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Abstract
Air pollution is becoming a major issue in cities across the world, its common cause being the use of
fossil fuel combustion engines in both private and collective transport modes. However, alternative
technologies, such as biofuels, hybrid and battery electric vehicles, are on the rise.
The objective of this thesis is to assess the optimal system’s configuration – a combination of electric
traction and the use of biofuels – in a sub-group of Curitiba’s public bus network through the
application of two optimisation models – least energy consumption and least cost. Based on these
models, total energy, cost and greenhouse gas (GHG) emissions can be calculated for different
scenarios to identify the advantages of switching to a low-carbon system. Furthermore, these models
can be used by planners and decision makers as a starting point in defining the path towards a cleaner
transport system.
The results from the energy optimisation indicate that electrification is key in reducing total energy
consumption, as this technology is by far the most energy efficient. A 12% reduction could be achieved,
when compared to the current scenario (only using diesel B7), and CO2 emissions could be cut by 74%.
The cost optimisation shows that electrification is not yet cost competitive compared to other biofuels
(biodiesel, bioethanol and biogas), as biodiesel is the only technology selected by the model due to its
overall lower cost. Nonetheless, if electricity costs are reduced, which can be achieved, for example,
through a reduction or abolition of taxes, electrification becomes an attractive alternative to biofuels.
Under these conditions (40% lower electricity price), energy consumption is reduced by 5% and GHG
emissions are cut down to 30%.
Political will and strategies to decrease the cost of vehicles turn out to be essential in supporting
electrification in public transport. Furthermore, adaptations in the time schedules and the organisation
of the main transport hubs are required to accommodate battery electric buses. The number of fast
charging stations is usually on a par with the number of bus routes to be electrified. Cost synergies
achieved by sharing the cost of a charger among electrified routes with a common start/end stop are
crucial to secure the attractiveness of e-mobility. This underlines the importance of analysing
infrastructure needs in public transport networks holistically.
Keywords: Battery electric bus, Brazil, Charging station, Curitiba, Greenhouse gas emissions,
Opportunity charging, Optimisation, Public transport network
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Resumo
A poluição atmosférica é um problema sério em praticamente todas as grandes cidades do mundo,
sendo a sua origem mais comum, o uso de combustíveis fósseis em motores de combustão, tanto em
veículos de uso privado como em veículos de transporte coletivo. No entanto, tecnologias alternativas,
tais como o uso de biocombustíveis, e a utilização de veículos híbridos e elétricos, estão em expansão.
Esta tese tem como objectivo avaliar a configuração ideal do sistema, utilizando, num subgrupo da
rede de transportes de Curitiba, uma combinação de tração elétrica e de uso de biocombustíveis. Esta
avalição é feita através da aplicação de dois modelos de optimização: menor consumo energético e
menor custo global. Com base nestes dois modelos, o consumo energético e os custos globais, bem
como as emissões de gases de efeito de estufa (GEE), podem ser calculados para os diferentes cenários,
de modo a se identificarem as vantagens da transição para um sistema de baixo carbono. Acresce que
estes dois modelos podem ser usados por planeadores e decisores, como ponto de partida na definição
do caminho a seguir para a transição para um sistema de transporte mais ecológico.
Os resultados da otimização do consumo energético, indicam que a eletrificação é fundamental para
reduzir o consumo total de energia, pois esta tecnologia é, de longe, a mais eficiente em termos
energéticos. Uma redução do consumo total de energia em 12% poderá ser alcançada em relação ao
cenário actual (que use apenas o diesel B7) e as emissões de CO2 poderão ser reduzidas em 74%.
Na otimização de custos, os resultados mostram que a eletrificação ainda não é competitiva em termos
de custos, quando comparada com o uso de biocombustíveis (biodiesel, bioetanol e biogas), uma vez
que o biodiesel é a única tecnologia selecionada pelo modelo por ter menores custos associados. No
entanto, se os custos da eletricidade forem reduzidos, nomeadamente, através da diminuição ou
supressão de impostos, a eletrificação torna-se uma solução atrativa. Numa situação de redução do
preço da energia elétrica em 40 %, o consumo de energia é reduzido em 5% e as emissões de GEE são
reduzidas para 30%.
Vontade política e estratégias destinadas a diminuir o custo dos veículos elétricos, tornam-se
essenciais para promover a eletrificação dos transportes públicos. Acresce que, a adaptação dos
horários e a organização dos principais terminais de transporte, são necessários para possibilitar a
operacionalidade dos ônibus elétricos. De acordo com os resultados dos dois modelos, o número de
estações de recarga rápida é aproximadamente igual ao número de rotas de ônibus a serem
eletrificadas. A redução de custos alcançada, partilhando um carregador entre rotas electrificadas com
paragens inicial/final comuns, é crucial para garantir a atratividade da mobilidade eléctrica. Isto
sublinha a importância dos benefícios de uma análise holística da infrastrutura de recarga nas redes
de transporte público coletivo.
Palavras chave: Brasil, Carregamento de oportunidade, Curitiba, Estação de recarga, Gases com efeito
de estufa, Ônibus eléctricos a baterias, Otimisação, Sistema de Transporte Público
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Sammanfattning
Luftföroreningar är en stor utmaning i städer runt om i världen. Den gemensamma orsaken är
användningen av förbränningsmotorer med fossila bränslen i både privata och kollektiva transportsätt.
Dock alternativt teknik, såsom biobränslen, hybrid- och batterielektriska fordon, har uppmärksammats
och deras användning ökar.
Syftet med denna avhandling är att bedöma det optimala systemets konfiguration - en kombination
av elektrisk drivkraft och användningen av biobränslen - i Curitibas allmänna bussnät genom
tillämpning av två optimeringsmodeller – en som minimiserar energiförbrukning och en som
minimizerar kostnader. Baserat på dessa modeller, de totala utsläpp och energiförbrukningen, samt
deras respektiva kostnader kan beräknas för olika scenarier. På detta sätt fördelarna med att byta till
ett kolfrisystem identifieras. Dessutom kan dessa modeller användas av planerare och beslutsfattare
som utgångspunkt för att definiera strategier mot en renare transportsystem.
Resultaten från energioptimering indikerar att elektrifiering är nyckeln till att minska systemets
energiförbrukning, eftersom denna teknik är överlägset mest energieffektiv. En minskning på 12%
skulle kunna uppnås, jämfört med det utgångsscenariot (endast med diesel B7) och koldioxidutsläppen
skulle kunna minska med 74%.
Kostnadsoptimeringen visar att elektrifiering ännu inte är kostnadseffektiv jämfört med andra
biobränslen (biodiesel, bioetanol och biogas). I detta scenario är biodiesel den enda tekniken som valts
av modellen på grund av dess lägre kostnad. Men om elkostnaderna minskas blir elektrifiering ett
attraktivt alternativ till biobränslen. Detta skulle kunna uppnås, till exempel, genom skattebefrielse.
Under dessa förutsättningar (40% lägre elpris) minskas energiförbrukningen med 5% och utsläppen
minskar med30%.
Politisk vilja och strategier för att minska fordonskostnaden visar sig vara avgörande för att stödja
elektrifiering av kollektivtrafiken i Curitiba. Dessutom anpassningar av tidstabellerna och
organisationen av de viktigaste bytespunkter är nödvändiga. Antalet snabba laddstationer är vanligtvis
i linje med antalet busslinjer som ska elektrifieras. Kostnadssynergier uppnås genom att dela
kostnaden för en laddare bland elektrifierade linjer med ett gemensamt start / slutstopp. Det är
avgörande för att säkerställa e-mobilitetens attraktivitet. Det visar också vikten av att analysera
infrastrukturbehoven i kollektivtrafiknätet holistiskt.
Nyckelord: Batteribuss, Brasilien, Laddstation, Curitiba, Växthusgas utsläpp, Opportunity Charging,
optimering, kollektivtrafik
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List of Definitions
Auxiliary power

Power consumed by auxiliary devices, i.e. not involved with the motion
of the vehicle.

Articulated vehicle

Vehicle composed of two rigid sections linked by a pivoting joint. The
length of these vehicles in Curitiba’s bus fleet varies from 18.6 to 20.3
meters and they can carry 142 to 165 passengers.

Chassis

Consists of an internal vehicle frame which supports the engine, the
transmission, drive shaft, differential and the suspension. Sometimes
referred to as coachwork.

Bus Rapid Transit

Collective bus system characterised by high frequency and high capacity
vehicles running on dedicated bus lanes, which can be segregated from
common traffic. This type of public transport can achieve a ridership
similar to an underground system at reduced cost.

Daily ridership

Number of passenger boardings per day.

Driving cycle

Series of data points representing the speed of a vehicle versus time.

Dwell time

Time a bus spends at a scheduled stop (e.g. final stop) without moving.

En route

During the operation of a route.

Energy efficiency

Energy consumption per transport volume measured in kWh/pkm
(passenger-km) or kWh/vkm (vehicle km).

Fuel consumption

Distance travelled per unit of fuel volume (measured in km/l).

Fuel efficiency

Volume of fuel consumed to travel a unit of distance (measured in L/km).

Integration terminal

Also named terminal stations.

Internal combustion engine Heat engine which burns fuel in a combustion chamber to release heat
and which converts it into mechanical energy.
Life-cycle analysis

Technique to assess environmental impacts, such as emissions, energy
consumption and water consumption associated with all the stages of a
product's life from raw material extraction to disposal or recycling.

Life-cycle cost analysis

Tool used to determine the most cost-effective option among different
alternatives to purchase, own, operate, maintain and, finally, dispose of
an object or process.

Micro vehicle

Vehicle of reduced length to be used in routes with lower ridership. The
length of these vehicles can be 8 or 10.30 meters and they carry up to 67
passengers.

Mileage

Number of miles (or kilometres) travelled during a period of time, for
example, a daily mileage or annual mileage.

Padron/standard vehicle

Vehicle of normal size. Curitiba’s standard vehicles are 12.5 to 13 metres
long which can carry up to 85 or 102 passengers, depending on the
chassis type.
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Opportunity charging

Fast charging system that allows the charging of the vehicle’s battery
several times during a day of operation, i.e. charging is performed
whenever possible, at intermediate or final stops.

State-of-charge

Energy level of a battery system at a specific point. It is expressed in
percentage to its total capacity.

Tank-to-Wheel

Analysis of energy consumption or the emission of a certain pollutant
occurred during the operation of a vehicle, i.e. resulted from the fuel
combustion.

Tube station

Distinctive bus stop design original from Curitiba, in the form of a tube.

Well-to-Tank

Analysis of energy consumption or the emission of a certain pollutant
occurred during all processes from the plantation of the feedstock or raw
material extraction until the fuel reaches a refuelling station.

Well-to-Wheel

Analysis of energy consumption or the emission of a certain pollutant
occurred from raw material extraction/collection until the fuel is
combusted in the vehicle’s engine.
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1 Introduction
This chapter introduces the topic of mobility and its impacts, underlining the urgency for
more sustainable systems. The motivation behind focusing on the Public Bus Transport of
Curitiba is discussed. The thesis’ purpose and research questions, as well as a plan of the
thesis' structure, are presented.

1.1 Motivation
As the world population continues to grow, one of the megatrends observed in the new millennium is
the shift from rural to urban settlements (UN, 2005). This puts huge pressure on cities, which lack the
resources and infrastructure to sustain such huge concentrations of population. Worldwide cities
account for over two thirds of primary energy demand and they are responsible for over 70% of the
GHG emissions (IEA, 2016).
Not only is the transport sector responsible for 23% of the global energy related GHG emissions but it
is also the number one user of oil products - 64.5% of oil consumed in 2014 (IEA, 2016). In Latin America
transport has an even a larger impact, producing around 35% of GHG emissions, being 90% of them
related to road transport (C40, 2013). This has caused damages both on a global level, such as climate
change and its repercussions, and on a local level, for example by polluting the air of cities. According
to the World Health Organization (WHO, 2017), higher concentrations of pollutants in the air increase
the risk of cardiovascular and respiratory diseases, cancer and premature death. In Brazil, this number
is even higher; around 40% of the country’s energy related GHG emissions are caused solely by the
transport sector (UNFCCC, 2005). This can be justified by the fact that the power sector is largely
governed by hydropower, a renewable technology with no direct CO2 emissions. Nevertheless,
transportation represents one of the challenges of Brazil for the near future. Road collective transport
(municipal and metropolitan buses) caused 21% of local emissions of CO, HC, NOx, SOx and PM and
34% of GHG emissions in the year of 2014 due to the continued use of standard diesel powered buses
(ANTP, 2016). This corresponds to circa 30 thousand tons per year of local pollutants and 2.77 million
tons per year of GHG released to the atmosphere only due to metropolitan buses (ANTP, 2016).
To tackle the rapid increase in population, 1.85 million in 2009 compared to only 609 thousand
inhabitants in the 1970s, and consequent rise in mobility demand, the city of Curitiba introduced the
first bus rapid transit (BRT) system of the world in 1974 and it has been expanding its bus network ever
since (Curitiba, 2010). In this way, the city managed to avoid high levels of traffic congestion, health
related issues and noise pollution.
In 2009, the BRT system was upgraded once more to include the Green Line (Linha Verde in
Portuguese), the sixth BRT corridor of the city. It displays all the features of a modern BRT system with
100% biodiesel (B100) buses running on its lanes and accommodating the trinary concept developed
in Curitiba, i.e. a display of lanes for local access, fast traffic and segregated bus lines as well as
dedicated areas for greeneries and trees, pedestrians and cyclists (Lindau, et al., 2010).
Categorized as Innovator City, Curitiba is part of the C40 Cities Climate Leadership Group and it is
committed to reduce emissions and improve the air quality by integrating modern vehicle technologies
such as hybrid electric vehicles (HEV), plug-in hybrid electric vehicles (PHEV) and pure electric buses in
their public bus fleet. One of the program’s initiative is the Hybrid and Electric Bus Test Program, which
aimed to evaluate how low carbon buses performed technical and economically in four South
American cities. The results showed a clear improvement, with CO2 emissions reduction up to 35% and
-15-

local emissions levels reduced by 60 to 70% when using hybrid buses (C40, 2013). In the case of electric
buses, which emit no exhaust gases, local emissions were completely neutralised and energy
consumption could be reduced up to 77% (C40, 2013). Apart from the mitigation of GHG emissions
and reduced energy consumption, other identified advantages were lower noise pollution and
enhanced social equality due to a better service and improved environment. The first barrier identified
for the implementation of hybrid and electric buses was a higher upfront cost for the purchase of these
vehicles. However, in the long run, hybrid and electric buses should become competitive due to lower
operational costs in terms of fuelling (C40, 2013).
The characteristics of the BRT system in Curitiba, which comprises 76.6 km of exclusively bus lanes
(BRT Data, 2017), pre-boarding payment and high level platform stations for quick embarking and
disembarking, high frequency and high capacity buses (including bi-articulated) that led to a current
daily ridership of around 1.62 million on a regular weekday in 2016 (URBS, 2016), underline the
enormous impact that the transition to an electric bus fleet would have on both energy and emission
savings.
Electrification of the system is only justified if the supplied electricity is produced primarily by
renewable sources. This is assured in the Brazilian case – in 2016, approximately 75.5% of the supplied
electricity originated from renewable sources, predominantly hydropower (EPE, 2016).
As electric buses are gaining momentum in several regions around the world, with China leading with
a fleet of around 170 000 vehicles (IEA, 2016), and several cities in Europe testing different
technologies on ongoing demonstration projects, this work aims to study the infrastructure needs and
challenges of the transition to an electric bus fleet combined with buses running on biofuels in the
Brazilian city of Curitiba.

1.2 Thesis objectives and research questions
The core objective of the thesis is to plan the implementation of electric buses and its charging
infrastructure in a sub-group of the current bus network of Curitiba, by developing two optimisation
scenarios - cost and energy consumption minimisation. A combination of different kinds of buses –
electric or running on biofuels - in an optimised way (hereafter mentioned as system’s configuration)
may be the solution to make the city more energy efficient and reduce its carbon footprint in a costeffective manner.
Up to date, several bus manufacturers have developed electric buses, both regular-sized and
articulated versions. When it comes to bi-articulated, also called double-articulated buses, electric
versions are still in an early research and demonstration phase, with polish manufacturer Solaris
working on the design, building and eventually testing of a full electric bi-articulated vehicle of over 20
metres (Solaris, 2015). German manufacturer Vossloh Kiepe has launched a hybrid model of 24 metres
in length (Vossloh Kiepe, 2017). It is expectable that in the future, improved electric vehicles will be
launched on the market, and a suitable alternative will be available for the current 27.6 metre and 40.5
tons1 bi-articulated bus used in Curitiba’s BRT system (URBS, 2015).
Hybrid electric vehicles have been identified as attractive alternatives in the period of maturation of
pure electric vehicles (Tzeng, et al., 2005), however, its many and complex configurations (parallel and
in-series hybrid, plug-in hybrid) demand a cautious selection between topologies. A decision for the
appropriate topology should result after a careful analysis of route specific characteristics (Lajunen,
1

Sum of vehicle and passengers’ weight considering maximum capacity.
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2014). Moreover, in order to correctly account for the energy consumption during electric and nonelectric operation mode, case-specific data is desirable, which is often unavailable or not detailed,
hindering the analysis. For all these reasons, it was decided not to consider HEVs in this study.
Furthermore, pure battery electric vehicles (BEV) require substantially more electricity than an
alternative plug-in-hybrid vehicle. Therefore, by considering only BEVs in the model, this study covers
the worst case scenario in terms of energy demand of chargers installed in the network.
A feasibility study is conducted to assess which bus lines can be electrified. A bus route is considered
feasible for electrification when the battery capacity of the buses, recharged at the end stop of each
trip, is sufficient to operate throughout the day without falling beneath a certain threshold. Depending
on the charging power, allowed time for charging and energy consumption, different scenarios are
built. The optimised system’s configuration, proposed by the model, is discussed according to these
scenarios. If electrification is concluded not to be feasible or attractive (in terms of cost), the best
alternative, consisting either of biodiesel, bioethanol or biogas fuelled vehicles, is selected in terms of
least cost or least energy consumption, depending which parameter is being minimised.
The study also addresses the preferential placement of charging stations, considering that charging is
only possible at the end stops, at either reduced cost or reduced energy consumption, including total
avoided CO2 emissions when compared to a full diesel bus fleet. Therefore, the purpose is to determine
the optimal system’s configuration from a holistic point of view, including logistical recommendations
on charging stations and necessary political and legislative conditions to support electric mobility.
Sustainability of biofuels is addressed as a means to critically look into other non-technical aspects of
these fuels, such as environmental and social impacts of the exploration of the feedstock of sugarcane
and soybean, for example. Policy and economic barriers, affecting the adoption or non-adoption of
alternative bus technologies, are discussed and potential instruments and incentives are proposed
which would help to overcome the mentioned system’s limitations.
The results are attained by two optimisation models developed as a simplified version of the model
proposed by Xylia et. al (2017) for Stockholm. This project aimed to prove that the logic of the tool is
adaptable to other cities and that it can help policy makers in Curitiba define the path the city should
follow to achieve a carbon-free public transport system.
In conclusion, the main objective of this thesis is to obtain the optimal systems' configuration by means
of a simulation of the overall selected bus network in a reduced energy consumption scenario and in
a cost-optimal scenario. Energy demand, required charging infrastructure and alternative biofuels will
be assessed in this simulation. This entails the following research questions:
How would the different technologies (electric powertrain and biofuels) be allocated to each of the
selected bus lines, in order to achieve the greatest benefits, in terms of energy efficiency and avoided
CO2 emissions, at minimum cost?
Sub-questions:
§
§
§

