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Abstract: Public transport is essential to provide urban mobility, and cities need to offer a fast,
comfortable, secure, and low-pollutant public transport mode to attract passengers and reduce private
car use. Despite metros, trains, and light rail systems being desirable, the cost of implementation
and low flexibility make bus services the best option for many cities. One solution for improving bus
service systems is the implementation of bus rapid transit systems that are composed of buses running
in segregated lines with pre-payment fares and level boarding platforms in stations. However, the
main challenge of bus systems is the use of engines fueled by diesel, which is extremely polluted.
One possible solution is the use of battery buses; but are they really feasible regarding daily operation
cost? In this paper, we investigate the adoption of battery buses in comparison to diesel engines in a
BRT system using municipal data from Sao Paulo, Brazil, as a reference. We collected operational
data from the Sao Paulo city government transport agency and data from the literature to produce an
analytic hierarchy process (AHP) model, which allowed us to compare both systems. The AHP model
considered a triple-bottom-line perspective using social, economic, and environmental impact criteria.
The result showed that the initial costs of acquisition can be a barrier, but in the long run, cities
adopting battery buses in their BRT system can benefit from the effects of reduction in gas emissions
and longer lifetimes of electric bus components. Moreover, the results showed that the adoption of
battery buses in BRT systems depends on local government subsidies being implemented.

Keywords: public transport; electromobility; electric buses; bus rapid systems

1. Introduction

The majority of the world’s population, around 56% (4.4 billion inhabitants), lives
in cities, and by 2050, 7 of 10 will live there [1]. Life in cities provokes congestion and
environmental issues due to the necessity of movement to work, study, leisure, medical
appointments, and so on. Thus, urban planners address this by trying to mitigate the
problem of public transport. However, Keblowski et al. [2] affirm that planners have been
insufficiently engaged with diverse social, political, and economic dynamics that shape
how transport is planned, regulated, and organized.

Addressing global climate change challenges from a transport perspective is necessary
and involves life in cities [3]. Globally, transport represents 70% of greenhouse gases (GHG)
and two-thirds of energy consumption [4]. Hence, choices made in cities around long-lived
urban infrastructure will determine the impact of climate change [3].
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Inevitably, the current solution prefers public transport rather than private modes and
prefers the adoption of active mobility when possible. This is not an easy task, but the decision
of a transit authority to become “greener” provides benefits beyond environmental benefits
and may also benefit business because companies that show a commitment to the environment
are more likely to attract customers who care deeply about their environmental impacts [5].

Currently, the main alternatives used by companies to be more sustainable include the
following [6]: (i) the purchase of energy-efficient vehicles with low environmental impact;
(ii) the testing of less-polluting fuels; and (iii) monitoring the performance of vehicles and
drivers. While trains and metros run using electric energy, bus services remain connected to
diesel engines. Metros are present in only 178 cities [7]. Suburban rail services are slightly
more common and are usually present in the same cities that run metros, which makes
buses the most common service for urban mobility worldwide.

Therefore, understanding how the bus sector is progressing in the transition toward
being cleaner with the use of zero-emission fleets is fundamental to making cities healthier
and more sustainable [8]. Indeed, developed countries are ahead in this sense, and some
have plans for future fleets. For instance, UITP is conducting the European Bus Rapid
Transit of 2030, a new EU project on electric mobility that seeks to support sustainable
urban transport by proposing innovative solutions for electric bus rapid transit (BRT) [9].

BRT is the highest level of prioritization of bus systems and can be considered a
medium/high-capacity system composed of structural lines. Such a system can transport
up to 35,000 passengers/hour/direction [10]. The main characteristics of a BRT system
are exclusive bus lanes aligned on the central axis, stations with fare pre-payment, level
boarding platforms, and treatment of intersections prioritizing the flow of buses [11].

The first BRT system was established in the 1970s in Curitiba, Brazil [12,13]. It was
then developed in many cities in Latin America, the United States, Canada, China, and
Asia [14,15]. In Delhi, the capital of India, a decision was made in 2017 to abandon and
dismantle the BRT system launched in 2008 [16,17].

In Europe, metrobuses are used mainly in the UK, in addition to individual lines in
cities in France, the Netherlands, and Scandinavia [18]. A model line of high-speed buses
consists of lanes dedicated specifically for them, usually in the middle of the roadway. The
stops placed on these lanes more closely resemble commuter rail stations. Buses—often
very long, and even with two articulated buses—pull up these stops almost one after
another. Traffic control and passenger information systems are also in operation [19,20].

