg/km

Weight 14,000–27,000 kg 20,000 kg
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4.2. Road Network

In the following, the results of the analysis of the road network and the energy
consumption by BEBs and FCEBs in order to run the single bus lines are shown.

Each line of the bus network has been characterized by the distance and the elevation
difference; Figure 3 shows the scatterplot of the bus lines considering these two variables.
As can be seen, the maximum distance is less than 60 km, while the maximum elevation
difference is slightly above 1750 m. The points are concentrated in the lower and left parts
of the graph, where the elevation difference is small (0 to 250 m) and the distance is short
(0 to 30 km).
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Based on the formula described in the methodology section, the authors assessed the
required energy of each line to guarantee the service under cautious conditions. Figure 4
displays the distribution of energy consumption for BEBs expressed in kWh/km for various
lines (including variations of the main ones). The most frequent case is a specific energy
consumption of around 3 kWh/km.

Figure 5 shows the energy consumption for each cluster (very low, low, medium,
high and very high) of round-trip bus lines, taking into account the length of each line.
Market-available energy storage sizes are shown in gray. As can be seen, most of the
lines can be served by bus types using batteries with limited capacity (very low, low, and
medium clusters of round-trip bus lines), while all the lines can be covered by buses with
larger capacities available on the market (high and very high clusters of round trip bus
lines), while for the FCEBs, all the bus lines can be covered by the tank capacity that is
installed in the buses available on the market.
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The average value of energy required for the line round trip is 139.8 kWh and 9.1 kg H2
for BEBs and FCEBs, respectively, while the maximum energy demand is 508.9 kWh and
32.5 kg H2.

4.3. Modelling Buses Driving the Single Trips and Assumptions

As described in Section 3, three different recharging options were simulated. Based
on these assumptions it was defined how many buses [32,33] are required to guarantee
the bus service for a full day, for a specific line, based on different recharging options. The
single recharging options can have an impact on the number of buses needed, and if only
overnight charging is allowed, more buses are needed than if opportunity charging is also
allowed. Figure 6 shows an example of state of charge considering the third simulation
option, where opportunity charging is allowed if the battery level is below 40%. As can be
seen, the bus starts the journey with the battery level at 90% and is discharging during the
day, arriving at the final destination several times, around 14:00 o’clock the battery level
goes below the 40% limit and as the stop was longer than 10 min, the bus status is changed
to recharge.
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The maximum energy required by the bus line round trip is less than the maximum
capacity of the batteries and tanks of the buses on the market. Figure 7 illustrates how
many lines can be covered by BEBs (A) and FCEBs (B) if a full charge is made during the
night, multiple charges during the day, or whether it is necessary to increase the number of
buses compared with the equivalent diesel system. With both technologies, more than 78%
of the lines can be covered with the same number of buses. With both technologies, slightly
more than 20% of the lines require more buses to guarantee service. Altogether, around 6%
more buses are required, independent of the technology chosen (BEBs of FCEBs). In the
case of FCEBs, a relevant larger number of trips can be covered with only overnight charge
(41%) in comparison to BEBs (24%).
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Figure 7. Number of lines that can be covered by BEBs (a) and FCEBs (b) with a full recharge during
the night, multiple recharges during the day, and by increasing the number of buses with respect to
the bus required by a diesel equivalent system.

The simulation tool also estimates the number of recharge stations and hydrogen
refueling points required by the regional buses. Following the used model for the BEBs the
recharge infrastructure obtained is of 223 recharging stations assuming 150 kW of power
capacity, while for the FCEBs the required recharge stations are 206, which become 21 if the
identified stations are aggregated and clustered using a radius distance of 15 km. In fact, as
the cost of hydrogen stations is relevant and at present in South Tyrol only two hydrogen
refueling stations exist, it was considered as very unlikely that within a radius of 15 km
several hydrogen refueling stations would be set up.
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5. Discussions and Conclusions

This study evaluates the possibility to transfer extra-urban bus services in an Alpine
region (South Tyrol—northern Italy) from diesel buses to battery electric buses (BEBs) or
fuel cell electric buses (FCEBs).