Which is the optimal location of the charging stations which results in maximum electrification
(cost and energy optimisation)?
Which are the most important barriers and limitations that influence the transition to a low
carbon Public Bus system in Curitiba?
Which political and economic instruments could assist this transition?
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1.3 Thesis structure
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2 Literature Review
This chapter comprises a revision of the existing studies by various authors on electric and
hybrid bus development and, most importantly, studies on the optimised placement of
charging stations in the urban environment from a system’s perspective.
Transportation is one of the few sectors where GHG emissions continue to increase steeply (D'Agosto,
et al., 2013). Several technologies, such as BEV, PHEV and fuel cell vehicles (FCV) are seen as promising
solutions to tackle climate change, local air pollution and depletion of fossil fuels, considering that they
run on renewable or clean sources and emit fewer pollutants. D’Agosto et. al (2013) identified natural
gas, bioethanol and biodiesel (several types of blends) as potential alternative fuels for use in public
transportation in Brazil. They emit less CO2 and are widely available in the country. Especially, ethanol
production from sugarcane is a well-established biofuel and thanks to the Brazilian Alcohol Program,
launched in 1975 by the Federal Government, the country has years of experience with its use in both
flex-fuel vehicles and in adapted Otto cycle (gasoline) engines (Velázquez, et al., 2012). Biogas is not
mentioned as a potential fuel by the author. However, Nadaletti et al. (2015) conclude that the
potential production of biogas from municipal solid waste (MSW) of sanitary fields in the different
states in Brazil is enough to meet the energy needs of the current bus fleet. Unfortunately, the country
lacks in infrastructure to convert landfill gas into biogas and therefore its feasibility will depend on
financial incentives and policies implemented by the government (Nadaletti, et al., 2015).
The available energy storage systems (ESS) and the vehicle’s range are still the two main limitations
that hinder the spread of PHEV and BEV in the urban context. Hybridisation has been identified as an
alternative solution while pure electric vehicles mature (Tzeng, et al., 2005). However, the benefits of
HEV and PHEV highly dependent on engine operation and the degree of hybridisation (Lajunen, 2014).
The amount of energy used by public buses during their lifetime, considering that they operate most
days of the year over typical ranges of 240 km (case of Curitiba), is much higher than a private car
would consume hence the attractiveness of electric powertrains for collective public transportation
(Lajunen, 2014). Moreover, typical urban driving cycles, characterised by a stop-and-go operation, do
not affect the efficiency of electric engines as much as combustion engines, because energy losses
during idle operation are very low. Little or zero tailpipe emissions, lower noise levels, longer life due
to low wear and recuperation of braking energy, which increase the overall efficiency, support the use
of electric drivetrains in densely populated areas (Kühne, 2010).
The importance of choosing the proper technology, according to the operation schedule and route
planning, is well documented by Lajunen (2014). Additionally, bus networks feature a stable depot,
fixed routes and timetables. As a result, the study of the optimal distribution of charging infrastructure,
necessary for the deployment of large-scale electric bus fleets, is of high interest. Adaptation of current
schedules, lengthening dwell times at bus stops, allow for opportunity charging, i.e. buses can be
recharged several times a day, and thus bus operation is secured without the need for very large
battery systems. According to Xylia et al. (2017), an electric bus network in Stockholm would only have
slightly higher annualised costs than a system dominated by diesel buses because fuel savings balance
out the extra investments in infrastructure. Additionally, 51% savings in GHG emissions and 34% less
energy consumption are some of the benefits that can be expected also motivating investments in
electromobility (Xylia, et al., 2017). Even though capital costs of hybrid and battery electric buses are
higher, from a lifecycle cost (LCC) perspective, fuel savings compensate large upfront investments. An
LCC analysis indicates that diesel hybrid buses are already competitive with diesel and natural gas
buses and that opportunity charging BEB will be cost effective by 2023 (Lajunen & Lipman, 2016).
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There is a considerable amount of studies which address the optimal placement of chargers of electric
vehicles (EV) in cities, but the same is not true for electric buses. It is important to analyse this from a
system’s perspective and not by focusing on individual routes, to allow cost synergies.
Rogge et. al (2015) simulates energy consumption, battery size and power profiles for charging points
through a spatially resolved analysis of the grid in the German city Münster. The study highlights the
importance of proper sizing the ESS, considering that the larger the battery’s capacity, the more space
and weight it adds on the vehicle, potentially compromising passenger’s capacity and fuel efficiency.
Available power for charging is also addressed in detail and results show that the higher the power,
less time is needed for charging purposes and thus more routes can be electrified. On the downside,
high power peaks can cause instabilities in the electric grid and the authors suggest the possibility of
having stationary storage systems. No optimisation simulation is performed on the preferential
placement of charging points as the study only assumes terminals stations as potential locations.
Charging infrastructure and battery capacity was studied jointly by a capacitated set covering problem
in (Kunith, et al., 2016). The authors apply a mixed-integer linear optimisation model to determine the
location and number of charging stations, as well as adequate battery size, in a sub-network of Berlin’s
public bus system. Considering that one third of the electric vehicle’s purchase cost is due to the
battery (including battery replacement), the author stresses that proper sizing of the ESS is needed for
each bus route to avoid even higher costs.
Lund’s bus network is analysed by Lindgren (2015), which addresses the selection of charging
infrastructure and its placement by a combinatorial search problem. Each simulation considers a
different set of technologies, conductive and inductive, with and without dynamic charging and
location for the chargers (from a defined subset of locations) and assesses the battery’s life and yearly
costs. If the cost is lower than the previous simulation, the program saves the changes and performs a
new simulation. Results show that the installation of small sections of dynamic charging, also called
electric road systems, is economically advantageous in a small city like Lund. Innovative solutions are
currently being developed to make users of ERS pay for the electricity they use and, in this way, other
modes of transportation, e.g. taxis and garbage trucks, can share the cost of such infrastructure.
A tool developed by Xylia et. al (2017) combines geospatial analysis in ArcGIS and energy and cost
optimised scenarios in GAMS for Stockholm’s network (143 bus routes and 403 bus stops were selected
for analysis in this study). Major transportation hubs, which allow for cost synergies and occasionally
provide access to the high-voltage grid, due to trains, as well as start and end stations, are considered
as potential charging locations. Electrification is assumed to be most attractive in the city centre, where
higher levels of air and noise pollution are found, as well as denser bus service, i.e. more overlapping
bus routes and shorter distances between potential charging stations. Future improvements to the
model will include the time dependency aspect, account for other bus topologies as well as calculate
energy consumptions, bearing in mind altitude and traffic conditions.
Furthermore, the importance of financial incentives from governments and institutions, in the form of
new business models and regulatory policies, such as pollution free zones, tax exemptions on biofuels
and electricity, is addressed in some studies (Lajunen, 2014); (Xylia, et al., 2017).
A study on the demonstration project in Milton Keynes - wireless charging for the uninterrupted
operation of route 7 - introduces the concept of an enabling company. Such company would recognise,
allocate and manage the involved risk (mainly financial), shielding operators and other actors of the
initial risk associated with innovative projects (Miles & Potter, 2014).
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3 Methodology
This section introduces the adopted methodology, namely describing the main steps, the
assumptions and limitations of the study. It describes the tools and different components
used in the model in order to attain results. A comprehensive description of the model is
presented in Chapter 0.
This master thesis aims at developing a model for the Public Transport system of Curitiba, based on
the tool described in (Xylia, et al., 2017).The programs used are ArcGIS, a Geographic Information
System (GIS) software used to manage the data from the Urbanization company (URBS) and represent
it spatially, and the programming software MATLAB, to develop the optimisation model. Input
parameters are defined and the costs, energy consumptions and emissions for each technology and
bus line are calculated in Microsoft Office Excel. In this way, this study provides a simplified version of
the original model developed for Stockholm, and can thus be used in an easy way by planners and
public transportation companies to obtain an optimal system’s configuration of their bus network
considering several technologies.
Due to a lack of time, certain aspects could not be covered in a more comprehensive way. For example,
a complete energy consumption analysis specific to each route’s characteristics. Moreover, the field
trip was performed after attaining results so a poor knowledge of the bus network may have
compromised the quality and assumptions made throughout the study. Furthermore, there is a lack of
case studies related to electromobility in Brazil and South America in general, making it difficult to
obtain data on costs. The limitations of this study comprise: lack of a detailed energy consumption
profile for the selected bus lines, average bus consumption is considered constant thus ignoring
elevation, traffic conditions and velocity profiles; time dependency is not accounted for, meaning that
a detailed study on charging patterns, queuing policies and other logistics have to be figured out in
order to assess the complete feasibility of the charging station sites.
The following steps describe the methodology:
1. Selection of bus routes
Curitiba’s bus network is comprised of 250 bus routes, categorised into 9 groups, according to the type
of service, bus topology and if it belongs to the BRT or not. There are 21 integration terminals which
concentrate bus lines and thus were chosen as potential charging stations. Other 342 tube stations
and thousands of regular bus tops are dispersed around the city where circa 1.62 million passengers
in-board on a regular weekday.
The selection of bus lines is based on two main criteria: (i) the bus line should cross the city centre (or
circle it); and (ii) the bus line should have at least one integration terminal as initial/final stop of its
route and include more integration terminals on its itinerary.
Ten bus lines were selected from the Direct line, eight from the Inter-neighbourhood, six from the
Trunk category and two from Downtown Circular, totalling a number of 26 bus lines to be analysed in
the model. The candidate locations for charging stations were:
Terminals (16): Bairro Alto, Barreirinha, Boqueirão, Cabral, Caíua, Campina do Siqueira, Campo
Comprido, Capão Raso, Centenário, Fazendinha, Guadalupe, Pinheirinho, Sítio Cercado, Santa Candidâ,
Santa Felicidade, Vale Oficinas;
Tube stations (8): Estação tubo Museu Oscar Niemayer, Estação tubo Marechal Deodoro, Praça 19 de
Dezembro, Praça Carlos Gomes, Praça Santos Andrade, Praça Tiradentes, Rua Tapajos and Prefeitura.
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Necessary parameters, specifically total length of the route (𝐿# ), total number of trips in a day and in
a year (𝑇𝐷𝑇# and 𝑇𝐴𝑇# , respectively), type and number of vehicles operating each bus line (𝑁#)*+,-#* ),
are collected and assigned to each bus route and direction (forthcoming and returning). Data was
obtained from URBS’s open directory for a typical workday (3rd of May 2017).
2. Geospatial analysis (ArcGIS)
The geospatial analysis was performed on ArcGIS, a software developed for working with maps and
information systems. After defining each bus route (forthcoming and returning direction) and linking
their respective bus stops to the routes, the distance between consecutive candidate stops for
charging purposes was calculated. All start and end stops were considered as candidate locations for
chargers.
3. Energy consumption
In sub-chapter 5.3.1, energy consumption and battery related technical aspects are discussed for BEV.
Energy consumption is defined as a fixed value per unit of length and weight of the vehicle - 0.072
kWh/km.ton as proposed by Sinhuber et. al (2012). Additionally, the weight of the ESS and power
consumption from auxiliary devices is taken into account.
The battery capacity is defined for each of the three BEV topologies based on available solutions on
the market. The minimum state-of-charge (SOC) is defined as being 30% and the maximum as 90%,
this will result in an effective use of 60% of the battery’s capacity.
In sub-chapter 5.3.2, the key characteristics of the considered alternative biofuels are introduced.
Three engine technologies are considered: biodiesel (B100) from soybean, hydrated ethanol from
sugarcane and biogas from MSW. Their fuel efficiency (in litres/km) and energy density (in MJ/litre)
are defined. With these values, energy consumption in kWh/km was calculated. This allows the
comparison of energy consumption between all technologies.
In sub-chapter 5.4.2, the emission factors of the several energy sources (electric, biodiesel, bioethanol
and biogas) are defined in grams of CO2eq per MJ and then converted to kilograms of CO2eq/km for
each the bus sizes. All emissions occurred during the fuel’s lifetime, namely from feedstock harvest to
fuel production (or conversion of energy source, in the case of electricity), transportation and
distribution, to the combustion in the buses’ engine, are considered; hence a complete Well-to-Wheel
analysis is performed.
4. Definition of model’s parameters
The input parameters can be categorised into three main areas: technology, cost and emission based.
In sub-chapter 5.4.1, all costs related to infrastructure, vehicle purchase, operation and maintenance
(O&M) (maintenance of vehicles and driver salaries) and fuel costs, are determined, which are entirely
specified in the Brazilian currency Real (R$). Whenever available, Brazilian literature and/or results of
field tests in Curitiba were prioritised due to higher relevance to this study. Cost of infrastructure and
vehicles are annualised considering a depreciation period of 30 and 12 years (10 years for combustion
engine vehicles), respectively, and an interest rate of 5% for charging stations, 7% for BEV and ESS, and
10% for other vehicles.
5. Definition of BAU Scenario
The business-as-usual (BAU) scenario is defined assuming that all vehicles operating on the 26 bus lines
run on diesel blend B7 (93 vol. % diesel, 7 vol. % biodiesel). This is the most realistic scenario,
considering that currently, 95.3% of the vehicles of the RIT operate with this fuel (URBS, 2016). Annual
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energy consumption, total cost and total emissions are calculated. These values will be used as a base
for comparison with other scenarios obtained in the chapter Results and Discussion (see Chapter 6).
6. Optimisation
The main objective is to develop two optimisation models for a sub-group of bus lines of Curitiba’s bus
network. Therefore, energy consumption, costs and emissions are calculated for each route with Excel
and the two objective functions are minimized with MATLAB. Firstly, a function is built on MATLAB
checking which bus lines are feasible for electrification, i.e. which bus lines guarantee an uninterrupted
bus operation throughout the day assuming a full charge prior to the first trip and fast charges at the
end of each trip. The time of charging is set to be 5 minutes, the charging efficiency 90% and the SOC
of the battery is a constraint to be always in the range 𝑆𝑂𝐶 1,2 ×𝐶𝑎𝑝678 , 𝑆𝑂𝐶 1:; ×𝐶𝑎𝑝678 .
Only those lines that are proven to be feasible by the model described above are considered for
electrification. These undergo an optimisation process in which the optimal system’s configuration is
selected taking into consideration that the cost of the charging stations can be split between lines that
share the same bus stop.
The optimisation model was designed in a way that all sets of possible technology combinations for
the bus lines are defined. Then, the possibility with the lowest cost is determined and its cost saved.
All others bus lines are directly assigned to the biofuel with the lowest cost or the lowest energy
consumption.
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4 Background Information
This chapter introduces the most important advanced powertrains technologies (hybrid and
battery electric configurations), energy storage systems and charging technologies. It
provides information about the key concepts and elements related to the deployment and
planning of charging infrastructure (see Sub-chapter 4.3). Sub-chapter Characterisation of
the Bus Network4.4 the reader with a good overview of the current bus network of the city,
introducing its main characteristics which will further justify the chosen bus lines for
analysis.

4.1 Advanced powertrains
Hybrids and electric vehicles have been identified as promising solutions to abate emissions both on a
local and on a global level, due to lower or even zero pipeline emissions, higher efficiency of the electric
motor in stop-and-go urban transit cycles as well as harvested energy from regenerative braking
resulting in lower or no consumption of fossil fuels (Lajunen, 2014).
Historically, hybrids and electric vehicle configurations have been developed a long time ago and public
buses are the most common application of electrification of heavy duty vehicles (Lajunen, 2014). The
ESS still represents the main barrier, in terms of technical and financial inadequately, for a widespread
of these technologies. Nonetheless, the price of batteries decreased to less than a quarter of its original
price in 2008 and is expected to continue to decline, while their energy density is increasing (IEA, 2016).
Authors Nykvist and Nilsson (2015) concluded the same trend for lithium ion (Li-ion) batteries and
showed that in the period 2007-2014 industry wide costs decreased approximately 14% per year, from
1 000 USD/kWh to 410 USD/kWh. The cost of Li-ion battery packs used by market leading BEV
manufacturers revealed to be as low costs as 300 USD/kWh in 2014 and a continued decline permits
an optimistic outlook for the electric motorisation industry.

Figure 1 - Evolution of battery energy density (Wh/L) and cost (USD/kWh). Source: (IEA, 2016)

4.1.1 Hybrid electric vehicles
This denomination is given to vehicles which use two distinct power sources. They are equipped with
a heat/combustion and an electrical engine and both provide tracking force to the wheels. The only
external source of energy is the fuel introduced in the combustion engine, e.g. diesel in an internal
combustion engine (ICE). On the other hand, PHEVs have the particularity of allowing the batteries to
be recharged by an external electricity network.
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The main elements of hybrid vehicles are electrochemical batteries and/or capacitors, an electric
motor, an ICE, an electric current generator, a coupling system to connect mechanical and electrical
systems and a management system which allows the commutation between electric and combustion
engine modes (Varga, et al., 2016).
Within the hybrid powertrains, several topologies can be found. The main ones are parallel and/or a
mixed series system. Series hybrid buses are the most commonly found commercial solutions (Lajunen,
2014). An on-board gen-set, a combination of an internal combustion engine (prime mover) and an
electric generator, produces electrical energy at highest efficiency (high speed and low coupling),
which charges the ESS. The stored electricity then flows to the electrical engine (propulsion) to produce
tracking force. In this way, there is no mechanical connection between the ICE and the wheel drive
shaft, which allows for a flexible placement of the components and efficiency is not dependent on the
vehicle’s speed (Varga, et al., 2016). In the parallel configuration, both engines are coupled to the
wheel’s axle via two gearboxes. Therefore, the power flow can be originated from the electrical engine,
the combustion engine or both. This results in a highly varying degree of hybridisation, depending on
the nominal capacity of the electrical and the mechanical engine. Moreover, because the ICE is directly
linked to the wheel’s shaft, parallel topologies have higher efficiencies than the series topology (Varga,
et al., 2016).
In conclusion, it is arguable if HEV present the best solution to reduce GHG emissions, considering the
complexity of their configuration and that these vehicles still run on fossil fuels. Nevertheless, hybrids
consume less fuel and thus emit less. They are more efficient than conventional vehicles while ensuring
a longer range and flexibility than BEV, at a lower cost. Coelho Barbosa (2014) considers hybrid electric
transit buses to be the best short-time opportunity to develop electromobility.