There is no BRT system in Poland. There have been several attempts to introduce this
solution [21]. The closest to creating it was Wroctaw, which, in 2014, issued a tender for
the project [22]. Eventually, the idea was abandoned, and a new tram line was created.
The basic analyses carried out for the purpose of the attempt to introduce BRT to the
capital of Poland show that the basic BRT systems can reach a throughput of up to approx.
16,000 passengers per hour, just like tram lines (assuming standard vehicle sizes). With
advanced management and meeting the above assumptions, it is possible to achieve an
efficiency of up to 40,000 passengers (for comparison, the Warsaw metro exceeds 30,000;
these are not the full capabilities of the system) [23]. BRT is also supported by the relatively
low costs of constructing infrastructure and purchasing rolling stock, which are lower than
for trams or metros. A bus fleet is less spacious than trams (a standard tram carries about
220-240 passengers, while an articulated bus carries 150). Moreover, it wears out faster, and
replacements should take place no later than after 12 years of use. The price of extended
rolling stock for BRT may be similar to that of a tram.

When analyzing BRT, it is necessary to take into account the continuous development
of technologies and increasingly innovative products on the market [24].

BRT systems are primarily identified with Volvo and Van-Hoof, which specialize in
the production of three-member low-floor buses with a length of 24 m [25,26]. Among
current automotive companies, Mercedes-Benz also has extensive experience in building
BRT systems. The German company took its first steps in Central and South America,
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including Brazil, Bogota, Colombia, and Mexico. Over the past three years, Mercedes has
built two systems from scratch in Europe: Metrobus in Istanbul and BusWay in Nantes.

In 2023, EMT Madrid presented the first electric buses for its new bus rapid transit
system. It will be the first high-capacity bus line in Madrid. Interestingly, the purchased
vehicles belong to the MAXI class and are 12 m long [27].

In October 2021, an order for Solaris double-articulated electric buses to serve passen-
ger traffic in Aalborg, a Danish city located on the Jutland Peninsula, was launched [28].
Tide Bus Danmark placed an order for 14 double-articulated electric buses in the MetroStyle
version. These are 24-metre vehicles with a special design and have been specifically de-
signed to operate BRT public transport systems. These 24 m electric buses are powered by
two traction motors with a total output of 240 kW, which drive two drive axles. The Solaris
high-energy battery pack installed in these e-buses with a total capacity of over 700 kWh is
charged via a plug-in connector. Each of the 14 ordered e-buses is equipped with automatic
systems supporting mirror driver work. In addition, the Mobileye Shield+ system has
been proposed, which allows the elimination of risks associated with the so-called vehicle
dead zone.

The world’s first hydrogen buses for BRT have been operating in France since 2019.
The Fébus city bus system operates in the south of France [29]. The system was launched
in the city of Pau and is served by eight 18-metre Van Hool ExquiCity FC hydrogen buses.

In Koln, Switzerland, and Finland, the Dutch VDL Citea SLFA-181 electric bus is part
of BRT. It is an articulated 18 m bus with a maximum capacity of 143 passengers. It has
three axles and four doors. This bus was designed primarily for BRT [30,31].

Despite the fact that these initiatives aim to change fuel emissions, BRT buses are com-
posed basically of diesel vehicles that contribute to 25% CO; emissions and consequently
to climate change [32]. With these ideas in mind, we established three research questions:

RQ1—TIs it feasible for the adoption of BRT systems to move to electric energy use?

RQ2—Is it possible develop a multiple decision-making model to compare the opera-
tions between diesel and electric BRT systems?

RQ3—How can the idea of BRT raised in developing countries as an alternative of
low cost for mass rail system transport become feasible to allow the adoption of this new
technology in these countries?

To answer these questions, the objective of this study is to analyze the viability of
the adoption of electric battery buses for a BRT system in Sao Paulo, Brazil. To do so, an
analytic hierarchy process (AHP) model considering the criteria from the triple-bottom-line
sustainable approach—economic, environmental, and social—was developed and tested
using the literature and data from the transport municipal authority of Sao Paulo city
in Brazil. The results indicated that in a more comprehensive view rather than simply
considering the implementation costs, an electric BRT system can be advantageous for a
city’s society.