For this purpose, a model has been set up based on the vehicle’s energy balance.
Herewith the energy consumption is evaluated based on the physical characteristics of
the single bus line (distance and altitude), climatic conditions, and its timetables. As such,
the model can be implemented in mountainous areas and on intercity lines allowing the
specific energy consumption.

A detailed study has been performed to digitize all bus lines in the region by correcting
more than three million points in the digital maps (tunnels, bridges, etc.). From the analyses
carried out, the average distance of the lines resulted in 17 km (max: 55 km) with an average
height difference of 300 hm (max: 1786 hm). Each line (distance and height difference)
was transformed into energy consumed for the specific technology. The average energy
required for the outward and return of the buses on the lines resulted in 139.8 kWh for
BEBs and 9.1 kg H2 for FCEBs with a maximum consumption of 508.9 kWh and 32.5 kg H2,
respectively. In the very conservative calculation (assuming full bus upwards, empty bus
downwards, and difficult climatic conditions) the average consumption is estimated to be
3.8 kWh/km for BEBs and 0.25 kg/km for FCEBs.

Based on the market research of available bus models and the calculated specific
energy consumption, the authors conclude that 100% of the lines can be completed in
a single round trip with both electric buses (higher performance models) and fuel cell
buses. As the routine schedule foresees some stops of more than 10 min (which allows
an electric bus to recharge), in around 80% of the cases one diesel bus can be replaced
by one electric/fuel cell bus. For the remaining 20%, an increase of 6% in the number of
available buses is necessary to guarantee the same time schedule. The numbers of BEBs
and FCEBs needed to substitute the diesel ones could eventually be lower as the estimated
energy consumption in this study was precautionary and the range of electric and hydrogen
vehicles is gradually increasing due to technological progress.

The authors’ initial hypothesis that longer distances in mountainous areas can only
be covered by FCEBs, while shorter ones by both FCEB and BEB, was not confirmed in
this study, as there was no significant difference in the distance covered in mountainous
areas by BEBs versus FCEBs. In fact, one aspect underestimated before the study was the
enhanced energy recovery capacity by BEBs in comparison to FCEBs driving downwards
based on the much larger battery capacity of the vehicle.

In order to guarantee the bus service under all conditions and with unchanged timeta-
bles in comparison to the current situation, the simulation led to over 200 charging points
located in depots and stops where more than 10 min breaks allow (at least partial) recharge.
In the case of FCEBs the resulted number of hydrogen refueling stations was very similar.
The clustering of recharge/refueling stations substantially reduces the number of stations
required by the regional transport system. In the case of hydrogen and considering a
clustering radius of 15 km, the number drops from over 200 to 21 refueling stations.

The presented method was developed and applied for one specific region (Italian
Alps) and one specific case study (extra-urban bus fleet in South Tyrol), but is considered
as generally suitable for PTCs for the evaluation of the possibility to switch a fossil fuel bus
fleet to BEBs and FCEBs and the related infrastructure needed. It is not limited to bus fleets
but can be applied to all kind of fleets that cover clearly defined routes on a daily basis
(such as logistics in the food sector, medical sector, goods transportation to stores, etc.).

Regarding the specific energy consumption/km it was noted from the beginning of the
project that monitoring data on the specific lines under all conditions (winter/summer, bus
loaded/unloaded) is needed in order to validate the presented assumptions and to enhance
the model’s results. Such data at that time were not available. Monitoring data from the
LifeAlps project [34] for the years 2021 and 2022 for over 20 buses in service in South Tyrol
on specific lines are available [35]. A direct comparison of the data sets is not possible, but
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the results show an average consumption which is 50% lower than the one resulting from
the simulations under conservative assumptions for both technologies—battery electric
and fuel cell electric buses. Detailed evaluations on this dataset will follow in future works.

If further data will confirm a lower average and max consumption it suggests that
a technology shift to zero emission buses will require fewer charging stations/refueling
stations and less lines requiring more ZEB buses than diesel buses currently in service.
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