4.1.2 Battery electric vehicles
A battery electric vehicle operates fully on electricity and its main elements are the electric motor and
a rechargeable energy storage pack, which can either be a battery, a supercapacitor or a combination
of both. Electric motors have higher efficiencies, higher than 90% in most of its operating range when
compared to conventional diesel engines (Coelho Barbosa, 2014). Moreover, electrical motors can be
reversed and function as generators enabling the conversion of the energy released during
deceleration, which would be otherwise lost, into electrical energy that can be stored in the battery
pack. This process is called regenerative braking.
Electric powertrains can be designed according to the application and operation conditions in order to
best adjusted to the operation conditions (Lajunen, 2014). Zero tailpipe emissions, less noise and no
energy losses during idle operations make the electric bus the perfect vehicle for urban transportation
operations.
The main barrier to a large-scale deployment of electric vehicles still is the energy storage system,
whose durability, cost and energy density need to mature. The operation range remains the main
challenge to defeat; however, schedule and route, which are well defined in bus operation, can and
should be adapted to incorporate charging needs of BEV (Lajunen, 2014).
Finally, trolley buses are full electric buses which do not require largely sized energy storage packs
because electrical energy is constantly being fed via catenaries lines installed along the bus route,
similar to the infrastructure of tram networks. There is a clear compromise between lower vehicle
purchase costs, which don’t require large battery packs, and high infrastructure and maintenance
expenses (Kühne, 2010). Another common reason for cities not to invest in trolleybuses is the fairly
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unattractive overhead wire system with suspensions, switching and crossings which bounds city bus
routes to predefined tracks, decreasing the level of flexibility of the system (Rogge, et al., 2015). In the
case of well-defined routes, such as corridors of BRT systems, the trolley bus technology may be a very
interesting solution for electrification considering that it is easier to integrate this into the already
existing infrastructure in a cost-effective manner.

4.2 Energy storage systems
The energy storage system is the most critical component of electric buses because of its technical
shortcomings in durability and energy density. Its high associated costs, which have a huge impact on
the performance and efficiency of city buses, affect the operations reliability (Lajunen, 2014).

4.2.1 Batteries
Batteries are electrochemical devices consisting of one or more electrochemical cells which store
electrical energy and convert it into chemical energy through reversible reactions that release
electrons through an external circuit. A cell is constituted by two electrodes, a cathode (positive
terminal) and an anode (negative terminal), and an electrolyte, which allows ions to flow between both
electrodes. A set of battery cells is called modules which together with other modules constitute a
battery pack.

Figure 2 – Ragone diagram plot - specific energy (Wh/kg) vs. specific power (W/kg) of different energy storage systems.
Source: (Coelho Barbosa, 2014)

The Ragone plot, depicted in Figure 2Figure 1 demonstrates the trade-off between energy and power
density. The dashed lines indicate the time needed to charge or discharge the different energy storage
systems. Depending on the application, high densities of energy or power might be required. High
energy batteries provide longer ranges, hence they are preferred for buses which travel the whole day
on a single charge (depot charging), while high power batteries are necessary to store efficiently
sudden bursts of energy (high acceleration or regenerative braking), useful in BEV or trolley buses
which are charged several times a day (opportunity charging). For the latter application, capacitors are
an appropriate storage system and can be coupled with batteries, as discussed in the next sub-chapter.
The main characteristics to consider are the energy density (Wh/kg), power density (W/kg), the
number of charging/discharging cycles, charging efficiency and state of charge (SOC), which represents
the level of charge in a battery (in percentage).
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The battery’s capacity has to be dimensioned taking into
account that during a charge/discharge cycle the SOC
should not exceed nor go below predefined levels. This will
considerably increase the lifetime, i.e. number of
charge/discharge cycles, of the battery (Karlsson, 2016).
The difference between the upper and lower SOC level is
also called SOC window, as depicted in Figure 3. The exact
size of the SOC window varies greatly depending on author
and battery type.
Battery management systems are included in the ESS
aiming at increasing the battery’s lifetime by controlling
SOC as well as heating issues (resulted from their inner
resistance) from high charge and discharge rates, a
problem of fast-charging applications.
Figure 3 - SOC. Source: (Karlsson, 2016)

Currently, state-of-the-art battery technologies used in electric vehicles are topologies of lithium-ion
batteries because of their many favourable features. Lithium batteries are lighter and take less space
due to higher energy density, lower self-discharge, no memory effect and prolonged lifecycle (Coelho
Barbosa, 2014). The performance of these batteries highly depends on the materials used for the
electrodes. Lithium Iron Phosphate batteries, because of their low cost, high discharge potential
(around 3.4V), large specific capacity (170 mAh/g), good thermal stability and abundant raw material
with low environmental impact, are considered promising for transit bus applications impact (Coelho
Barbosa, 2014). Lithium titanate technology is another battery type especially interesting for
opportunity charge buses because they enable a very high number of charge/discharge cycles without
significant degradation (Coelho Barbosa, 2014); (De Filippo, et al., 2014).

4.2.2 Capacitors
Capacitors are characterised by very high power densities, i.e. energy can be released or absorbed in
very short periods of time (seconds), making it the perfect candidate for opportunity charging
applications where buses are charged every few kilometres. On the downside, the energy density of
capacitors is very low and therefore these are usually used in a dual-source ESS, i.e. paired with
batteries protecting them from bursts of high power from regenerative braking or to assist acceleration
(Lajunen, 2014).
Capacitors store electrical energy in an electric field in which electrical current draws positive and
negative ions apart into the electrolyte, causing positive ions to accumulate on the surface of the
negative electrode and vice-versa. The porous electrodes do not chemically react with the electrolyte,
as in batteries, causing little wear out and hence increase their lifespan and charging/discharging
efficiency (Coelho Barbosa, 2014).

4.3 Charging technology
The ultimate goal of electric mobility is to achieve reliable, emission free and low noise operation of
electric vehicles within public transportation. The most common storage units used are
electrochemical battery packs. These packs can be recharged in several ways:
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i.

ii.

iii.

Depot charging (slow-charging). Conventional charging mode at low/medium power, usually
employing a one phase electric power outlet of 230 V, for several hours during the night
(recharged with cheaper off-peak electricity);
Opportunity charging (fast-charging). The ESS is recharged several times during the day en
route at charging stations in predefined bus or terminal stops, at high power for short periods
of time (minutes) depending on current SOC and available dwell time This approach demands
high electrical power at peak hours which can overload the electrical grid and thus incur high
operational costs (Coelho Barbosa, 2014);
Exchangeable battery packs (batter-swapping). This option requires extra battery packs and
additional infrastructure needs, resulting in higher operational requirements.

Additionally, charging can be performed while the bus is moving - dynamic charging – or stopped at a
charging station - stationary charging - and electrical energy can be harvested through conductive or
inductive coupling technologies.

4.3.1 Conductive
Conductive charging requires a physical connection between the electric vehicle and the charging
station, usually done via a pantograph system, a proven technology used in trains, trams and metros,
which is brought down automatically when the bus arrives at the charging station. This type of coupling
permits very high power transfers, up to 500 kW (Rogge, et al., 2015). There are three ways on how
conductive charging can be performed:
1. Off-board top-down pantographs. In this design, the charging equipment is located on the
charging station which enables costs synergies, i.e. one charging station can be used for several
bus routes. The pantograph moves down to connect with the contact bars located on the bus
which then conducts the electricity to the ESS. Both Siemens and ABB (TOSA system) offer this
solution, with power capacities of 150, 300 or 450 kW (Siemens, 2017).
2. On-board bottom-up pantographs. In this configuration, the charging equipment is located on
the bus, which comes at a higher cost, but enables the connection to existing catenary lines
for dynamic charging (solution offered by Siemens at 60 or 120 kW power capacity).
3. Plug-in DC charging. This process allows for the transmission of high power at low losses due
to the connecting area and the short cable length (Coelho Barbosa, 2014).
Other companies offering conductive charging are Oprid, Schunck or Proterra’s FastFill system (500
kW) (Rogge, et al., 2015).

Figure 4 – Fast-charging system for Volvo 7900 Electric Hybrid. Source: (Volvo Buses, 2017)
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4.3.2 Inductive
In inductive charging, there is no connection between the ESS on-board the vehicle and the electricity
source. It is commonly known as “wireless charging”. Induction coils are embedded in the road at
selected stretches of bus routes (dynamic charging) or at bus stops (static charging) creating a magnetic
field, i.e. an electric conductor placed underneath the surface generates a magnetic field which then
induces an electric current in another conductor located at the base of the bus. Dynamic charging, still
in development, may allow in the future pure electric vehicles to be charged while on the go without
the need for heavy and costly ESS. As the two magnetic coils are separated by an air gap, losses are
inevitable, therefore the efficiency of inductive charging is lower than for conductive charging. The
charging efficiency is enhanced by higher frequencies (Karlsson, 2016); (Lindgren, 2015). If the
frequency is increased to some tens or hundreds of kHz (as opposed to the typical 50-60 Hz given by
the grid) up to 95% of the electrical energy can be transferred (Coelho Barbosa, 2014).
The main advantage of inductive charging is that it is extremely convenient, not involving any visible
infrastructure, such as cables or overhead pantographs systems, the process is totally automatic and
it occupies no space, making it a perfect solution for packed city centres. This charging mode also works
for any type of weather, not being affected by rain and snow.
The charging power of inductive stations is not as high as in conductive technologies: the Primemove
system by Bombardier offers chargers with a power supply of 200 kW and Conductix Wampfler’s
Inductive Power Transfer system has a charging power of 60, 120 or 180 kW (Rogge, et al., 2015).
A metal receiver plate, also called pick-up system, located underneath the bus (see label 2 in Figure 5),
drops down every time the bus stops at a charging station in order to reduce the air gap between both
coils which as a result improves the charging efficiency of the system.

Figure 5 – Wireless charging. 1 – Charging station embedded in the floor; 2 – receiver (pick-up) mounted on the floor of the
bus; 3 – batteries. Source: (Scania, 2014)

4.4 Characterisation of the Bus Network
Curitiba is the state capital of Paraná and has 1.89 million inhabitants, which makes it the 8th largest
municipality in the country in terms of population (IBGE, 2016). Its motorisation rate, around 52.8 cars
per 100 inhabitants of the metropolitan area, ranks as the highest in the country (the average
motorisation rate in metropolitan regions is 35.4 cars/inhabitant) (IPPUR, 2015). The modal split of
public transportation is 46% and the remaining 54% is divided into private transportation (26%) and
non-motorized transport modes (24%) (BRT Data, 2017).
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The bus network, baptised as Integrated Transit Network (RIT: Portuguese acronym for Rede Integrada
de Transporte), is managed by the Urbanization Company (URBS: Portuguese acronym for Urbanização
de Curitiba S.A.) and it is the backbone of the transit-oriented development (TOD) solutions
implemented in the city. The trinary system, a largely explored concept in urban growth along city
corridors consists of three parallel streets, in which the external roadways (one-way streets) provide
fast and direct access to the city centre and city periphery. Differently, the central streets include
segregated lanes for bus transit and lanes for low-speed traffic to access the mixed used and high
density buildings surrounding the central roadway. In this way, public transport demand shaped land
use and streets hierarchy allowing linear urban development (Lindau, et al., 2010). URBS is the
responsible entity for the regulation, management, operation, planning and inspection of the
collective transport system and oversees the contracts with the operating companies through
concessions based on transported passengers (URBS, 2016).
Curitiba had plans to start a light rail system to overcome the mobility problems faced by the large
increase in population (9.3 times over the past 50 years and 2.1 times over the last 20 years) (Lindau,
et al., 2010). Instead, because this solution was too costly, Curitiba’s Research and Urban Planning
Institute (IPPUC) developed a trunk-and-feeder bus system operating along segregated lanes in axial
corridors crossing the city which later constituted the first full bus rapid transit system implemented
in the world. The two first corridors were built in 1974 (Eixo Norte and Eixo Sul), Eixo Boqueirão was
introduced in 1977 and three years later, Eixo Leste and Eixo Oeste were inaugurated. In 1991, these
corridors received substantial improvements and became to operate in the BRT. Finally, the Green Line
was introduced in 2009 including overtaking lanes, which allow a partial mixed used of BRT and non
BRT lines, as well as environmental friendly buses running with B100. Other buses of the network run
on diesel B7 (dos Santos Ramos, 2017). The total length of the BRT is 76.6 km including the Circular Sul
corridor and Rua XV de Novembro (BRT Data, 2017).

4.4.1 Bus Line categories and bus fleet
In 2016, 15 210 trips on a regular working day resulted in a daily ridership of 1.62 million passengers,
operated by a fleet of 1 320 buses (average lifetime is 7 years) travelling 320 090 kilometres. The RIT
consists of 250 bus lines, 342 tube stations and 21 integration terminals. 93% of the buses are equipped
with the required infrastructure to enable access to reduced mobility passengers (URBS, 2016). The
standard fare is 4.25 R$2.
Bus lines are categorized according to ten different types of service, differentiated by an identification
colour. Table 1 summarises vehicle’s type and capacity, number of operating buses and bus routes per
category.
1. Super express (Expresso Ligeirão in Portuguese) and express (Expresso in Portuguese) operate
on the BRT corridors, i.e. on exclusive lanes connecting terminals to the city centre stopping
solely at terminals and tube stations. These two service categories are characterised by
transporting large amounts of passengers in high capacity vehicles (bi-articulated and
articulated buses), at high service frequency and high average speeds. The super express has
fewer stops, which allows for higher speeds, and its identification colour is blue; the express
buses are red.
2. Direct lines (Linha Direta in Portuguese) operate with silver coloured articulated and standard
buses and the average distance between stops is 3 km. Embarking and disembarking is done
2

1 R$ = 0.32 USD = 2.88 SEK = 0.30 € Eur. According to Oanda on the 03/04/2017.
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3.

4.

5.
6.

7.

8.
9.

at tube stations. These lines are complementary to the express services and interneighbourhood.
Inter-neighbourhood (Interbairros in Portuguese) bus routes connect different
neighbourhoods to each other and with terminals of the BRT without passing by the city
centre. They operate with green articulated and standard vehicles.
Feeder (Alimentador in Portuguese) service bus routes connect neighbourhoods to the closest
integration terminals hence feed the BRT/express services with passengers. They are operated
by micro, conventional and articulated orange vehicles.
Trunk (Troncal in Portuguese) operate with yellow buses that connect the terminals with the
city centre using shared traffic lanes.
Regular (Convencional in Portuguese) bus routes are operated by micro or conventional
vehicles and connect radially neighbourhoods and the city centre without allowing integration
(i.e. do not stop at integration terminals).
Downtown circular (Circular in Portuguese) bus route operates with white micro buses
between the most important attraction points and commodities (hospitals, markets, shopping
centres and the municipal library) of the city centre.
Tourist line (Turismo in Portuguese) is operated by double-deck buses passing by the main
attractions and parks as well as the city centre. This service has a differentiated fare.
Special (SITES: Portuguese acronym for Sistema Integrado de Transportes do Ensino Especial)
are bus routes that transport students with special needs, physical and mental disabilities.

The RIT’s bus fleet is composed by bi-articulated, articulated, conventional two-axle (padron) and
micro vehicles.
Table 1- List of bus categories and bus fleet composition. There is no information available for SITES bus lines, therefore it is
omitted in the table. Source: (URBS, 2016)

Bus line category

Colour

Chassis type

Capacity

Operating
bus fleet

Super Express
Expresso Ligeirão

Blue

Bi-articulated

250

29

Express
Expresso

Red

Bi-articulated

230/250

116

Articulated

170

34

Articulated

150

40

Padron

110

208

Articulated

140

99

Padron

100

2

Hybrid

79

10

Articulated

140

78

Conventional

85

341

Micro Special

70

30

Articulated

140

5

Direct line
Linha Directa
(Ligeirinho)
Inter-neighbourhood
Interbairros

Feeder
Alimentador
Trunk

Silver

Green

Orange

Yellow
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Number
of bus
routes
2
5

15

8

129

15

Troncal

Regular
Convencional

Downtown circular
Circular
Tourist line
Turismo

Conventional

85

73

Micro Special

70

4

Hybrid

79

5

Conventional

85

101

Hybrid

79

15

Micro Special

70

112

Micro

40

3

White

Micro

40

7

1

Green/colourful

Double-deck

65

8

1

1 320

250

Yellow

Total

74

Integration terminals, depicted in Figure 6, enable integration between the different service types, i.e.
commuters can change between different line categories, for example, disembark from a feeder bus
and embark in an express bus, with one single ticket (flat fare). These terminals have a high
concentration of bus lines and thus promote the organisation of neighbourhoods around them.
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Figure 6 - Integration terminal. Source: (URBS, 2016)

Main characteristics of the BRT are:
o
o
o
o
o
o
o

Segregated bus lanes;
Station boarding level (high level platforms);
High capacity buses: bi-articulated and articulated vehicles, with maximum capacities of 250
and 170 passengers, respectively;
Pre-boarding fare collection in the express and direct services (feeder lines have board ticket
validation or direct payment to the drive);
Electronic ticketing;
Overtaking lanes in the Linha Verde and Eixo Boqueirão;
Brand and logo (RIT).