The main contribution of this paper is to provide and test a decision-making model
that can be used for decision-makers to verify the feasibility of adoption of battery buses to
operate in their BRT systems.

This article is divided as follows: after this introduction, a section on the background
of electric buses is presented; after the materials and methods are indicated, the results and
discussion sections show and discuss the main findings; and the conclusion points out the
main ideas obtained from the research.

2. Background
2.1. Electric Buses

The first electric bus dates back to 1882 in Germany when Siemens and Holske created
an electric vehicle called Elekromote which gave rise to the Trolleybus. Around 30 years
later, the first trolleybus line was implemented in 1911 in England [33].

Currently, there are three models of electric buses in operation worldwide, as shown
in Figure 1: trolleybuses that make their journeys connected to parallel overhead lines,



Energies 2023, 16, 4858

40f17

hybrid buses that have an electric motor working in conjunction with a combustion engine,
and battery electric buses that are powered by a battery present in the vehicle itself.

Trolleybus

Vehicle is connected
to overhead electric
cables

Fully electric
The engine runs on battery
power only

Hybrid

As well as electric
batteries, the vehicle
has a combustion

engine that runs on
diesel, biofuel, or
biogas

Figure 1. Type of electric energy buses. Source: adapted from [34].

Trolleybuses are one of the most suitable technologies in environmental terms and
have consolidated and reliable technology [35]. In the beginning, trolleybuses had a low
implementation cost because they took advantage of the electrical structure of existing
trams and managed to overcome obstacles that could be on the road [36].

However, as they need to be connected to parallel overhead lines and power substa-
tions, they are less flexible than a conventional bus since any changes in their operations
must take into account the parallel overhead lines.

To understand a trolleybus network, it is necessary to manage the cost of this infras-
tructure, which is estimated at around USD 280,000.00/km (value converted from BRL
considering USD cost on 1 June 2023, 1 USD = 5 BRL) for parallel overhead lines and USD
220,000.00 for each necessary substation, and these values can also be an impediment to
its expansion [37].

Battery electric vehicles were common until the second decade of the 21st century.
However, electric buses in this period were manufactured on a small scale due to the low
autonomy and weight of batteries at the time [38]. Since the beginning of the 21st century,
battery electric buses have returned to use and have experienced new research.

The battery pack is one of the main parts of a vehicle; it is through battery packs that
vehicles are powered, and they are recharged through Electric Vehicle Supply Equipment
(EVSE) [36]. Currently, the autonomy of a battery electric bus is 250 km and can be
recharged overnight or receive small loads during commercial operation. Hybrid buses
are intermediate and are seen as a bridge between the use of internal combustion engines
and the electrification of a fleet; the use of hybrid engines is up to 40% more efficient than
the use of internal combustion engines only [39,40]. The electric motor is used when the
combustion engine has low efficiency, so the combination of two energy sources makes a
hybrid engine more efficient than a combustion one and an electric motor [36]. Currently,
Shenzhen in China is a reference in terms of electric buses since it has fully electrified its
fleet of 16,000 buses [40]. In comparison, there are only 4150 electric buses currently in
operation in Latin America [41].

2.2. Bus Rapid Transit—BRT

A bus rapid transit or BRT is a medium-capacity system with exclusive lanes for bus
circulation that provides a better user experience. Reasonable cost, high-capacity vehicles,
and services are some economic and social advantages of BRT systems [42].

The five main characteristics of a BRT are segregated infrastructure with exclusive
circulation; alignment of bus lanes, especially in the median; off-bus fare collection; level
boarding; and treatment of intersections with passing priority [11].

To implement a BRT system, it is necessary to plan and adjust the demand, concen-
trating on the system from feeder lines using an Operational Control System (OCC), with
information obtained in real time through Intelligent Transport Systems (ITSs) [10].
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The main ITS present in a BRT system provides information on electronic ticketing,
vehicle location in real time with GPS, user information in real time, communication
between the OCC and the buses, and traffic light preference prioritizing the buses [10].

The literature highlights the BRT system in Curitiba, Brazil, as the first BRT in the
world; before the idea was conceived for the city transport system, there were already
efforts to improve the quality of transport for the population that influenced the BRT system.
Current BRT systems implemented ideas already used by rail systems for the operation
of buses [42].

The first BRT concept was implemented in the City of Chicago in 1937, with the conver-
sion of three railroads, Douglas Park, Lake Street, and Logan Square, into express bus lanes. At
that time, the growth of private vehicles had brought inconvenience to traffic. While, in 1915,
Chicago had 35,000 registered vehicles, the fleet now has 335,000 registered vehicles [43].

In 1963, counterflow bus lanes were introduced in New York City, and in 1964, exclu-
sive lanes, this time in the street flow, arrived in the City of Paris, France. In 1966, the first
bus lanes built on the median were built in the City of St. Louis in the USA and Liege in
Belgium after the conversion of the tram systems in these cities [42].

In 1969, the first 6.5 km high-speed busway opened on the Shirley Highway in North-
ern Virginia in the USA, and prioritizing buses resulted in a substantial improvement in
the ability of people to move along the corridor during peak times [42,44].

In 1971, the town of Runcorn in the UK opened a bus corridor that catalyzed the
town’s development, increasing the use of public transport and increasing the mobility of
the town’s residents [42,45].

Busways arrived in developing countries in 1972 with the Via Expressa in Lima, Peru,
which offered a basic service and could not be considered a BRT. In the same year in
London, United Kingdom, with the conversion of Rua Oxford, the first exclusive streets
for buses and taxis appeared, and in the following year in 1973, the exclusive route “El
Monte” with 11 km was developed in Los Angeles. However, it was difficult to walk or use
a bicycle to access the buses [42,46,47].

In Brazil, during the 1960s and 1970s, there was an increase in the discussion about the
problems of public transport. The main issues were increasing traffic congestion and the
precariousness of the transport service, and for these issues, it was proposed to improve
public transport using corridor design and bus networks [48].

The Curitiba system was conceived before the use of the term BRT [10]. Due to the lack
of financial resources to fund a metro rail system, Curitiba combined bus lanes with a more
pedestrian-friendly city, green spaces, and social programs to meet the rapid population
growth that occurred during the 1970s, which, together with the oil crisis, further increased
the demand for public transport [48].

Curitiba’s success turned the city into a world case study and inspired many similar projects
that turned Brazil into the country of bus lanes and BRTs became widely known. However,
from the 1990s onward, there was a decline in passenger numbers in Brazil and Latin American
transport systems due to the increased use of individual motorized transport [42,48].

In 1996, a BRT was inaugurated in Quito, using trolleybus technology. Quito’s trolley-
bus system was well accepted by the population, had improved quality of life, and reduced
gas emissions and noise pollution [49]. Simultaneously, in 1999, in the City of Kunming in
China, the first busway was developed at a central job site, and in 2001, another system
was inaugurated in the City of Taipei. Similar systems were implemented in the cities of
Vancouver in Canada (1996), Miami in the USA (1997), and Brisbane in Australia (2000) [42].

However, the most prominent BRT project implemented in the year 2000 was the
TransMilenio in Bogota, Colombia. The Colombian capital is a large city with a population
of around seven million people and a high density. Based on the experiences seen in
Curitiba, Goiania (Brazil), and Quito (Ecuador), the managers decided to apply the system
in the city [42].

Currently, TransMilenio has 12 corridors, with 141 stations and nine terminals, which
together have 114.4 km of network extension. The data obtained in February 2023 accounted
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for 10 million kilometers traveled and 496,000 trips made on the trunk corridors, which
served approximately 42 million passengers [50].

Nowadays, there are BRTs on all five continents. Table 1 presents an overview of
existing BRTs in the world.

Table 1. BRT lines per continent.

Continent Number of Cities km Passengers/Day
Africa 6 152 491,578
North America 22 794 1,005,796
Latin America 63 2003 20,785,206
Europe 46 919 2,914,113
Asia 45 1691 9,238,060
Oceania 5 109 436,200

Source: adapted from BRTDATA [51].

There are currently 5607 km of BRTs in 186 cities around the world, and these systems
transport more than 31 million passengers per day [51].

Latin America is the continent that has the largest number of BRTs in operation,
and approximately 36% of the corridors transport 60% of the volume of passengers. In
Asia, approximately 24% of the corridors carry 30% of passengers. In Europe, 25% of
the corridors are present, but they carry only 8.36% of passengers. Africa and Oceania
have approximately 6% of the world’s BRTs and carry approximately less than 3% of
passengers [51]. In Brazil, the available 95 BRT corridors add up to 872 km and transport
more than 7.4 million passengers daily, positively impacting their areas of influence [51].