Curitiba, the cradle of the BRT system, has continuously worked on expanding its bus network
influencing urban growth and land-use making it a worldwide reference for urban planning and
sustainable mobility. As societies are facing new challenges, related to poor air quality and climate
change, Curitiba has been implementing alternative fuels and technologies aiming at improving energy
efficiency and the environment’s quality.
Buses running on ethanol (both hydrous and anhydrous) have been tested in the city, but biofuels only
started gaining importance after 2009, when 100% biodiesel buses were introduced in the Green Line.
Tests with hybrid and pure electric traction systems have also been performed from 2012 on. A threephase programme evaluated the performance of standard hybrid vehicles (phase 1), articulated hybrid
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vehicles (phase 2) and plug-in hybrid electric vehicles (phase 3) with the utilisation of an opportunity
charging station. The joint programme, a cooperation between Volvo Buses, Siemens, local companies,
such as the Municipality (Prefeitura de Curitiba in Portuguese), URBS and some involved bus operators,
aimed at assessing the technical, economic and environmental viability of these technologies.
Using the hybrid powertrain, a reduction in 86% of the emissions of PM, 80% of NOx and 22% of CO2
could be attained, as well as a decrease of 28% in fuel consumption. Moreover, the PHEV had the
potential to decrease by 93% the emissions of PM, 84% of NOx and 34% of CO2, and reduce the
consumption of fuel by 62% when compared to a conventional vehicle, i.e. running on fossil diesel
solely (Schepanski, 2017). The charging station, provided by Siemens, was located at one of the end
stations of bus line Juvevê Agua Verde (bus line 285), but has been dismantled (see Figure 7). A pure
electric bus was also operating for two months in Parana’s capital, which technology was provided by
BYD Bus manufacturer.

Figure 7 - Charging station of PHEV located on Rua Menezes Dória (neighbourhood Hugo Langue, close to the Federal
University of Paraná). Source: Gazeta do Povo (2016).

Currently, there are 30 vehicles with a parallel hybrid configuration, running partially on diesel B7 (28
buses) or pure biodiesel (B100) produced from soybeans (2 buses) and partially on electricity (URBS,
2016). Other 32 vehicles, 26 bi-articulated and 6 articulated, operate with biodiesel (B100), which have
positively impacted the air quality of Curitiba and fostered job creation in the countryside (URBS,
2016).
In total, the RIT operates with 62 clean buses, out of 1 320, which amount to 4.7% of the total fleet.
The city is a member of the C40 initiative and signed the City Clean Bus Declaration of Intent, and is
therefore committed to increasing the share of renewable energy and high-efficiency buses in their
operating fleet (URBS, 2016).
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5 Development of optimisation model
This chapter describes in detail the optimisation model developed for this thesis. It starts by
explaining the criteria used for bus lines selection and how the distances between candidate
charging locations were obtained using ArcGIS. Afterwards, the simulation parameters that
serve as input in the model are defined and the necessary assumptions are listed. Finally,
the model itself is presented and the logic and structure are explained in detail.

5.1 Selection of bus routes
The first step in the model development is to define a sub-group of bus lines to be selected as potential
routes for electrification. Whenever electrification is not feasible, in other words, the extension of a
route is too long for the battery’s capacity to cover the route’s energy consumption, an alternative
biofuel will be proposed. Only a combination of electric and biofuel buses in an integrated and
optimised way can achieve the reduction in energy consumption and emissions of pollutants desired
in both short and long-term.
It was considered that the most suitable locations for charging stations will be: (i) major bus transport
hubs, specifically integration terminals which serve many bus lines, and (ii) initial and final stops of bus
lines, which offer a longer dwell time between services.
These spacious integration terminals, as described in sub-chapter 4.4, concentrate bus service, which
allows higher utilisation rates, and are unlikely to change location in the future. Therefore,
implementing charging stations at these terminals guarantees that the infrastructure, whose lifetime
is expected to be longer than the one of vehicles, will be maximised. Moreover, these stations have
the highest amount of daily passenger boarding’s and it can be argued that the dwell time is longer
than in other bus stops. For the mentioned reasons, bus routes which start and end or pass through
several terminal stations were prioritised in the bus line selection process to allow cost sharing of
infrastructure.
Another decisive factor was that the buses
routes crossed the city centre or nearby. The
heart of a city is characterised by a higher
density of public transportation (see Figure 8),
which results in shorter distances between
consecutive charging stations and will lead to a
reduction in infrastructure needs due to cost
synergies.
Additionally, the city centre is most affected by
high traffic volumes. Typical stop-and-go
operation mode, characterised by low speeds,
is highly inefficient in combustion engines.
However, the electric engine’s efficiency is less
affected by speed and thus these vehicles are
more appropriate for high traffic conditions
(Coelho Barbosa, 2014). Furthermore, it is
common to find a higher concentration of air
and noise pollution in the downtown area. City

Figure 8- Map of collective transport in Curitiba's city centre.
Source: (URBS, 2016)
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mayors are trying to reverse this situation by implementing specially regulated zones as the 30 zone,
where the maximum allowed vehicle’s speed is 30 km/h.
Towards the suburbs, bus routes tend to be longer and stations further distanced from each other, a
more suitable situation for biofuel buses.
The bus lines of categories Super Express and Express, running along the BRT corridors, are propitious
lines for electrification. High frequency and large capacity vehicles can lead to high concentration of
pollutants trapped by the high-rise buildings along the corridors. A project, conducted by the Swedish
Meteorological and Hydrological Institute (SMHI) and the local universities (UTFPR, UFPR, PUC and UP),
is studying the quantities of two fine particles - black carbon and 2.5 particulate matter (PM 2.5) – and
two gases - NO and NO2, - in the so-called urban canyons (Piva, 2016). IPPUC believes electric vehicles
would be highly beneficial in these corridors as the pollution levels are being proved to be higher than
elsewhere (Malucelli, 2017). Other beneficial characteristics of the BRT lines are: running on
segregated lanes with large buses passing by in less than a minute interval which justifies large
investments in charging infrastructure; there is usually more space for charging stations (segregated
lanes allow the installation of inductive charging infrastructure). The current BRT system has the
following characteristics:
® Operated 81% by bi-articulated vehicles; only bus lines 502 and 602 (Circular Sul) operate with
articulated buses. URBS has plans to substitute de remaining 34 articulated buses with new
double-articulated buses (dos Santos Ramos, 2017);
® There is only one major terminal in the city centre (Terminal Guadalupe); however, BRT buses
do not stop at this station. There are tube stations, like Estação Central, where BRT buses stop,
but these don’t allow for long dwell times potentially compromising charging;
® High frequency of buses during peak hours, making it impossible to stop for charging;
® The average length of the BRT routes is 24 km, resulting in high energy consumptions. Hence,
the battery’s capacity would need to very high, possibly compromising space and passenger
capacity.
Currently, there is no pure electric alternative for bi-articulated buses. Consequently, these would have
to be substituted by two smaller articulated buses. This may not be feasible in terms of time due to
the high frequency of buses during peak hours, not to mention that this will imply more expenses in
vehicle purchase, driver’s salaries, licensing and insurance to operate the extra amount of buses. It can
be concluded that in the current situation bus lines of the categories Express and Super Express are
impractical to electrify and will not be considered for analysis in the model.
Bus lines from the Direct Line, Inter-neighbourhood, Trunk and Downtown circular categories are
examined and their characteristics are listed (see Table 15 in Appendix 1).
Bus lines from the categories Feeder, Regular, Tourist line and Special are disregarded due to lower
relevance, either because its routes are located more towards the suburbs (case of Feeder lines), do
not allow integration (case of Regular) or because the schedules are short (Tourist line and Special
service). Direct and Trunk lines are complementary bus lines of the Express service and connect
integration terminals and the city centre. On the other hand, Inter-neighbourhood and the Downtown
Circular routes circle the city centre.
Only bus lines that start and/or end in a terminal are considered (excluding Interbairros I and Circular).
The selected lines are listed in Table 2 together with its most relevant characteristics: line category,
code of bus line, name of bus line, start and end stops, terminal stations that belong to the buses’
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route (each terminal station is represented by an identification number listed in), length of the total
bus route (𝐿# ) in kilometers, total annual number of trips (in both forthcoming and returning direction)
(𝑇𝐴𝑇# ), and type and number of vehicles (𝑁#)*+,-#* ) operating the bus line. The total number of trips
was obtained considering the number of daily trips on weekdays, Saturdays and Sundays multiplied by
the number of days of each type in a year.
Table 2 - Selected bus lines in the model. Source: compiled by the author using data from (URBS, 2016)

Line
Category

Code

B. Alto/Sta.
Felicidade
Barreirinha/Gua
dalupe

Terminal
Stations

505

Boqueirão/C.
Cívico

305

Centenário

705

Fazendinha/Gua
dalupe

022

Inter 2 (Horário)

Terminal Cabral

023

Inter 2 (Antihorário)

Terminal Cabral

256

507
508

Sítio Cercado
(horário)
Sítio Cercado
(anti-horário)

1, 20
2, 15

Estação tubo Guadalupe

17.648
/17.927
7.705/
8.478

𝑻𝑨𝑻𝒍

Vehicle
type

𝑵𝒗𝒆𝒉𝒊𝒄𝒍𝒆
𝒍

55 080

Padron

10

57 107

Padron

6

4, 11, 15,
16

13.392/
13.320

75 493

Padron

15

12

8.512/
9.119

54 364

Padron

5

6, 14, 15

12.762/
13.226

59 619

Padron

14

37.804

49 087

37.609

47 783

31.372

28 853

Padron

12

32.221

27 804

Padron

13

3, 5, 17,
18, 19

21.421/
20.406

78 200

Padron

28

5, 7, 9,
10, 16, 18

Estação tubo Guadalupe

𝑳𝒍 (km)

4, 10, 11,
15, 17, 22

Articulated

21

Padron

16

Articulated

17

Padron

8

37
25

204

Sta. Candidâ

Terminal Pinheirinho/
Terminal Santa Candidâ

010

Interbairros I
(horário)

R. Tapajos, 1000

-

17.617

17 158

Padron
(hybrid)

5

011

Interbairros I
(anti-horário)

Prefeitura

-

19.540

17 158

Padron
(hybrid)

5

41.277

31 181

Articulated

14

42.727

32 285

Articulated

16

020
Interneighborh
ood (8)

Start/end stations
Terminal Bairro Alto/
Terminal Santa Felicidade
Terminal Barreirinha/
Estação tubo Guadalupe
Estação tubo Museu
Oscar Niemayer/
Terminal Boqueirão
Estação tubo Marechal
Deodoro/ Terminal
Centenário
Terminal Caiua/ Estação
tubo Guadalupe

307

Direct
Line (10)

Bus Line Name

021

Interbairros II
(horário)
Interbairros II
(anti-horário)

Terminal Cabral

5, 7, 9,
10, 16

Terminal Cabral

030

Interbairros III

Terminal Santa Cândida/
Terminal Capão Raso

1, 10, 11,
19, 23

29.903/
29.530

48 665

Articulated

19

040

Interbairros IV

Terminal Pinheirinho/
Terminal Santa Felicidad

8, 13, 14,
17, 20

23.697/
22.193

71 190

Articulated

24

050

Interbairros V

14, 18, 23

18.343/
16.459

50 758

Articulated

13

060

Interbairros VI

6, 8, 17

18.711/
20.568

22 746

Terminal Fazendinha/
Terminal Vila Oficinas
Terminal Campo
Comprido/ Terminal
Pinheirinho
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Articulated

4

Padron

1

5

Trunk (6)

182

Abranches

Terminal Barreirinha/
Praça Tiradentes

2

371

Higienópolis

Terminal Bairro Alto/
Praça Santos Andrade

1

372

Tarumã

373

Alto Tarumã

374

Hugo Lange

375
001

Downtow
n Circular
(2)

002

Sagrado
Coração
Circular Centro
(horário)
Circular Centro
(anti-horário)

Terminal Bairro Alto/
Praça Carlos Gomes
Terminal Bairro Alto/
Praça Carlos Gomes
Terminal Bairro Alto/
Praça Santos Andrade
Terminal Bairro Alto/
Praça Santos Andrade

1
1
1
1

11.304/
11.348
8.997/
8.330
9.796/
10.345
9.207/
9.232
8.653/
9.232
10.480/
10.555

27 487

Padron

4

46 002

Padron
(hybrid)

4

53 158

Padron
(hybrid)

8

19 561

Padron

2

33 688

Padron

4

20 652

Padron

2

Praça Santos Andrade

-

4.469

17 744

Micro

2

Praça 19 de Dezembro

-

8.216

16 229

Micro

3

5.2 Geospatial analysis
In this section, the ArcMap tool from ArcGIS software was used to both calculate the total extension
of each route per direction and represent them on a map of Curitiba. In this way, it is possible to display
the results in a visual and user-friendly way (see Figure 13 to Figure 16).
Available data on bus operation from an open directory was retrieved for a regular weekday, the 3rd of
May 20173 since it represents a typical operation day. This directory included JSON files on bus stops
(pontos linha); on the shape of the routes, represented by a series of points with X (longitude) and Y
(latitude) coordinates which follow the path of the routes (shape linha); on the timetable of the bus
lines (tabela linha) and on vehicle’s information (tabela veículo), such as its identification code, used
to determine the vehicle’s type, and respective schedule of operation, as well as continuous
information on specific vehicle’s positioning (veículos).
Using the tools Point to Polyline and Split Line at Point in ArcMap, shapefiles with each of the bus routes
were created and split into the whished segments (separating outbound and inbound routes). The
coordinate system used was WGS 1984 from the Geographic Coordinate Systems available in ArcMap,
given that the data used is the same provided to Google Maps for the Google Transit application.

5.3 Energy consumption
Defining correct energy consumption values is a critical step and will thus be one of the parameters
undergoing a sensitivity analysis, presented in Chapter 5.6. The main factors influencing energy
demand are, firstly, the type of fuel (electricity or biofuels), given that distinct engines have different
efficiencies and each fuel has a different energy content. Secondly, vehicle’s weight and auxiliary
devices, as well as routes characteristics - topography, traffic and speed - also impact energy
consumption.
Energy demand for the traction system is based on the driving resistance, which entails air drag
resistance, rolling resistance and climbing resistance (Rogge, et al., 2015). Different bus types have
different weights, drag coefficients and cross-sectional areas influencing all three resistance forces. On
3

The open directory is updated once per day.
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the other hand, average travel speed only has a minor effect on the consumption of electrically
powered buses. Additionally, energy demand by auxiliary devices needs to be taken into consideration.
Air conditioning (AC) and heating, steering assistance, compressors for the pneumatic system and
cooling of components such as the traction machine, power electronics and the battery management
systems consume a large share of the energy and should not be neglected (Sinhuber, et al., 2012).

5.3.1 Electric buses and battery sizing
Energy consumption depends on several factors but the most important one is the vehicle’s mass
(Sinhuber, et al., 2012). The table below summarises the main characteristics of some of the vehicles
currently employed in Curitiba’s public transport network. In this study, three types were considered:
the 18.8-m articulated bus, the 13-m standard (padron) vehicle and the 8-m micro bus. There are
distinct topologies under the classification of articulated, standard and micro buses depending on the
line category and required capacity. In order to account for all cases, the largest topology was chosen
for each of the bus types.
Table 3 - Bus fleet’s characteristics. Source: Compiled by the author using data from (URBS, 2015)

Chassis type

Total capacity
(seated)

Weight4 (kg)

Length (m)

Minimum
height (m)

Cross sectional
area (m2)

Articulated
(Direct line)

158 (42)

28 000

18.8

2.1

5.25

Standard
(Direct line)

102 (29)

18 000

13

2.1

5.25

Micro

40 (18)

8 500

8

1.9

4.37

Khan & Clark (2010) propose a correction factor, to reflect the impact of slope on energy consumption,
for diesel vehicles. Although an approximation could be made for biofuel vehicles, the latter study did
not capture the fact that during downhill the battery’s SOC in an electric vehicle increases thanks to
regenerative braking. In order to properly account for topography, it would be necessary to analyse
stretch by stretch, a complex and time-consuming task, which is not the objective of this study.
Therefore, topography was disregarded when defining energy consumption.
Furthermore, higher travel speeds, which may result from less braking and re-acceleration (lower
traffic levels), can reduce the energy consumption, but overall the impact of speed on the energy
consumption of electric motors is rather small (Sinhuber, et al., 2012). For this reason, speed profiles
were neglected in the energy consumption.
In conclusion, energy consumption per unit of length (kilometre) is considered to be a fixed value,
regardless of elevation and traffic, for each type of vehicle. Sinhuber et. al (2012) proposes a
consumption of 0.072 kWh/km per tonne for the traction and some auxiliaries without
cooling/heating. Using this reference value and the weight of fully loaded buses5, with and without
including the weight of the battery, energy consumption (in kWh/km) is calculated and depicted in
Table 4. Contrary to what is expected, the effect of the weight of the ESS on the energy consumption

4

Sum of vehicle kerb weight and passengers’ weight.
Sum of the kerb weight (empty vehicle) plus the passengers’ weight (see Table 3) considering maximum
capacity according to the maximum capacities defined in URBS’ norms.
5
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is rather small. This can be justified by the fact that the chosen battery’s capacities are not very high,
hence the battery packs only add little to the vehicle’s weight.
On the 5th column of Table 4, the auxiliary power for each bus type if defined. Sinhuber et. al (2012)
proposes 9 kW of maximum power for an articulated bus in operation in Germany on a mild day. On a
colder winter day or a very hot day, the auxiliary power can go up to 21 kW. However, given that
Curitiba’s average temperatures are within a comfortable range (see Figure 9), with a minimum
registered temperature of 9ºC and a highest one of 27ºC, it can be assumed that the air conditioning
needs are not very high.

Figure 9 - All year climate and weather averages in Curitiba. Source: (timeanddate, 2017)

A graduate decrease in auxiliary power was considered for the different bus sizes – 9 kW for articulated
buses, 6 kW for standard and 4 kW for micro topologies. The average velocity is approximately 17 km/h
(Schepanski, 2017), which leads to a consumption of 0.53 kWh/km (articulated), 0.35 kWh/km
(standard) and 0.24 kWh/km (micro) solely due auxiliary devices.
The final energy consumption, depicting the case of a fully loaded bus plus the battery weight and
constant power consumption due to auxiliaries for the different buses, corresponds to the values in
the last column and were the ones considered in the model.
Table 4 - Energy consumption of electric vehicles taking into account the battery’s weight as well as auxiliary devices.