3. Materials and Methods

To conduct this study, the first step was to establish an electric vehicle to be adopted
running on zero emissions. We adopted the battery bus—governments are not interested in
trolleybus systems anymore due to the necessity of spending on the infrastructure of parallel
overhead lines and substations. A trolleybus system is expensive to be implemented, and
the municipality would be responsible for maintaining the system. In Brazil, only Sao
Paulo operates a trolleybus system since the 1950s and sustains it until now. There is no
new network infrastructure since the privatization of the municipal transport services of
the city more than 30 years ago.

To make a comparison between the two BRT models (battery electric bus and diesel
bus), we adopted the analytic hierarchy process methodology (AHP). The AHP methodol-
ogy aims to assist in the decision-making of complex problems based on the hierarchical
importance of one criterion over the others [52].

The first step of the AHP is the construction of a decision tree which is composed of
the following attributes: decision is the most complex problem and is at the highest level;
at the intermediate level are the criteria used to reach the final decision; and at the lowest
level are available alternatives [53] (Figure 2).

The problem is divided into hierarchical levels to facilitate understanding, and from
there, an evaluation can be made on the qualitative and quantitative criteria where the
most important is defined through a parity comparison. This means, two by two, using a
scale that correlates the verbal judgments with the number of judgments that must be filled
in the judgment matrix (Table 2).
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Decision Tree

‘ BRT Bus: Diesel or Electric? ’

Goal

Criteria

- Environmental G
Economic Impacts ocia

[

Vehicle 4 ; 5 Noise Energy 5 Unsafe Population
}[ Energy Cost ][Malntenance} [Alr Pollution J[ Pollution }[ pFodicHaR J [ Discomfort J[ chrditiohs Healthy

Aquisition

7N

SubCriteria

Figure 2. Decision tree.

Table 2. Importance scale of the AHP.

Scale Meaning
1 Equally Important
3 Moderate Importance
5 Strong Importance
7 Very Strong Importance
9 Extremely Important
2-4-6-8 Intermediate Values

Peinaldo [54] and Lucena and Mori [55] explain that there must be the principle of
reciprocity to perform a comparison using this scale. When criterion A is much more
important than B on a scale of 5, criterion B must be 5 times less important than criterion
A and must be 1/5. The mathematical representation of the pairwise comparison is
represented by Equation (1).

1 aipp ... dipn
a 1 ... a
A — aij — 21 2n (1)
am a4 ... 1

Our research considered two alternatives (electric bus and diesel bus) and three
criteria (economic, environmental, and social impacts). The scale was compared using data
obtained in the literature and from the Sao Paulo transport authority. For each criterion, we
established sub-criteria:

e  Economic impact: To build the economic impact factor, we used the sub-criteria of vehicle
acquisition (cost/estimated years of use), energy cost (energy per kilometer traveled—tank-
to-wheel (TTW)) and maintenance (cost of maintenance per kilometer traveled).

e  Environmental impact: To build the environmental impact factor, the following criteria
were considered: air pollution (USD per passenger per km), noise pollution (qualitative
value based on the literature), and energy production (cleanliness of production energy
matrix of country—well-to-tank (WTT)).
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e  Social impact: To build the social impact factor, we considered discomfort (on the trip—
qualitative value based on the literature), unsafe conditions (qualitative value based on
the literature), and population health (qualitative value based on the literature).

We considered a BRT system operating 100,000 km per year per vehicle considering
daily use of 250 km—the average daily operation of a bus in Sao Paulo, the biggest city in
Brazil, is 196 km.

The parameters for the AHP sub-criteria were as follows:

e  Vehicle acquisition: The vehicle acquisition cost is currently higher for an electric
bus (USD 682,000.00 using the BYD D11B as a basis [56]) than for a diesel bus (USD
359,000.00 using the Mercedes-Benz O-500 UDA—BlueTec 5 as a basis) [57]. However,
an electric model has a longer duration of use, estimated to be 15 years, compared to
a diesel vehicle which has 10 years [58]. For this reason, to equalize the cost, it was
decided to compare the purchase price divided by the useful life of the vehicle, which
resulted in USD 46,000.00 for an electric bus and USD 36,000.00 for a diesel bus.

e  Energy cost: The energy cost for vehicle operation was calculated for an electric bus
considering the value of kWh is USD 0.13 [59] and an electric bus has a consumption of
1.26 kWh/km [38], resulting in USD 0.16/km plus 13% for air conditioning operation
for a total of USD 0.19/km, with an overnight battery recharge. For a diesel bus,
the average cost of diesel was calculated to be USD 1.14 [60] and consumption was
calculated to be 0.15 1/km, resulting in the value of USD 0.85/km; by adding 13% for
the consumption for air conditioning, a total cost of USD 0.96/km was calculated for
implementing the Arla 32 system to reduce emissions [61].

e Maintenance: Operation and maintenance costs were obtained from Rebougas and
Daniel [58], being USD 1.06/km for diesel buses and USD 1.04/km for electric buses
(Table 3).

Table 3. Comparison of BRT values.

Item Battery Electric Bus (USD) Diesel Bus (USD)
Vehicle acquisition per year 46,000.00 36,000.00
Energy cost per year 19,000.00 98,500.00
Maintenance per year 104,500.00 105,600.00
Total 169,500.00 240,100.00

e  Air pollution: In terms of emissions into the air, electric vehicles have an advantage
over diesel vehicles as they do not emit gases. The emissions from an articulated bus
was calculated considering the value of the impact of smoke in a metropolitan area—
EUR 0.0116 converting to USD 0.01200/passenger/km. Considering an articulated
bus with a capacity of 170 passengers (22 m for electric buses and 23 for diesel ones)
running at its maximum capacity, we reached the value of USD 216,000.00, which is
very close to the operating cost of the vehicle [62].

e Noise pollution: For monitoring noise pollution, the evaluation was qualitative, ac-
cording to Raymundo and Reis [62]. The noise generated by vehicle operation creates
effects on sound waves and is well known in the literature, but it is not easy to mea-
sure outside a laboratory. In this way, it was considered that an electric bus has an
impact between moderate and strong, and we assigned an index of 4 according to
Table 2. Noise causes well-being and social disturbances that can be psychological
and emotional, such as displeasure, sleep disturbances, and loss of productivity, and
physiological disturbances, such as hearing damage and fatigue [62].

e Energy production: Regarding the energy production requirement, the impact of
energy generation due to vehicle movement was evaluated. An electric bus is con-
sidered in the Brazilian electrical matrix to be predominantly clean, with 82.9% of
energy extracted from renewable sources, most of them through hydroelectric plants
(56.8%) [63].
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e  Discomfort: The disutilities of transport were not socially evaluated; in a qualitative
way, they reflect the preservation of the use of a transport system, and in the case of
this study, the bus model [62]. The first disutility is discomfort, which is the disutility
related to what bothers passengers during transport, such as an earlier injury or
abortion, allowing the consideration of how physical or psychological discomfort can
be limited.

e Unsafe conditions: the second disutility is unsafe conditions, which is the disutility of
transporting passengers that are related to the safety of using the mode of transport
under study, and the causes can be human, vehicle, and infrastructure deficiencies in
addition to the risk of traffic accidents [62].

e  Population health: the health of the population is an externality related to the negative
impacts on society associated with transport infrastructure to the detriment of other
land uses [63].

To deal with data processing and to obtain AHP results, we used Expert Choice® v.11.
Expert Choice is a user-friendly supporting software that has contributed to the success of
the AHP method because it incorporates intuitive graphical user interfaces and automatic
calculation of priorities and inconsistencies, and it still runs the AHP precisely as described
in its original publication [64,65].

One important aspect of the AHP approach refers to the inconsistences that validate the
model. Therefore, consistency ratio (CR) needs to be calculated, as shown in Equation (2).
A decision can be considered acceptable if its CR < 0.1 [66]. To establish the CR, it is
necessary to obtain the consistency index (CI), as shown in Equation 3, and the random
index (RI) from Table 4 [67]. -

R=—
¢ RI

&)
_ O\max - 1)
Cl= 1) ®)

Amax is the biggest eigenvalue of the pairwise comparison for each matrix of order
n = 9. Then, the consistency ratio is calculated using Equation (3) and the random index
(RI), presented in Table 4, is generated for a matrix withn = 9 [52].