Chassis type

Weight
(ton)

Energy consumption (kWh/km) without
auxiliary devices

Pauxiliary

Without battery

With battery

(kW)

Total Energy
consumption
(kWh/km)

Articulated 18 m

28

2.016

2.097

9

2.63

Standard 13 m

18

1.296

1.364

6

1.72

Micro

8.5

0.612

0.653

4

0.89
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Alternatively, auxiliary devices can be powered by a fossil fuel based engine and thus no extra electrical
power needs to be considered (Rogge, et al., 2015). In such case, the final energy consumption is the
one depicted in the 4th column.
Battery sizing
Regarding the ESS, three different battery capacities are defined, 90 kWh, 76 kWh and 45 kWh for
articulated, standard and micro buses, respectively. These capacities were adapted from the currently
available battery electric vehicle topologies available on the market.
The polish bus manufacturer Solaris has in their portfolio articulated, standard and micro BEV. Battery
sizing varies according to the application. On the other hand, Volvo Buses, which supplies around
37.81% of the buses in Curitiba (dos Santos Ramos, 2017), has developed a standard sized electric bus,
the 7900 Electric bus. This bus has an ESS of 4 modules of 19 kWh, totalling 76 kWh.

Figure 10 - Examples of battery electric buses: articulated from Solaris (top), standard from Volvo (right) and micro from Solaris (left).
Source: (Solaris Bus, 2016), (Volvo Buses, 2017).

The table below depicts the considered capacity and the resulted weight of the battery packs, taken
into consideration when calculating energy consumption values.
Table 5 - Weight of battery pack according to bus topology.

Chassis type

Maximum battery
capacity (kWh)

Specific energy (Wh/kg)6

Weight of battery
pack (ton)

Articulated 18 m

90

80

1.125

Standard

60

80

0.950

Micro

45

80

0.563

The SOC of the batteries should not exceed 90% of its capacity during the charging period, nor go under
30% during discharging, meaning that 40% of the battery’s capacity is not available to use.
In this model, battery capacities are assumed to be equal regardless of the route’s length and
characteristics. Therefore, some routes may not be using fully their battery capacity. In order to avoid
oversizing of the ESS and preventing high costs, the battery capacity should be determined individually
for each route. In a future study, proper battery sizing according to the need would be crucial to reduce
6

Specific weight is considered to be 80 Wh/Kg (Sinhuber, et al., 2012) a lower value than current high-energy
lithium-ion cell batteries. This specific energy corresponds to high-power lithium-ion batteries.
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overall systems’ costs. On the positive side, this approach results in a highly flexible system, since the
vehicles would not be predestined to specific lines they were originally assigned to, i.e. different buses
can be used in different routes as necessary.

5.3.2 Biofuel buses
Besides electric traction, three combustion engine technologies are considered, and their respective
fuels are biodiesel from soybean (B100), ethanol from sugar cane (ED95) and biogas from MSW.
Biodiesel
Biodiesel is a liquid fuel produced from renewable sources such as animal’s fats or vegetable oils
through a process termed transesterification, originating fatty acid methyl esters (FAME). In Brazil,
soybean is the most commonly used feedstock, and about 70% of the biodiesel is produced by this raw
material, although other plants and animal fats can be used - 16% of the biodiesel production used
tallow as feedstock. Biodiesel in Brazil needs to follow the physic and chemical regulations of National
Petroleum, Natural Gas and Biofuels Agency ANP (ANP: Portuguese acronym for Agência Nacional de
Petróleo, Gás Natural e Biocombustíveis) in order to be allowed in Diesel cycle engines, either as pure
biodiesel (B100) or blended with fossil diesel (ANP, 2017).
The blending of fossil diesel and biodiesel B100 started in 2004, with a voluntary blend ratio of 2%. In
2008, it became mandatory to add 2% of biodiesel and the share of B100 has increased ever since.
Currently, with the maturation of the Brazilian market, the National Council for Energy Policies (CNPE:
Portuguese acronym for Conselho Nacional de Política Energética) obliges a blend of 7% biodiesel and
93% diesel, called the B7. According to the law (Lei nº 13.623/2016) the share of B100 is planned to
increase to 8%, 9% and 10% in March 2017, March 2018 and March 2019 (ANP, 2017). Brazil’s efforts
are noteworthy, however, it is still lagging behind countries like Sweden, which do not possess the
capabilities to be self-sustainable in terms of biofuel production yet almost 30% of its diesel is biobased (Sherrard, 2017). In Brazil, biodiesel accounted for 3.2% of the total energy use in the transport
sector, a rather small amount when compared to the 43.4% of consumption from fossil diesel in 2016.
Gasoline and ethanol are the second and third biggest sources of energy in transport, however, these
are used in private cars. Diesel, on the other hand, is mostly used in trucks and buses (EPE, 2016).
Bioethanol
Ethanol (CH3CH2OH) is an alcohol obtained via fermentation of sugar cane, maize, beetroot, potato,
etc. (ANP, 2017). In Brazil, sugarcane is the most common feedstock, planted mainly in the Southern
region for sugar and ethanol commercialization and, given its optimal conditions – warm temperatures
and abundant rainfall –, its annualised yields are extremely high (JRC, 2014).
Governmental programs, such as the Brazilian Ethanol Program initiative, and the introduction of the
commercial Flexible Fuel Vehicles (FFVs) in 2003 propelled the ethanol market making it a leading
country in both production and consumption of ethanol. Presently, at least one hydrous ethanol pump
can be found at all gas stations across the country.
Ethanol is divided into two major categories: hydrated (61.8% of the total ethanol production) and
anhydrous. Hydrated ethanol can be used directly in diesel engines adapted for such purpose or in flexfuel engines in any proportion (EPE, 2016).On the other hand, anhydrous ethanol is blended with
gasoline A to produce gasoline C used in Otto cycle engines. The Ministry of Agriculture, Livestock and
Food Supply (MAPA: Portuguese acronym for Ministério da Agricultura, Pecuária e Abastecimento), is
responsible for establishing the mandatory blend of ethanol in gasoline, currently in the order of 25%
and 27% in premium gasoline and regular gasoline, respectively (Abreu, 2015).
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Two commercially available fuels used in Brazil are E85 and ED95. E85 is constituted by 85% of
anhydrous ethanol and 15% gasoline and it is applied is spark-ignition engines (gasoline engines) of
light-duty flexible fuel engines. ED95, on the other hand, consists of 95% hydrated ethanol and 5% of
additive which allows its use in diesel engines of heavy-duty vehicles. Scania is currently the only
manufacturer producing buses adapted for this fuel. In this study, ED95 is chosen for analysis
considering its application on city buses. São Paulo was the first city in South America to introduce a
significant fleet of such vehicles in 2007, promoted by the project BioEthanol for Sustainable Transport
(BEST) (Velázquez, et al., 2012).
Biogas
Biogas is a gas obtained from the decomposition of organic matter via anaerobic digestion. Biogas can
be produced from municipal or industrial organic waste, sanitary sewage or from energy crops. In order
to be used in transportation, it has to be purified to biomethane. Biomethane can be introduced
directly into the natural gas distribution system.
In 2014, the first tests with biogas fuelled buses were performed in Foz do Iguaçu, in the state of
Paraná. The used feedstock was chicken manure from a local chicken farm. These buses, provided by
the Swedish manufacturer Scania, were further tested in other regions of the country to demonstrate
the applicability of such technology in metropolitan and municipal routes (G1, 2014).
Energy consumption values are presented in L/km or Nm3/km (see Table 6). These values were partially
obtained from Volvo Buses Latin America’s sales engineer Renan Schepanski. As Volvo Buses does not
produce biogas vehicles nor micro buses, values were adapted from (Xylia, et al., 2017). Available data
from São Paulo’s public bus transportation system (SPtrans) was used to estimate bioethanol
consumption (Velázquez, et al., 2012).
Table 6 - Energy consumption in L/km or N m3/km.

Chassis type

Diesel (L/km)

Biodiesel (L/km)

Bioethanol (L/km)

Biogas (Nm3/km)

Articulated 18 m

0.769

0.820

1.377

1,073

Standard

0.500

0.541

0.900

0.701

Micro

0.250

0,270

0.450

0.351

Using the values for energy densities (see Table 9) and a conversion factor kWh/MJ = 0.2778, the
energy consumption in kWh/km is calculated (see Table 7).

5.4 Definition of model’s parameters
In this study, only opportunity charging is considered, i.e. buses are recharged several times during the
day at the start and end stations. Depot charging is not considered because the associated costs of
infrastructure and energy are very different. Nevertheless, it could be an option to recharge the
batteries at a slow charging station in the depot during the night, to guarantee a full SOC on the next
day. Conductive technology is considered with a power capacity of 300 kW and 90% charging
efficiency. The allowed time for charging is 5 minutes.
No additional infrastructure is considered needed for biodiesel, bioethanol and biogas buses. This
assumption is reasonable for biodiesel, because Curitiba’s public transportation system already
employs a large fleet of 100% biodiesel buses, making it easier and cheaper to expand its
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infrastructure. Similarly, this assumption is acceptable for bioethanol buses considering that ethanol
is a widespread fuel. As for biogas, a non-explored transportation fuel in Brazil, it was difficult to assess
consumptions, emissions and related costs. Undoubtedly, if biogas is concluded as a good substitute
for fossil diesel, a more thorough analysis must be done to assess the needs of infrastructure and its
associated costs.
Table 7 - Summary of input parameters.

Parameter

Value

Source

Energy consumption (kWh/km)
Biodiesel bus

Articulated (18.8 m)
Standard (13 m)
Micro (8 m)
Bioethanol bus
Articulated (18.8 m)
Standard (13 m)
Micro (8 m)
Biogas bus
Articulated (18.8 m)
Standard (13 m)
Micro (8 m)
Electric bus
Articulated (18.8 m)
Standard (13 m)
Micro (8 m)
Battery capacity (kWh)

7.55
4.98
2.49
8.17
5.34
2.67
9.18
6.00
3.00
2.63
1.72
0.89

Articulated (18.8 m)
Standard (13 m)
Micro (8 m)
Minimum state-of-charge (SOC) of battery (%)

90
76
45

(Solaris Bus, 2016)
(Volvo Buses, 2017)
Adjusted from (Solaris Bus, 2016)

Electric bus (opportunity charging)

30

(Kunith, et al., 2016)

90

(Kunith, et al., 2016)

300

(Siemens, 2017)

Adjusted from (Schepanski, 2017)
Adjusted from (Velázquez, et al.,
2012)
Adjusted from (Xylia, et al., 2017)
Adjusted from (Sinhuber, et al., 2012)

Maximum state-of-charge (SOC) of battery (%)
Electric bus (opportunity charging)
Power capacity charging station (kW)
Electric-Conductive

5.4.1 Costs
Table 8 - Summary of costs.

Parameter

Value

Source

Charging station costs (R$)
Electric-Conductive

500 000

Adjusted from (Schepanski, 2017)

Battery (R$/kWh)
Electric vehicle ESS

2.5

Adjusted from (Lajunen, 2014),
(Lajunen & Lipman, 2016)

Fixed installation costs (R$)
Grid connection

61 000

Adjusted from (Xylia, et al., 2017)

Infrastructure costs
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Grid connection annual fee
Building costs and permits

14 000
120 000

Vehicle costs (R$)
Biodiesel bus
Articulated
Standard
Micro
Bioethanol bus Articulated
Standard
Micro
Biogas bus
Articulated
Standard
Micro
Electric bus
Articulated
Standard
Micro

800 000
585 000
320 000
920 000
672 000
368 000
1 040 000
760 500
416 000
1438500
1050000
560000

Adjusted from (Schepanski, 2017)

Adjusted from (Pinto, 2017),
(Schepanski, 2017)

Author’s assumption,
(Schepanski, 2017)

Operation & Maintenance (O&M) costs (R$/km)
Operational cost
Salary costs, insurance, etc.
Maintenance
Biodiesel bus

Bioethanol

Biogas bus

Electric bus

Fuel costs (R$/kWh)
Biodiesel
Bioethanol
Biogas
Electricity

Articulated
Standard
Micro
Articulated
Standard
Micro
Articulated
Standard
Micro
Articulated
Standard
Micro

3.753

0.66
0.43
0.33
0.72
0.47
0.36
0.92
0.60
0.46
0.6
0.39
0.3
2.981
2.635
2.425
0.691

(URBS, 2016)

(Schepanski, 2017)
Author’s assumption
(Pinto, 2017)
Author’s assumption
(Pinto, 2017)
Author’s assumption
Adjusted from (Lajunen, 2014)
Author’s assumption
(URBS, 2016)
(ANP, 2017)
Author’s assumption, (ANP, 2017)
(COPEL, 2017)

In this model, a simplified lifecycle cost (LCC) is conducted in order to proceed with the cost
optimisation, as well as to compare annual expenses in different scenarios. This LCC includes
infrastructure costs (charging stations and related installation costs), the purchase cost of vehicles,
operation costs (fuels and personnel) and maintenance costs. The infrastructure, ESS and vehicle costs
are annualized according to the equation below. The interest rate (r) is 5 % for infrastructure, 7% for
electric vehicles and its ESS and 10% for other vehicles as stated by the National Bank for Economic
and Social Development (BNDES: Portuguese acronym for Banco Nacional de Desenvolvimento
Económico e Social) (BNDES, 2015). The depreciation period (t) is 30 years for the infrastructure, 12
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years for electric vehicles, as well as their ESS, and 10 years for the other buses, as advised by URBS
(Karas, 2017).
1−
𝐴𝑛𝑛𝑢𝑎𝑡𝑦 𝑓𝑎𝑐𝑡𝑜𝑟 𝑟, 𝑡 =

1
(1 + 𝑟)6
𝑟

All costs are presented in Brazilian Reais, considering an exchange rate of 1 R$ = 2.87 SEK = 0.32 USD
= 0.300 EUR (Oanda, 2017).
The cost of the conductive charging station, as well the costs related its installation and contracted
power were adapted from the values used by Xylia et. al (2017) for Stockholm. This assumption is
rather inaccurate, due to a lack of projects in fast charging bus fleets in Brazil or Latin America, it was
impossible to obtain more precise data.
The vehicle’s costs were defined based on interviews with Renan Schepanski (Sales Engineer at Volvo
Buses Latin America) and Eduardo Monteiro Pinto (Bus Sales at Scania Commercial Operations Brazil).
According to Schepanski (2017), the price of different bus types can vary a lot, depending on the length
of the coachwork, vehicle’s specifications, such as including or not AC system, and negotiation
conditions. Unfortunately, since there have not been any recent purchases from URBS, the available
costs are based on assumptions for other Brazilian cities. Diesel and biodiesel vehicles can have very
similar prices because their powertrains are the same and only the maintenance interval differs.
Therefore, the same cost for diesel and biodiesel was considered (Schepanski, 2017).
Regarding ethanol and biogas buses, the costs of these vehicles were estimated to be 15 and 30%
higher than a diesel bus of the same size, respectively. These considerations were based on
conversations with Eduardo Pinto (2017) from Scania, the manufacturer commercialising these
technologies in Latin America, as (Pinto, 2017). The cost of the standard electric vehicle was adapted
from European prices, after confirming with Schepanski (2017) its reasonability.
Operation costs comprise the cost of fuels, as well as costs related to drivers and other workers’
salaries, insurance, etc. All operation and maintenance cost parameters were defined in R$/km.
The cost of a litre of diesel and biodiesel is available on URBS webpage for February 2017 (URBS, 2016).
The cost of hydrated ethanol was retrieved from ANP also for February 2017. The cost of biogas was
assumed to be 20% higher than natural gas vehicle (NGV) fuel (2.021 R$/m3 during February 2017 in
Curitiba), as this technology is very unmatured in Brazil (ANP, 2017). The cost of electricity was derived
from COPEL, Parana’s energy utility (Companhia Paranaense de Energia in Portuguese), considering
the rates and fees of class B3 (commercial consumption units with contracted power lower than 2.3
kV including the taxes PIS/COFINS) (COPEL, 2017).
Other operational costs were obtained from URBS and include expenses in operational and
administrative personnel, such as the salaries of bus drivers, ticket collectors, cleaning and
maintenance, etc. (URBS, 2016).
Maintenance expenses for diesel and biodiesel vehicles were derived from the interview with
Schepanski (2017). Each topology has an individual cost of maintenance due to distinct configurations
and items that demand differentiated care. The cost of maintenance of ethanol and biogas fueled
vehicles were proposed by Eduardo Pinto (2017) from Scania.
When it comes to electric vehicles, it can be argued that there is a less frequent need for maintenance
of the electric powertrain because there are no moving parts. Less frequent lubricant changes and
increased lifetime of the braking system decrease the costs of maintenance (C40, 2013). Thus, slightly
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lower O&M costs could be justified for hybrid and electric buses in relation to conventional diesel
buses (Lajunen, 2014). However, as this is a new technology and Curitiba lacks in the know-how of its
operation and maintenance, the same costs were assumed for an electric vehicle as for a diesel vehicle.
In the case of micro buses, since there was no available data, it was considered that they would have
50% of the cost of maintenance of articulated buses within each technology.

5.4.2 Emissions
In order to assess the overall environmental benefit, total GHG emissions are calculated for each
scenario. Table 9 depicts the different fuels considered, their feedstock, energy density (MJ/L) values
and emission factors (in gr CO2eq/MJ). Emission factors are based on a Well-to-Wheel analysis, which
comprises the whole fuel pathway, from production to final use, covering all stages of the lifecycle.
WTW is commonly divided in Well-to-Tank, covering feedstock planting and collection, treatment and
conversion to a fuel until it arrives at the refuelling station, and Tank-to-Wheel considers emissions
released during combustion in an ICE, i.e. emissions produced during operation.
Table 9 - Feedstock, energy density and emission factors (gr CO2eq/MJ and gr CO2eq/L).