Table 4. Random index.

n 1 2 3 4 5 6 7 8 9
RI 0.0 0.0 0.58 0.90 1.12 1.24 1.32 1.41 1.45
4. Results

The general results, as shown in Figure 3, allowed us to identify the viability of the
adoption of battery electric buses for a BRT system in Sao Paulo, Brazil. The social and
environmental scores were essential to this result.

It was possible to verify an advantage of electric buses (60.9%) over diesel ones (39.1%).
The results show that the economic impact (13.5%) on the best energy matrix is smaller
than the environmental impact (28.1%) and the social impact (58.4%). Thus, it is possible
to infer that the higher cost of electric buses can be amortized due to the other benefits,
mainly the social ones [68].

An example is the calculation of the impact of gas emissions, which is not included
in the direct calculation of the comparison among vehicles but generates an impact that
represents 90% of the value of a diesel bus. This value is not a direct cost, so it is added
separately and ends up being funded by the state, even if indirectly, as a result of public
transport emissions [62].

We now discuss the results according to the main criteria. The economic impact can
be seen in Figure 4.
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Figure 4. Economic impact results (CR: 0.01).

It is possible to verify an advantage of electric buses (59.4%) over diesel ones (40.6%).
Vehicle acquisition has a small impact on the decision of the best option for the BRT system
because the prices considering the years of use of vehicles are close. Electric buses operate
for 15 years, and they are more expensive; a diesel BRT is cheaper, but the duration of use
is 10 years only.

The values of maintenance (42.9%) and energy cost (42.9%) are equivalent in the deci-
sion model. All these calculations considered the advantage in the adoption of an electric
BRT. However, there is no electric BRT in Sao Paulo. In Brazil, only two corridors operate
with battery electric buses: (1) Linha Verde (Sao José dos Campos) with 12 articulated vehi-
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cles, and (2) BRT Salvador with standard vehicles [69]. In the ABD corridor (Metropolitan
Area of Sao Paulo), the operation is carried out with trolleybuses [70].

The results of the environmental criteria are presented in Figure 5.

According to these criteria, an electric BRT is by far the best option (83.9%) compared
to a diesel one (16.1%). Regarding air pollution, as it has zero emission, an electric system
is more advantageous than a diesel bus with a Euro V engine [71].

An electric bus does not emit polluting gases, and the impact of operation is less than
that of diesel buses. Therefore, it is not necessary to add the impact of emission of gases
that represents almost the value of another bus [72].

For noise pollution, an electric BRT produces a low level of sound compared with diesel
vehicles. As for the criterion of energy production, as it is cleaner and more renewable, the
impact of this criterion favors electric buses.

The results of the social criteria are presented in Figure 6.

Considering the social aspect, electric buses are the better option to choose (53.8%)
compared to diesel buses (46.2%). The discomfort level is similar in both vehicle types
and, for this reason, the impact on the decision is low. Unsafe conditions are highlighted
due to the greater contact between the diesel engine and the passenger compartment.
Diesel vehicles also have a greater impact on the health conditions of the population than
electric ones [72]. Motorized transport is responsible for several pollutants that are harmful
to health and degrade the urban environment, and diesel vehicles, even when they are
responsible for a small part of displacements, are responsible for a large part of carbon,
nitrogen, and sulfur emissions [11].
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Figure 5. Environmental impact results (CR: 0.10). Source: the authors.
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5. Discussion

Urban mobility is a challenge worldwide. More people now live in cities, and they
need one system of transport to attend to their activities on a daily basis. Hanson [73]
points out that distances between activity sites have become longer and accessibility has
come to depend increasingly on mobility, particularly privately owned vehicles.

Active mobility is by far the most sustainable method, but many activities are located at
distances where walkability and cycling can be impractical. Therefore, passenger collective
transport needs to be encouraged because it moves more people than private cars and can
contribute to optimizing the urban space. Yang et al. [74] infer that public transport reduces
traffic congestion and greenhouse gas emissions.

Even though public and collective transport seems to be one of the best options to move
around in cities, such system faces the costs of infrastructure and provokes externalities and
disutilities [73,75]. One of the main concerns regarding these externalities and disutilities is the
environmental impact caused by operation. There is no doubt that metros and trains can run
with low emission impacts, but their costs of construction and operations are impracticable
for many cities and reduce the possibility to extend them to all areas of a metropolitan city.
Even London, one of the most important and richest capitals of the world, waited 40 years to
approve the project of another metro line, the Elizabeth Line in 2008 [76].