Fuel type

Diesel B7

Biodiesel

Bioethanol

Biogas

Electric

soybean

sugarcane

MSW

96.4%
renewable
sources

80

23.1-25.87

11

22

-

35.50

33.16 8

21.35

34.9 9

-

(Dreier, et
al., 2016),
(EPE, 2016)

(Pellegrino Cerri,
et al., 2017), (EPE,
2016)

(Velázquez,
et al., 2012),
(EPE, 2016)

(Uusitalo, et al.,
2014), (Xylia, et
al., 2016)

(COPEL,
2017)

Feedstock
Emissions (gr
CO2eq/MJ)
Energy
density
(MJ/L)
Source

Paraná’s energy utility COPEL operates 21 power plants, of which 19 are hydropower plants, one is
thermal electric and one is a wind farm. The total installed capacity is 4.76 GW. In 2013, the total
produced energy was 24.420 GWh and 99.7% of it originated from renewable sources (hydropower
and wind energy) (COPEL, 2017). In 2016, 96.39% of the electricity produced in the state of Paraná
originated from renewable sources, of which hydropower had a share of 94.4% (EPE, 2016). Due to a
very high share of renewables in the electricity mix, the emission factor of electric energy was
considered to be null.
Using the emission factor (EF) per energy unit, energy density and energy consumption values (see
figures in Table 9) it was possible to calculate the EF per km for the different bus topologies and sources
of energy (see Table 10).
𝐸𝐹6*-+ (𝑔 𝐶𝑂V 𝑘𝑚) = 𝐸𝐹 (𝑔 𝐶𝑂V 𝑀𝐽)×𝐸𝑛𝑒𝑟𝑔𝑦 𝑑𝑒𝑛𝑠𝑖𝑡𝑦 (𝑀𝐽 𝐿)×𝐶𝑜𝑛𝑠6*-+ (𝐿 𝑘𝑚)
7

The literature does not consider land use change and it assumes that biogenic CO2 emissions are carbon
neutral. The average value was considered in the model.
8
This value corresponds to an average energy density for all types of feedstock utilized in Brazil. Considering
that most biodiesel is produced from soybean it is valid to assume this density for B100 originated from this
feedstock.
3
9
In MJ/Nm .
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Table 10 - Emission factors of GHG in gr CO2eq/km.

Parameter

Value

Source

𝐸𝐹6*-+ - Emissions (kg CO2eq/km)
Biodiesel bus

Bioethanol bus

Biogas bus

Electric bus

Articulated
Standard
Micro
Articulated
Standard
Micro
Articulated
Standard
Micro
Articulated
Standard
Micro

0.701
0.462
0.231
0.323
0.211
0.106
0.727
0.475
0.238
0
0
0

(Pellegrino Cerri, et al., 2017)

(Velázquez, et al., 2012),

(Uusitalo, et al., 2014),

(COPEL, 2017)

5.5 Definition of BAU Scenario
Currently, the majority of the buses employed in the public bus transport of Curitiba are fuelled with
the diesel blend B7. Hence, in the Business-as-Usual scenario, it was considered that all buses
operating on the 26 selected buses run on diesel blend B7. In the following table, the parameters used
to calculate overall energy consumption, cost and emissions are listed. No infrastructure costs are
considered since it is already in place.
Table 11 - Summary of the BAU Scenario's parameters.

Parameter

Value

Source

Articulated
Standard
Micro

7.59
4.93
2.47

Adjusted from (Schepanski, 2017)

Articulated
Standard
Micro

800 000
585 000
320 000

Energy consumption (kWh/km)
Diesel bus

Vehicle costs (R$)
Diesel bus

Adjusted from (Schepanski, 2017)

Operation & Maintenance (O&M) costs (R$/km)
Driver cost
Salary costs, insurance, etc.
Maintenance
Diesel bus

Fuel costs (R$/kWh)
Emissions (gr CO2eq/MJ)

Articulated
Standard
Micro

3.753

0.60
0.39
0.30
2.374
80
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(URBS, 2016)

(Schepanski, 2017)
Author’s assumption
(URBS, 2016)
(Dreier, et al., 2016)

5.6 Optimisation
Feasibility
Prior to the assessment of the optimal configuration of the network, an important preliminary step is
to assess which bus routes are feasible for electrification. A bus line is considered feasible for
electrification if the number of vehicles that serve the line (𝑁#)*+,-#* ) can operate throughout the day
without interruptions. In other words, the fleet of vehicles allocated to a bus route need to cover the
total number of trips of one day without letting the SOC of the battery go below the minimum
allowed (𝑆𝑂𝐶 1,2 ×𝐶𝑎𝑝678 ), 𝐶𝑎𝑝678 corresponds to the battery’s capacity for a certain bus topology.
It is assumed that the batteries of all vehicles are fully charged at the beginning of the day
(𝑆𝑂𝐶 ,2,6,:# = 𝑆𝑂𝐶 1:; ×𝐶𝑎𝑝678 ) and that at the end of each trip 10 the SOC of the battery is toped up
with a fast charge. In real conditions, it is more likely that a buses’ battery is only charged for as long
as requires to be able to complete the next trip. While checking the feasibility, however, a fixed charge
of 300 kW for 5 minutes, with a charging efficiency of 90% (Rogge, et al., 2015), is considered. The
maximum and minimum allowed SOC correspond to 90 and 30%, respectively, of the total capacity of
the battery.
The energy consumed (𝐸# ) in one trip is calculated for the different technologies according to:
𝐸# = 𝐿# (𝑘𝑚)×𝐶𝑜𝑛𝑠6*-+ (𝑘𝑊ℎ 𝑘𝑚)
where 𝐿# represents the length of the bus route in kilometers and 𝐶𝑜𝑛𝑠6*-+ is the parameter which
defines the different consumptions according to the several types of fuel analysed.
This is computed in MATLAB, in which the state-of-charge of one bus is assessed throughout one day
of operation. Prior to the first trip of the day, the SOC of the battery corresponds to 𝑆𝑂𝐶 ,2,6,:# , which
after completing a trip n decreases to 𝑆𝑂𝐶 2 = 𝑆𝑂𝐶 ,2,6,:# − 𝐸# . If, at the end of the trip, the battery’s
energy content is lower than 𝑆𝑂𝐶 1,2 ×𝐶𝑎𝑝678 , the cycle stops and the program concludes that the
bus line is not feasible to be electrified. If the battery’s SOC is still in the acceptable range, then the
battery is charged. The SOC after the charge is 𝑆𝑂𝐶 2 = 𝑆𝑂𝐶 2 + 𝑃-+:bc,2c ×𝑡-+:bc,2c ×𝜂-+:bc,2c , but
it cannot exceed 𝑆𝑂𝐶 1:; ×𝐶𝑎𝑝678 .
This procedure is repeated in a cycle for the total number of individual trips, i.e. the number of trips
one bus alone must do per day. If the SOC of the battery does not go below the minimum allowed then
the bus routes is feasible for electrification. This was done for each bus line, each direction and for
each type of bus considered, as some bus routes are operated with articulated and standard buses.
The assumptions stated above correspond to the base scenario. A sensitivity analysis is performed to
assess how the number of feasible routes for electrification is impacted by the change of some of the
parameters mentioned above.
Optimisation
The energy and cost optimisation models, which assess the optimal system’s configuration in terms of
least energy consumption or least cost, were developed separately in MATLAB.
The objective function of each of the optimisations, energy and cost, are depicted in the following
equations:

10

From the first stop to the last of its itinerary.
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𝐿 is the number of routes and its corresponding set 𝐿 = 1, … , 26 . 𝑇𝐸𝐶𝐻 is the number of
technologies that can be implemented for the buses and its corresponding set is 𝑇𝐸𝐶𝐻 = 1, … , 4 .
The infrastructure cost is dependent on the number of electrified bus routes that start or end at the
same terminal, as the cost of the charger can be shared among all electrified lines. This means that
each bus route cannot be considered separately when performing the cost optimisation, but must be
evaluated in conjunction with all connected routes. These connections are shown in the mind map
below (see Figure 11), where the edges represent the bus routes and the nodes represent the bus
terminals.

Figure 11 - Representation of the selected bus routes and their initial and final bus stop in graph form. Source:
Author

The numbers inside the nodes correspond to the codes listen in Appendix 2.
A matrix was created for each group of connected bus routes to evaluate them together (there are 8
matrices in total). Each column represents a bus route, and each row represents a possible
combination of the technologies chosen for each route, where all possible technology combinations
are represented in each matrix. The entries into the matrices can be a 1, 2, 3, or 4, corresponding to
electric-conductive, biodiesel, bioethanol, or biogas technology, respectively.
A secondary group of matrices was created to count the number of bus routes that would share the
same terminal stop (node), hence share the cost of infrastructure, in each one of the possibilities.
These matrices have the same number of rows as the first set of matrices (equal to the number of
possible combinations of technologies) and each column relates to a node that is common to more
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than one bus route. For example, bus node 15 is a common initial/final stop of bus routes 705, 507,
508 and 256, and if route 705 and 508 are electrified in a certain possibility, then 2 will be recorded.
The total cost of each possibility is obtained by adding up the total costs associated with each route.
This is then checked against itself to determine the smallest value and its respective combination of
technologies. The total cost of the system’s configuration corresponds to the technology combination
of each matrix that has the lowest cost. Through this, a vector X is created in which each element
indicates the technology chosen in the optimisation. With this information, total energy and emissions
could be calculated.
The total emissions of the system are calculated in a similar way as the total energy consumption and
total costs, assuming different emission factors (𝐸𝐹6*-+ ) per fuel and bus type.

k

efgh

𝐺𝐻𝐺676:# =

(𝐸𝐹6*-+ ×𝐿# ×𝑇𝐴𝑇# )
#ij 6*-+ij
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6 Results and Discussion
In this chapter, all the results from the feasibility analysis and the energy and cost
optimisation are presented. Different scenarios are compared to each other and to an
indicative business-as-usual scenario, which considered that all 26 bus routes are operated
with diesel blend B7. Furthermore, the impact of several parameters on the number of
electrified routes and the total cost is analysed through a sensitivity analysis.

6.1 Feasibility
A bus line is considered feasible for electrification if both routes (outbound and inbound) and,
whenever applicable, both topologies of buses - standard and articulated – and its respective battery
capacities meet the energy demands during one day of operation.
In the base scenario, 12 bus lines are feasible for electrification with conductive technology. It can be
seen that lines with more than 17 km are not feasible for electrification, as the energy obtained during
one charge (22.5 kWh, considering a charging power of 300 kW) is approximately or less than what the
bus would consume in one trip. At some point, after completing a few trips, the SOC of the battery
would go under the minimum allowed as the energy of a charge is not enough to restore the battery
capacity after each trip.
Eight bus lines are not feasible for electrification regardless of the time or power during charging since
the energy consumed in one trip exceeds the usable battery capacity. These routes are mostly circular
belonging to the categories Direct and Inter-neighbourhood (022, 023, 507, 508, 020 and 021), whose
route extension is very large, and two more Inter-neighbourhood bus lines (030 and 040). Only by
decreasing the energy consumption of electric buses or increasing the battery capacity of the vehicle,
it is possible to electrify these routes.
A sensitivity analysis was performed on the following parameters: charging time, charging power and
energy consumption. In order to compare the impact that these parameters have on the number of
feasible bus routes for electrification, the same change rate was applied to all parameters. These
changes range from 50% to 150%, in intervals of 10%, of its original value. The results are shown in
Figure 12.
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Figure 12 - Impact of different parameter change on the number of bus lines feasible for
electrification with conductive charging.

Since charging time and charging power have an equal influence on the total energy charged (see
equation below) the impact on the number of feasible routes for electrification is the same. Hence,
the charging time and charging power lines would appear overlapped (only charging power is
represented in the graph).
𝐸-+:bc* = 𝑃-+:bc,2c (𝑘𝑊)×𝑡-+:bc,2c (ℎ)×h-+:bc,2c
It can be seen that decreasing the charging power (or time allowed for charging), highly impacts the
number of feasible lines for electrification. Hence, in this case, it is not advisable to install chargers
with lower power capacity.
The two vertical lines in orange represent the expected range in energy consumption [80%,120%] of
the base value. This parameter is very uncertain, as it depends on conditions of the route and even
time of the day the bus is operated, for example, higher traffic intensities in the mornings and evenings,
as well as increased occupancy rates, impact the energy consumption. However, in the base scenario,
it is safe to assume that 10 to 13 bus routes are feasible for electrification.
To conclude, two other scenarios are defined to exemplify a favourable and an unfavourable scenario
for electrification.
In the favourable scenario, the allowed time for charging and the charging power are increased to 7
minutes and 450 kW, respectively. Energy consumption is decreased by 20%. In this scenario, the
number of bus routes feasible for electrification increases to 20 bus lines.
In the unfavourable scenario, the allowed time for charging and the power capacity of the charger are
set to 3 minutes and 210 kW, respectively. Energy consumption is increased by 10%. With these
conditions, only 2 bus routes are feasible for electrification. Despite the very harsh conditions, the two
circular lines operated by micro vehicles consume considerably less energy per km as the vehicles are
a lot smaller. An opportunity to decrease the costs associated with the charging infrastructure is
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presented, as a lower charging capacity, for example, 210 kW - 70% of the original value -, is enough
to cover the energy needs of these routes.

6.2 Energy optimisation
The results of the energy optimisation suggest that 12 conductive charging stations could electrify 12
bus routes, considering the parameters defined in the base scenario (see sub-chapter 5.6). For the
remaining 14 bus routes, biodiesel is the proposed as the alternative biofuel.
The routes that were proven not to be feasible for electrification (see Sub-chapter 6.1) were
constrained in the model to the three biofuel alternatives, i.e. in those lines, the lowest energy
consumption value was searched only for the three biofuels. Since electric traction is by far the most
energy efficient technology, all lines feasible for electrification were assigned to this technology.
Bioethanol and biogas are not selected in the model because their efficiency is lower than of biodiesel
- a standard bus consumes on average 4.98 kWh/km of biodiesel, 5.34 kWh/km of ethanol and 6.00
kWh/km of biogas.
The total energy consumption is 111 GWh/year, 12% lower than in the indicative business-as-usual
scenario. Since more than half of the bus lines operate on biodiesel, which consumes slightly more
energy than diesel, the energy consumption reduction is not as great. However, if more lines which
would actually be feasible for electrification (e.g. shorter bus routes) were considered in the study, this
reduction could be much greater.
The total annual cost is 164.3 M R$/year, divided in vehicle, fuel and O&M expenses (163.8 M R$/year)
and charging infrastructure for electric buses (0.5 M R$). Only 0.33% of the total costs would result
from the additional infrastructure needed and, as more routes would be electrified, more cost
synergies could be obtained, further diluting the infrastructure cost. High upfront costs are often
pointed out as the main barrier to the penetration of electric buses in public transportation (C40,
2013). Yet, it is important to take into consideration that when the first combustion engine cars and
buses appeared, infrastructure for diesel and gasoline distribution networks was inexistent as well and
a considerable amount of money had to be invested in it. This could be used as a justification to
continue using ICE vehicles as the infrastructure is already in place and its cost covered. However,
fossil-depletion, increasing costs of petrol, pollution and low energy efficiency are counter arguments
that support the investment in electric mobility and its required infrastructure. It is pointless to
continue investing in an outdated technology supporting its expansion in a context of diminishing oil
reserves and climate change.
Nevertheless, it is important to point out that the total cost increases 9% when compared to the BAU
scenario. The reason for this increase in cost is related to unavoidable higher vehicle costs and also to
the fact that biodiesel and electricity are not as cost efficient when compared to fossil diesel. For
example, biodiesel has a cost of 1.61 R$/km while diesel only 1.19 R$/km. This is expected as its cost
per litre is higher and efficiency lower. Furthermore, the cost of electricity considered in the study is
very high and the higher efficiency of electric traction is not enough to compensate this. According to
these values, the cost of diesel and electricity per unit of length is the same – 1.19 R$/km. However,
there is some potential to decrease the cost of electricity, either by finding a better deal with another
electricity provider than Paraná’s state-owned COPEL or by demanding tax exemptions. This aspect is
further discussed in the cost optimisation chapter.
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Finally, GHG emissions can be cut by more than 70% compared to the business-as-usual scenario,
totalling a reduction of around 27 000 tons of CO2 per year. This reduction is extremely positive due to
the fact that the emission factor considered for electricity is zero and for biodiesel is much lower than
for diesel.

Figure 13 - Selection of bus technologies and electric bus
charging station location - results from the energy
optimisation showing all 26 bus lines (left) and a zoom of the
city centre, where the majority of chargers are located (right).

In Figure 13, a visual representation of the results is shown. Still, most bus routes are selected to
operate on biodiesel, represented in green. This may indicate that the majority of the bus lines selected
in this study are too long and the considered capacity of the battery packs is not enough to cover the
energy requirements. The lines in red use electric-conductive technology. As it can be observed, most
chargers are installed in the city centre, where the main transport hubs are located and most cost
synergies can be obtained reducing the total infrastructure cost.
The total energy consumption, total cost and total GHG emissions are depicted once more in Table 13
together with the results of the cost optimisation and the Business-as-Usual scenario.
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6.3 Cost optimisation
6.3.1 Base scenario
The results of the cost optimisation suggest that all
26 bus routes operate on biodiesel, so no lines are
electrified.
As expected the total cost (162 M R$/year) is lower
than in the energy optimisation, as the objective
function is cost. However, an increase of 7.6% can
still be observed when comparing to the cost of the
BAU Scenario, as the cost of biodiesel and the
maintenance of its vehicles is higher than for diesel.
Also, as predicted, the energy and greenhouse gas
emission savings are not as positive as in the energy
optimisation,
especially
because
electricconductive technology is not considered for any
line. Actually, energy consumption slightly
increases (0.17% compared to the indicative
scenario), since energy consumption of biodiesel is
Figure 14 - Results from the cost optimisation showing all 26
a little higher than diesel consumption, 4.98 bus lines operated by biodiesel.
kWh/km over 4.93 kWh/km, respectively, for a
standard bus. In total, the 26 bus routes consume 126 GWh per year. The CO2 equivalent emissions
are 68% lower than in the BAU, which translates to 24 600 ton of CO2 avoided every year.
It can be concluded that, with the current conditions, electric buses are not cost-competitive with
internal combustion engines. Several reasons for this can be pointed out, for example, a very high cost
of electricity, especially when compared to other fuels – 0.691 R$/kWh of electricity in comparison for
0.324 R$/kWh of biodiesel. Even though electric traction is more efficient, the fuel cost per km for a
standard bus is only 26% lower for a biodiesel bus and it has equal fuel costs as the diesel buses. The
costs in R$/km can be seen in the table below:
Table 12 - Cost in R$/km of different fuels and electricity.

Costs ($ Reais/km)

Diesel

Biodiesel

Bioethanol

Biogas

Electricity

Articulated

1.83

2.44

3.63

2.30

1.82

Standard

1.19

1.61

2.37

1.50

1.19

Micro

0.59

0.81

1.19

0.75

0.61

In reality, biogas has the lowest cost per km of the three biofuels, but since it’s vehicle and O&M costs
are much higher, this technology is not chosen. As for bioethanol, all costs are higher. Especially the
high fuel cost makes it an unattractive option as the slightly lower cost per litre does not compensate
the fact that the efficiency is much lower. Other reasons for the model never selecting electric traction
are higher vehicle purchase costs, extra costs of energy storage systems and charging infrastructure.
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As the overall cost of electric traction is higher than the cost of biodiesel for all buses, it is not
interesting to analyse different scenarios, with more or fewer feasible lines for electrification, as in all
cases biodiesel would be the only chosen fuel.
On the contrary, understanding which cost parameters most influence the number of electrified lines
can give some valuable insight on which costs need to be reduced in order for electrification to become
cost-effective. Hence, a sensitivity analysis was performed on the cost of electricity, cost of electric
buses, cost of biodiesel and the cost of maintenance of electric buses. The cost parameter’s influence
was only analysed for expected and reasonable values.
The cost of electric vehicles and its respective maintenance cost were decreased by 10 and 20% and
did not have an influence, individually, on the number of electrified routes. It was decided to not
decrease further these costs as a 20% reduction already is very optimistic. With a 20% higher cost of
biodiesel, 2 bus routes are electrified, however, most interesting is to decrease the cost of electricity.
The results show 3, 6 and 9 electrified bus routes could be obtained when the electricity price
decreased to 0.484 R$/kWh (-30%), 0.415 R$/kWh (-40%) and 0.346 R$/kWh (-50%), respectively.
Electricity prices are quite expensive in the state of Paraná, a big share of it due to taxes. As stated in
COPEL’s web page, the National Electrical Energy Agency (ANEEL) defines a cost of 0.441 R$/kWh
without taxes, which with taxes increases to 0.691 R$/kWh. This surcharge is divided into three taxes:
29% corresponding to the ICMS (Tax on Operations Related to the Circulation of Goods and on
Provision of Haulage Services) and 9.25% to PIS/PASEP (contribution to the Program of Social
Integration in the Public Sector) and COFINS (a Contribution to Social Services) (COPEL, 2017).
In Curitiba, ICMS is exempted from all diesel consumed by public buses. The same could happen for
other fuels such as biodiesel and electricity, assuring 30% lower fuel costs. Furthermore, a total
exemption of taxes, i.e. exemption of ICMS, PIS/PASEP and COFINS in the case of electricity, would
improve the attractiveness of cleaner technologies and a tool of the government to support the
decarbonisation of public transport. Hence, if Curitiba’s municipality and its public transport entity
intend to implement electric buses in their public bus transportation system, then the price of
electricity needs to be negotiated. As a start, taxes could be reduced or even be eliminated to support
the introduction of cleaner technologies in the Public Transport Network.
As a low electricity price is essential to safeguard the cost attractiveness of electrification in transport,
it is interesting to present a scenario, in which the cost of electricity is decreased. In the next subchapter, a new scenario is presented in which the cost of electricity is equal to 0.415 R$/kWh, in line
with ANEEL’s norms, to showcase the benefits of switching to a low carbon system.
Table 13 - Model's results for the cost (base) and energy optimisation compared to an indicative fossil diesel B7 BAU
Scenario.

Diesel B7
(BAU)

General

Cost optimisation
(base scenario)

Energy optimisation

Total costs (million R$/year)

150.445

161.91

164.30

Total energy use (GWh/year)

126.169

126.39 (+0.17%)

110.80 (-12.17%)

Total emissions (kton CO2eq/year)

36.338

11.74 (-67.69%)

9.53 (-73.77%)

0

0

0.54

Cost breakdown
Infrastructure (million R$/year)
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Vehicle (million R$/year)

32.349

O&M (million R$/year)

87.719

Fuel (million R$/year)

30.377

161.91 (+7.62%)

163.76 (+8.85%)

0

0

12

Diesel B7

26

0

0

Biodiesel

0

26

14

0

0

Charging station
Conductive
Bus route technology

Bioethanol
Biogas

0

0

0

Electric (conductive technology)

0

0

12

6.3.2 Reduced electricity price scenario
In this scenario, all parameters but the electricity price (decreased to 0.415 R$/kWh), are kept the
same as in the base scenario. As seen in the sensitivity analysis, it is expected that 6 bus routes are
electrified in these conditions.
In fact, the results from the cost optimization suggest that 5 charging stations electrify 6 routes. The
remaining 20 routes run on biodiesel, meaning that only a third of the routes are selected for
electrification. This is partially due to higher vehicle costs and additional infrastructure for electric
technology. However, it is important to remember that almost half of the bus routes (12) are
constrained to work on one of the biofuels, as they have been proven not to be feasible for
electrification. This motivated the definition of a third and last scenario in which the charging power
and charging time is increased to 450 kW and 7 minutes, respectively and energy consumption
decreased by 20%.
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In Figure 15, a representation of the results in a geospatial way is shown. It can be seen in the map
that most the of the bus routes selected for electrification share the same terminal stops, suggesting
that cost sharing in infrastructure is crucial for the selection of more routes using electricity by the
optimisation model. If some of these routes did not share the cost of the charger, installed at the
common initial/final stop, then
electrification would not have the
lowest cost.
The total cost is 162 M R$ per
year, 7.3% higher than in the BAU.
The infrastructure accounts for
0.2 MR$ annually or only 0.1% of
the total cost. Even though the
electricity cost is decreased which
is reflected in the total fuel costs,
biodiesel is still the prevalent
technology, whose costs are
higher than its diesel counterpart,
hence a cost reduction compared
to the BAU is not possible.
Energy consumption slightly
decreases in relation to the BAU (5.3%), thanks to the 6 electrified
routes, totalling 112 GWh per
year. In terms of emissions, 25
600 tons of CO2 are avoided each
year, a reduction of around 70%.
Figure 15 - Selection of bus technologies and electric bus charging station location Nevertheless, 10.76 kton of CO2
- results from the cost optimisation in a scenario where the electricity cost is
are emitted into the air every
reduced by 40%.
year.

6.3.3 Favourable scenario
Lastly, a favourable scenario is presented in which charging power and time are increased, and energy
consumption decreased to 80% of its original value: 2.10, 1.37 and 0.71 kWh/km for articulated,
standard and micro buses, respectively. These values are very similar to the ones obtained before
adding the consumption by auxiliary devices (see 4th of Table 4). Charging capacity is increased to 450
kW, a reasonable value since conductive chargers with a charging power up to 600 kW can be found
in the market. Charging time is increased to 7 minutes. This scenario reflects what could happen in the
future, when electrification is a common practice and public transport management has changed and
been adapted to it, for example by including charging in the timetable. It reflects an optimistic
approach to electrification.
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Figure 16 - Selection of bus technologies and
electric bus charging station location - results
from the cost optimisation in a third scenario,
showing all 26 bus lines (left) and a zoom of the
city centre, where the majority of chargers are
located (right).

The 6 bus routes unfeasible for electrification obtained in Sub-chapter in 6.1 are constrained in the
model to one of the alternative biofuels. The aim was to see how many bus lines would be electrified
in a scenario where most lines are feasible for electrification, from 12 buses (in the base scenario) lines
to 20.
In this scenario, 16 bus lines are electrified using 17 conductive chargers. The total cost of this system’s
configuration is 160 MR$ per year, of which 0.8 correspond to infrastructure. It is around 5.7% costlier
than the BAU scenario. The total energy consumption is 88 GWh in a year which is a reduction of 27.4%
from the BAU scenario. Once more, it is proven that the best way to achieve high energy consumption
reductions is by implementing electric technologies as these are much more efficient. 29 500 tons of
CO2 equivalent are avoided every year; however, 6 800 tons are still emitted. This corresponds to a
reduction of 81 % compared to the business-as-usual scenario.

6.3.4 Sensitivity analysis
A sensitivity analysis is performed for the cost of electricity, the cost of biodiesel, the cost of electric
vehicles, the cost of infrastructure and finally the maintenance costs of electric buses. The same
change rate is applied; from 70% to 130%, in intervals of 10%, of the original values. This is done
considering the conditions of the reduced electricity scenario, so the cost of electricity considered here
is 0.415 R$/kWh, as the idea is to assess how these parameters impacted the number of electrified
routes (Figure 17) and total annual costs (Figure 18). If the original price of electricity would have been
used then the number of electrified routes would be zero in most cases.
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Figure 17 - Impact of parameter change on the number of electrified routes.

The parameters which most influence the number of electrified routes are the cost of biodiesel, the
cost of electric vehicles and the cost of electricity. On the other hand, cost of infrastructure and
maintenance of electric vehicles have the least impact on how many lines are electrified. This is
expected as what mostly differentiates both selected technologies are the fuel and vehicles costs.
Infrastructure is only a fraction of the total cost, so it hardly influences if more or fewer lines are
selected for charging.
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Figure 18 - Impact of parameter change on total annual cost.

In terms of total annual costs, the price of biodiesel has the highest impact, as most bus lines use this
fuel, more precisely 20 bus routes. When the cost of biodiesel decreases by 20% or more, no bus routes
are electrified as the cost of electricity becomes too unattractive in comparison to biodiesel, hence the
large impact on the total cost. As this cost increases, a maximum of 10 bus routes are electrified, still
less than half of the considered lines and therefore, also the increase in biodiesel price highly impacts
the cost of the system. Operation and maintenance costs are the costliest component in public
transportation systems, as it is a labour-intensive service. However, this parameter was not explored
in the sensitivity analysis as only the maintenance cost of electric vehicles was changed (yellow line).
-61-

7 Policy and planning recommendations
In this chapter policy and planning recommendations are presented which could assist a
faster penetration of clean technologies in the public bus system of Curitiba. Interviews were
conducted which led to good insight into the current situation and limitations of the system.
High costs and lack of political will are pointed out by all stakeholders, as the main factors
hindering a faster transition to electrification and the use of other “green” fuels. This
chapter is divided into three areas: sustainability of fuels, logistics regarding charging
stations and policy instruments and instruments.

7.1 Sustainability of biofuels
Brazil has all the conditions when it comes to resources to achieve fossil-free transport. On the one
hand, its electricity mix is very clean – in 2016 approximately 75.5% of the supplied electricity
originated from renewable sources, mainly hydropower (EPE, 2016), making it worth it to invest in
electrification. On the other, the country presents a series of advantages such as good soil, suitable
climate, available land and low labour costs, perfect for biofuel production. Currently, Brazil maintains
its position as biggest ethanol producer in Latin America, and one of the biggest ones in the world, and
its biodiesel market has been growing in the past years (Janseen & Rutz, 2011).
It’s long and successful experience with biofuels was largely led by the federal government, the driving
force behind the National Alcohol Programme (Proálcool in Portuguese). Motivated by economic
reasons, the National Alcohol Programme aimed to demonstrate the technical and economic feasibility
of bioethanol. Nowadays, consumers buy cars with flex-fuel engine technology and choose to fuel their
tanks with ethanol whenever its price is at least 75% lower than the price of petrol. Even though the
cost per km of the ethanol may be higher, enhanced performance of the motor also encourages the
use of the alternative fuel (Zapata & Nieuwenhuis, 2009).
The success of the National Alcohol Programme was due to a combination of very specific internal
factors, such as large sugarcane plantations, know-how and experience with ethanol production,
improved productivity due to technological advances, cheap land in highly productive areas and direct
market intervention, for example by price fixing and monopolisation of Brazil’s state-owned oil and
gas company Petrobras (Petróleo do Brasil S.A. in Portuguese), as well as abundant cheap supply of
labour (Zapata & Nieuwenhuis, 2009).
Bioethanol from sugarcane has one the greatest potential of greenhouse gas savings (up to 90% of
savings from a WTW perspective compared to diesel. Other benefits are lower levels of toxicity, better
combustion and lower exhaust emissions, no sulphur emissions, lower emissions of photochemical
smog precursors, biodegradability and higher-octane rating.
The savings obtained from the use of biodiesel are much lower, 50% for palm oil-based biodiesel and
30% when soybean11 is used as feedstock (Zapata & Nieuwenhuis, 2009). Nevertheless, the Brazilian
government launched a second national programme to support the production of biodiesel (PNDB:
Programa Nacional de Produção e Uso do Biodiesel in Portuguese), aiming at job creation in some rural
and poorer areas of the country. Some incentives used were the introduction of biodiesel in the diesel
matrix, subsidies for producers of feedstock and the creation of a Social Fuel Seal, certifying fair trade
11

It is difficult to find consensual emission factors, as different authors include different aspects in the well-towheel analysis and use distinct assumptions. The value used in this model is much more optimistic than this
30%, but it was based on the most complete study available for the area and feedstock in question.
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principles. Since most buses and trucks use diesel as fuel, this programme is important to support the
uptake of biodiesel in buses (Zapata & Nieuwenhuis, 2009).
Biofuels present several benefits. They are renewable fuels and have the potential to reduce GHG
emissions, as the burning of biomass derived fuels does not lead to a net increase in CO2 emissions,
considering that the release of CO2 happens at the same rate as the absorption by newly planted
feedstock. The establishment of the biofuel sector offers opportunities for economic growth,
decreases the dependence on oil imports and employs thousands of people.
Nevertheless, there are also negative impacts that should not be disregarded, and which are important
to take into consideration to enhance the overall long-term benefits of biofuels (Janseen & Rutz, 2011).
Biofuels highly impact land use, potentially causing food-fuel conflicts and may lead to increased food
price, often degrading important ecosystems, such as the Amazon Forest or the Cerrado.
According to Janseen & Rutz (2011), ethanol production from sugarcane has a lower probability of
causing deforestation, because the suitable climate for its growth is found in the state of São Paulo,
the core area for sugarcane plantations, rather than the Amazon forest. However, the expansion of
sugar plantations displaces soybean and corn crops, as well as livestock, to the Cerrado or the Amazon,
causing indirect land use change. Using set-aside land or pastures for the expansion of sugarcane needs
to further be promoted.
Biodiesel derived from soybean can have a much more direct impact on deforestation of the Amazon,
though the whole soy production industry needs to be blamed since a large part of soybean is
cultivated for fodder production. If land use change is accounted in the lifecycle analysis of CO2
emissions, the intended reductions of biofuels may be compromised. Therefore, if the motivation for
biofuel use is to protect the environment then it is crucial to look at the source of the fuel.
On the other hand, municipal solid waste is a great source for biofuel production, namely biogas, as it
is largely available in big cities like Curitiba and it does not need to be planted. On the contrary,
transforming organic waste into a biofuel and its use as transportation fuel, for example, not only helps
in the mitigation of air pollution as well as solves the problem of overloaded landfills. One obstacle
often pointed out is that the separation of organic and non-organic is time consuming and expensive,
however, Curitiba’s population has been separating its organic and non-organic trash for a long time.
An initiative promoted by the Municipality, under the banner Garbage that isn’t Garbage (Lixo que não
é lixo in Portuguese), incentivises Curitiba’s population to separate recyclables from organic waste.
This could present an opportunity to explore a rather new technology in Brazil.
Other consequences of 1st generation biofuels, i.e. directly produced from energy crops, are the
possible displacement of indigenous communities and loss of biodiversity due to habitat destruction
as well the use of monocultures. Other problems associated with the sugarcane industry are poor
labour conditions for sugarcane harvesters, low wage levels, stimulation of seasonality labour and
internal migration. Practices of sugarcane burning to facilitate harvest and excessive use of fertilizes
also compromise its environmental benefit.
There are several initiatives to promote sustainable growth of energy crops, which would benefit
Brazil, Latin America and other continents like Europe. If Brazil adopts more sustainable biofuel
production practices, public acceptance will grow, and the country could increase its exportation
levels, for example to Europe (Janseen & Rutz, 2011). The European Renewable Energy Directive
contains sustainability criteria on imported biofuels from Latin America, demanding for example that
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biofuel’s raw material shall not be obtained from land with recognized high biodiversity value
(Turcksin, et al., 2011).
In conclusion, biofuels can and should be seen as a cleaner alternative, but only if the economic, social
and environmental sustainability is guaranteed. It is crucial to analyse the impacts of biofuel
production in an in-depth lifecycle analysis. Initiatives promoting sustainable growth currently operate
on a voluntary level, yet, these are important schemes for the improvement of the biofuel industry in
Latin America (Janseen & Rutz, 2011).