For this reason, bus transport remains the most used public transport system world-
wide. However, buses are responsible for traces of pollution in cities due to diesel engine
emissions. Sao Paulo, for instance, has 14,000 buses running daily in 1340 lines and trans-
porting 8 million people, but these buses emit 21% of NOx, generating negative effects on
human health, such as heart disease, stroke, lung cancer, asthma, and chronic obstructive
pulmonary disease [76]. Buses are a major source of climate pollutant emissions, including
carbon dioxide (CO;,) and black carbon, a potent short-lived pollutant [76].

As mentioned previously, one solution adopted to transform bus transport to be more
attractive in comparison to metros, trains, and trams systems is the adoption of bus rapid
transit, which started in the 1970s in Curitiba, Brazil, and has disseminated worldwide.
The International Association of Public Transport (UITP) acknowledges that BRT is one of
the biggest innovations in the bus domain due to the transformative effect it can have on
cities in terms of congestion and air pollution [77]. However, there remains the question of
how to turn these systems less polluted.
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Our results comparing the adoption of battery electric buses rather than diesel ones allow
us to verify that, in the long run, electric systems are more economical and can be the next
generation of BRT systems. For example, Sao Jose dos Campos in Brazil developed their
project of BRT using electric buses provided by the Chinese company BYD, which is a strong
investment in this sector [78], as shown in Figure 7. However, it was possible only because
the city government resolved to assume the operation itself without a private company.

Figure 7. Battery BRT in Sao José dos Campos, Brazil. Source: [79].

Electric buses are not the ultimate solution for environmental problems because there
are issues regarding the generation of energy and the discard of batteries. However, they
can be the first step in the direction of building a more sustainable city. Unfortunately, a
sustainable city does not depend on industrial steps but on a change in the mindset of
people who use private cars as a means of transportation. The only way to change this
scenario is to offer a fast, comfortable, connected, and economic public collective system.

The AHP methodology allowed us to adopt a quantitative methodology to analyze
the advantages of the adoption of battery buses in BRT systems, showing decision-makers
the feasibility of such adoption while considering the impacts on three societal pillars:
economic, environmental, and social. And this is the novelty of the study. We could find
studies using MCDM techniques to analyze the operation process of BRT [80], but none of
them compared battery and diesel bus adoption.

In this study, we measured the values in the Brazilian scenario, more specifically Sao
Paulo’s situation, but the methodology can be used to compare different countries, which
may present even better results. Brazil does not retain its battery bus technology and suffers
the influence of the devaluation of its currency before the US dollars (currency used in
international trade) during foreign acquisition of equipment, reducing the competitiveness
of adoption of electric systems in BRT.

6. Conclusions

This study compared battery electric and diesel BRT operations using an AHP decision-
making model. The criteria adopted were economic, social, and environmental impacts.
Even though electric BRT has a higher acquisition cost than diesel ones, the lower cost of
electricity in comparison to diesel makes it advantageous in the long run. Besides that,
such a system has no gas emissions.
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Our results indicated that the social benefits of public transport are more important
than the economic criteria. However, this does not receive much attention in Brazil where
economic criteria often end up overlapping, reducing the quality of public transport and
increasing the use of motorized individual transport.

The environmental benefit of electric buses that do not emit gases contributes to the
reduction in environmental pollution and, as they are silent, these buses also reduce noise
pollution and increase comfort during travel, which must be considered in the decision to
obtain a sustainable transport system in urban areas.

This study is not free of limitations. The AHP model developed to make comparison
in this study required a large quantity of data, which prevents the development of a
more comprehensive model involving comparing the same scenario in many cities at the
same time. Each city has particularities regarding fares, government subsidies, population,
infrastructure of transport, and income, which may affect the results of the model. Moreover,
the quantitative data obtained and the literature background may affect the AHP model
and its results according to the sources adopted. Despite these limitations, the AHP model
permits a more comprehensive analysis than a straight cost decision, which is always
affected by the adoption of new technologies. It is clear that new technologies in early
developments will be more expensive than mature ones, and it is necessary to look ahead
based on indirect advantages. We believe that an analysis considering social, economic,
and environmental impacts could aid decision-makers in making decisions based on a
consideration of the future of their cities and population welfare.

A suggestion for future studies is to compare BRT with trams in the same context
presented in this paper. Moreover, future studies could include in the analysis the discarded
components and emissions due to energy production.
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