7.2 Logistics
Utilising fast charging equipment for electric bus operation is a relatively new concept and there is
little experience for its implementation in Curitiba and other Brazilian cities. Conductive charging is the
only considered technology, as it has lower costs and higher efficiency than inductive charging.
Because the cost is pointed out as the most important factor for decision making, and terminal stations
have the space to accommodate the charging infrastructure, both the public transport entity (URBS)
and the planning institute (IPPUC), as well as the bus manufacturer Volvo, agree that this technology
would be prioritised over inductive charging (Malucelli, 2017), (Prestes, 2017), (Schepanski, 2017).
In this study, it is assumed that chargers are located at initial/final stops. Bus routes whose trip
starts/ends in an integration terminal were prioritised during the bus line selection. These terminals
concentrate bus service thus maximising the use of the charging stations. On the other hand, ancillary
costs, such as upgrades to distribution-level transformers, could be minimised as more chargers are
installed in the same terminal. This decision is supported by URBS and IPPUC as the terminal station is
an infrastructure of the city’s public transport network that offers a safe and protected location for a
charger. It is less exposed to vandalism or stealing of electrical equipment. At the same time, it is visible
for a larger number of people, which increases awareness of the new technology and the benefits it
brings to society (Malucelli, 2017). Space, in the case of a charger being located outside an integration
terminal, and impact on the electrical grid are two aspects to overcome, mentioned by (Prestes, 2017)
when implementing a new charging station.
An in depth-study on the impact on the electrical grid and the secureness of supply of electricity to the
neighbourhood where the charging station is implemented is essential. One way to overcome these
problems is by using stationary storage on site. This would reduce eventual peaks on the grid, as buses
would recharge using the energy available in the storage system which did not have to be taken from
the grid at such high-power levels. Using stationary storage also presents an opportunity to reduce
costs as contracted power is lower and the batteries of the stationary storage units can be recharged
during the night when the price of electricity is lower.
Interesting solutions are available on the market, such as Daimler’s project “E-mobility thought to the
end”, in which old EV batteries, that are no longer operating in cars or buses are used in stationary
energy storage for 10 or more years. This reduces costs and improves the environmental performance
of electric vehicles, thereby helping e-mobility having a positive economic impact. Recycling lithiumion batteries from electric cars will practically double their commercial service life as well as decrease
the environmental impact on its life cycle (Daimler AG, 2015).
Terminal Bairro Alto was analysed a bit more in detail, as this terminal has the highest number of bus
routes utilising the same charging infrastructure, as proposed by the model. According to the results
of the favourable scenario, bus lines 307, 3731, 372, 373, 374 and 375 share a charging station in this
location.
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A field visit to this terminal gave some insight on which problems can arise when implementing a
charging station in a terminal. First, each bus line has an assigned location where passengers disembark
and embark: bus routes 371, 373 and 375 were located on one side of the terminal while 374 and 372
on the other; the line 307 Bairro Alto/Sta. Felicidade is a direct line, so all its stops are tube stations,
therefore in Terminal Bairro Alto, this line stops at the tube station located at the entrance of it, as
seen in Figure 19 (left) in the background.
In order to propose a common charger for several bus routes, the organisation of the terminal has to
be changed. Furthermore, it is essential that the bus is charged as soon as it arrives at the terminal,
therefore disembarking and embarking should happen during charging, so no time is wasted. Space
for queueing should be available in the case a charger is occupied, so once it becomes available the
next bus can quickly start charging.
In order to propose one single charger for 6 routes without impacting the schedule of the bus, each
bus line should technically arrive every 30 minutes or more (6x5 minutes), which does not correspond
to the reality. In Appendix 5, a timetable is presented according to the schedule available at URBS’
website (URBS, 2016). This schedule indicates when a certain bus departs the terminal, but not when
it is expected to arrive. Previous to departure, 5 minutes of charging are added which is represented
by the coloured bars.
If all routes would be electrified, it can be concluded that at least two chargers were needed. Even so,
during certain periods of the day, for example from 06:45 to 06:50, two chargers would not be enough
and some buses would have to wait for others to finish charging, causing a delay in the timetable.
Lastly, in this analysis, it is considered that the buses are stopped at the terminal for 5 minutes, but
this is seldom true. According to the experience of two bus drivers, interviewed at Terminal Bairro Alto,
most of the times high traffic congestion in the city does not allow for long dwell times. Often,
especially during mornings and afternoons when people commute from home to work or vice versa,
buses leave the terminal as soon as all previous passengers have vacated and new passengers have
gotten on. The same issue is pointed out by a collaborator of the operator Viação Cidade Sorriso Ltda,
as extra dwell time is not accounted for in the operation schedule of the buses. Usually, the bus arrives
just on time to start a new trip. In his opinion, depot charging would be preferential as it does not
interfere with the operation times of the buses. Otherwise, significant changes in the scheduling
combined with an increase of the fleet assigned to each electrified route are necessary. According to
Gelson (2017), subsidies are indispensable to support electrification, as the users should not be the
ones to support this extra cost, as it is right now.
Alternatively, during rush hours, a bus could skip one charge whenever the queueing time would
surpass a certain acceptable threshold. For example, the highest energy consumption for the lines
mentioned above is 18.126 kWh to complete one trip. As the energy supplied during one charge is
higher (22.5 kWh = 300kW*(5/60) h*0.9), the battery’s SOC can be restored to its maximum capacity
at the end of each trip. Hence, a bus can omit one charge cycle, as the battery can handle two trips in
a row (76kWh*0.6 = 45.6kWh - 2*18.126kWh = 9.36kWh). A more detailed study on the energy
consumption is necessary to guarantee the viability of this, as the risk of the SOC going bellow the
advisable is high.
Another possible solution would be to apply ultra-fast charges, of a few seconds, at different bus stops
along the route. This is already a reality in certain cities, such as Geneva in Switzerland, where
conductive flash-charging stations, a technology developed by ABB, provide a short (15-20 seconds)
but very high power boost of 600 kW. In this way, most bus stops are feasible charging stations, where
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embarking and disembarking allows for enough time to charge the on-board ESS. At terminal stops
prolonged charges at 400 kW, during 4 to 5 minutes, top-up the battery’s SOC (ABB, 2017).
Lastly, it can be argued that the bus does not need to be recharged for a whole 5 minutes. In 5 minutes,
the battery’s SOC is increased by 22.5 kWh, but most trips consume less, so buses could be charged
only for as long needed to be able to complete the next trip.
Time constraints are one of the biggest challenges to overcome. On one hand, it is important that a
charging station’s utilisation rate is maximised, minimising standby. On the other, planning of charging
times for different lines can be problematic. Several approaches can be adopted to decide which bus
has the right to be charged first. First-in/first-out is the natural answer, as a bus enters in the charging
queue in the same order as it arrives at the station, however it may be more advantageous to prioritise
the bus with the lowest or the highest state-of-charge, for example.
De Filippo et. al (2014) developed an energy model and a simulation model, which determines energy
usage and charging patterns by electric buses in a Campus Area Bus Service (Ohio State University).
The authors conclude that rather than a first-in/first-out policy for charging, a highest attribute value,
a policy which prioritises the bus with the highest state-of-charge, achieves the shortest queueing
timing. Nevertheless, an electric bus fleet always adds on queueing and charging time to each trip,
decreasing service and increasing passenger wait times. This additional delay needs to be taken into
consideration in a complete feasibility study (De Filippo, et al., 2014).

Figure 19 - Terminal Bairro Alto (left) and bus stops at Praça Santos Andrade (right). Source: Author.

The installation of a charger in a terminal stop or even a regular stop as Praça Santos Andrade can be
easily achieved, as exemplified by a small sketch in Figure 19 (right).
Other initial/final stops are tube stations (as seen in Figure 20), a type of station designed for a fast
embarking and disembarking, which allows integration between different bus lines.
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Figure 20 - Tube station Guadalupe – front view (left) and back view (right). Source: Author

Installing a charger in a tube station can be less optimal given its specific design, so important for the
city of Curitiba. Also, the bus routes that start/finish at Guadalupe, for example, stop in different tube
stations so a common charger would not be feasible. A possibility would be to have the charging station
not located in the tube station or, similarly to other tube stations of the city, have one common long
tube for all lines stopping at a certain location.

7.3 Policy barriers and instruments
Curitiba’s Public Transportation is not subsidised by the government and given the current political
and economic panorama, in which all public sectors are facing difficulties, Curitiba’s Public Transport
system is struggling with the abandonment of users. Until 2014, the average daily passenger ridership
was around 2.2 million passengers but in 2015 this number dropped to 1.62 million passengers. In
2016, the number fell once again to the current value of 1.51 million users (URBS, 2016). Several factors
are influencing this trend and there is not one single cause. Nevertheless, two aspects can be pointed
out: the high price of the tariff, currently at 4.25 R$, and the deteriorated quality of the vehicles, as
quite a lot of buses operating on the streets of Curitiba, are reaching their end of life. More and more,
users switch to cheaper and more convenient transport modes. Therefore, URBS’s main priority is to
decrease or at least maintain the price of the fare, as it is already too expensive for a large part of the
population, while, at the same time, answer to the ever-increasing demand for mobility (Karas, 2017).
As a result, projects that aim to improve the environmental sustainability of transport are being left
aside.
In general, public transport is characterised by high operational costs, as it is labour intensive, and low
fares do not succeed in covering them. It is of utmost importance to improve Public Transport’s
efficiency, by controlling operating costs either through designing the supply in a more efficient way
and/or through increasing its attractiveness. Even with the support from the government, this deficit
is often not sustainable in financial terms and compromises the voluntarist policies for sustainable
urban mobility (Faivre d'Arcier, 2014).
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When it comes to the purchase of environmentally friendly buses, or any other buses, URBS is the
responsible entity for defining when and which bus routes should use these new vehicles, which then
reflects on which operators should acquire them (Travain, 2017). The expenses of new vehicles are
covered by the technical tariff, calculate by URBS (equations below) based on the remunerations from
bus tickets.
𝑇𝑒𝑐ℎ𝑛𝑖𝑐𝑎𝑙 𝑡𝑎𝑟𝑖𝑓𝑓 =
𝐼𝑃𝐾 =

𝑇𝑜𝑡𝑎𝑙 𝑐𝑜𝑠𝑡/𝑘𝑚
𝐼𝑃𝐾

𝐸𝑞𝑢𝑖𝑣𝑎𝑙𝑒𝑛𝑡 𝑝𝑎𝑦𝑖𝑛𝑔 𝑝𝑎𝑠𝑠𝑒𝑛𝑔𝑒𝑟𝑠
𝐴𝑣𝑒𝑟𝑎𝑔𝑒 𝑚𝑜𝑛𝑡ℎ𝑙𝑦 𝑚𝑖𝑙𝑒𝑎𝑔𝑒

Operators claim that the technical tariff has not been enough to cover operation and maintenance
expenses as well as the acquisition of new vehicles, as the number of paying passengers has been
overestimated by URBS at times (Gelson, 2017). Therefore, imbalances between revenues and
expenditures have caused a stagnation of the fleet renewal since 2012, as operators went to court
stating that they did not have the financial means to purchase new vehicles. This has further increased
the maintenance costs and deteriorated the quality of public transport, resulting in a decline of users
(Gelson, 2017).
As a result, the price of the ticket increased to the currently 4.25 R$, as both sides wish to solve this
judicial fight. Unfortunately, URBS does not believe that, once this disagreement is solved, more
hybrids will be purchased since it is too expensive. The tariff cannot continue to rise or the low-income
population will struggle to commute.
Additionally, as the majority of vehicles operating in the network were purchased before 2012, the
emission levels from public buses in the Brazilian city are much higher than if a regular renewal of the
fleet was happening. In Table 14, the different emissions levels admitted are presented for two norms
CONAMA P5 and CONAMA P7. The current norms for engine emissions are under the CONAMA P7,
which corresponds to the Euro 5 norm, however, most buses operating in Curitiba still fall under
CONAMA P5, as there has not been a fleet renewal. Proconve (Programa de Controle de Poluição do
Ar por Veículos Automotores in Portuguese), the programme that controls air quality in urban areas,
stipulates these values adapting international norms to the Brazilian reality.
Table 14 - Maximum emission levels admitted by CONAMA P5 and CONAMA P7. Source: (URBS, 2016)

Pollutant
CO (g/kWh)
HC (g/kWh)
NOx (g/kWh)
PM (g/kWh)
Opacity (m-1)

CONAMA P5
Jan 2004 - Dec 2011
(EURO 3)
2,10
0,66
5,00
0,13
1,14

CONAMA P7
Jan 2012 –
(EURO 5)
1,50
0,46
2,00
0,02
0,50

In order to better understand the current situation, namely which drivers and barriers influence the
development of sustainable transport, as well as understand which policies are already in place and
which could assist the decarbonisation of the transport system, several interviews were conducted.
In total, six interviews were conducted with two employees of the Public Transport management
company (URBS), one of the research and urban planning institute (IPPUC), one engineer at Volvo Brazil
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and two employers of the operator companies Viação Cidade Sorriso Ltda and Auto Viação Redentor.
The questions asked were mostly open questions as the idea was to get new insights; some interviews
were done in person and others over the phone. Divided into Biofuels and E-mobility, this sub-chapter
presents the insights obtained during the interviews.
Biofuels
Curitiba has a long history of environmental awareness when it comes to its public transport system.
Tests with biofuels started in the 1990s with the use of anhydrous ethanol in the bus line Linha Volta
ao Mundo, followed by tests with biodiesel B20 and anhydrous alcohol MAD8 (89.4% vol. diesel, 8%
vol. anhydrous alcohol, 2.6% vegetable additive) between 1998 and 2004. In 2009, the implementation
of the Green Line aimed at employing only clean technologies. Vegetation was also planted to reduce
the air pollution levels along this major ex-roadway. Elcio Karas (2017), the fleet manager at the
Urbanisation Company, pointed out that these tests were crucial to gain the necessary know-how to
implement B100 in the Green Line and in other corridors. A partnership with the federal government
and bus manufactures, such as Volvo and Scania, facilitated the success of the project and made
Curitiba a pioneer in the use of pure biodiesel in public transport in Brazil.
The main drivers of this project were reducing the use of fossil fuels since it is a major source of air
pollution and GHG emissions. Nevertheless, economic sustainability is equally important, the reason
why biodiesel is the only employed biofuel in Curitiba’s Public Transport. The price/consumption ratio
of biodiesel is much lower than for other fuels. For example, ethanol, whose fuel consumption can be
more than double of biodiesel, is a very unattractive option (Karas, 2017). The same was observed in
the results of the model, as biodiesel was the only alternative selected both in the energy and cost
optimisation.
Currently, biodiesel is subsidised by the government with 50 centavos of Real per litre, corresponding
to circa 17% of its cost. Furthermore, biodiesel production is being promoted as the obligatory blend
ratio has been increasing. At the start of this year it was set at 7%, the reason why it is considered in
the Business-as-Usual scenario, though currently, it is already 8%. By March 2019 Brazil aims to have a
10% biodiesel in all diesel sold in the country.
The main barrier pointed out by URBS for the expansion of biodiesel use in their fleet is still monetary,
as the cost per litre of biodiesel is slightly higher and its efficiency slightly lower when compared to
diesel. Moreover, the use of biodiesel demands high levels of control and verification of the quality of
the fuel, in order to guarantee its effectiveness. More regular need for changing filters and other
maintenance issues further increase the cost of this option (Karas, 2017). At the beginning, operators
were sceptical, as the lack of knowledge about this fuel lead to misconceptions such as that the biofuel
would damage the vehicle and its components. This is also confirmed by the maintenance manager of
Auto Viação Redentor that sees higher costs as the main disadvantage of biodiesel, which, however,
positively reduces emissions of PM and soot (Travain, 2017).
The exemption of the ICMS, already in place for fossil diesel used in the Curitiba’s collective transport,
is pointed out by Karas (2017) as a legislative instrument that would help the expansion of this fuel.
Finally, Prestes (2017) mentioned that a deficit in biodiesel production capacity is also hampering the
expansion of this fuel in Curitiba. This indicates that the support by the government is not enough, as
its focus is general and not application based. In other words, the use of biodiesel or other biofuels in
collective transport needs to be supported by the government using specific (directed) policies for
Public Transportation systems. For example, national targets for all cities and regions in the country
on a minimum percentage of renewable fuels in its public transport could incentivise the growth of the
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biodiesel industry. It is very important to apply sanctions or fines if these targets are not met.
Nowadays, there are no national or federal laws enforcing a minimum share of renewable used in
public transport, for example. Nonetheless, Curitiba, a member city of the C40, announced that is
willing to reach the target of 11% of clean technology by 2020. However, these are just intentions
which are not enforced by a higher entity, thus no consequences are applied if the city does not fulfil
the target. For this reason, other problems faced by the city have been prioritised and once more, the
impact on environmental and climate change questions have been abandoned.
Furthermore, it could be important for Curitiba to look into diversifying the fuels used in their public
transport in order to increase its resilience to geopolitical and climatic changes. In the current
conditions, biogas’ availability is rather scarce but together with incentives from the government or
federal state a new technology could be explored by the city. Presently, ethanol does not seem to be
an attractive fuel but if the production cost of the fuel largely decreases and/or its engine efficiency
increases, it may become a viable fuel.
In conclusion, common vision and strategy are indispensable factors for the successful market uptake
of biofuels, as mentioned by (Turcksin, et al., 2011).
E-mobility
When it comes to e-mobility, Curitiba does not have the same experience as it has with biofuels, since
it is a more recent technology. However, Volvo, in partnership with the municipality, URBS, Siemens,
Ericsson, operators and the academia (UTFPR) had the opportunity to test the standard hybrid, the
articulated hybrid and the plug-in electric hybrid (Euro VI) in the Public Transport system of Curitiba.
At present, a fleet of 30 standard hybrids operates in Curitiba but unfortunately, URBS believes this
number will not increase much in the coming years as the cost is much higher and subsidies are not
available. The advantages of these vehicles were identified, and the users are happy with the comfort
and silence it brings to the ride. One of the learning outcomes was that the bus driver's behaviour
highly influences fuel consumption and that training is essential, as driving a hybrid or electric vehicle
is quite different than driving a diesel one, i.e. fuel efficiency could be improved if better manoeuvring
of the vehicle was accomplished (Schepanski, 2017).
As for the plug-in technology, the same influence on fuel consumption by the driver’s behaviour was
identified. Moreover, the opportunity charging infrastructure was not properly sized – one charger
was not enough for such a long route (22.5 km) – and also not taken advantage of since 97% of the
time it was on standby (Schepanski, 2017). This precluded a proper lifecycle cost analysis, as only one
plug-in bus was using the charging station. Nevertheless, the technical, financial (considering fuel
expenditures only) and environmental feasibility were proven.
A pure electric vehicle, from the Chinese company BYD, was also tested during one month in the line
Barreirinha. This vehicle was charged during the night for 4 hours and it had an autonomy of 250 km
(URBS, 2015).
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The interviews suggest a tendency that higher costs and lack of political will are the main barriers to
the implementation of electric vehicles in Curitiba. Figure 21 summarises the main barriers and
limitations (left) towards the implementation of hybrid and electric buses and the instruments and
incentives (right) that would support the transition to an electrified system.

Figure 21 - Main barriers identified by the stakeholders for the implementation of electric vehicles (left) and instruments and incentives that
would assist the transition to an electrified system (right).

The high cost of hybrid and electric vehicles is mentioned by all stakeholders as the main limitation for
its implementation. In the current financing scheme, all costs have to be covered by the revenues from
bus ticket sales. Legislative schemes do not support the purchase of alternative powertrains, as a public
entity like URBS is obliged by law to search for lowest offer. Not only does the current legislation not
support the purchase of a hybrid or electric vehicles, but instead of acknowledging the public
authorities’ effort in investing in technologies that reduce the emissions of GHG and decrease air
pollution levels impacting public health, it questions their decisions as they resulted in higher
expenditures (Prestes, 2017). A change in the legislation, together with subsidies from the government
are essential to make e-mobility a reality.
Also, better financing schemes are needed, such as lower interest rates (already in practice by BNDES)
and longer payback times. All stakeholders agree that the user cannot be the one to support this extra
cost as the population is either not willing or, more importantly, not capable of paying for
better/cleaner technologies. Green Public Procurement, an instrument in place in Europe, is proposed
by Schepanski (2017) as a way to make electric vehicles more economically attractive.
Reductions in pollutant emissions as well as noise emissions, which negatively impact public health,
are account and quantified, for example, for each avoided kg of CO2eq a certain amount is subtracted
off the price of the vehicles. In this way, indirect benefits are recognised and included in the cost of
the bus. There is a lack of political will (from higher entities) to invest in sustainable mobility, as
monetary issues are the priority in politician’s agenda. However, health and environment should be a
priority too.
Already today, governments must allocate resources to remediate an ever increase of respiratory and
heart diseases, partially caused by poor air quality in cities, where the majority of the population lives.
If these resources were instead invested in clean technologies, public health issues could be to some
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extent prevented and, at the same time, climate change and pollution would be mitigated. In general,
long-term thinking is missing as political parties are only interested in what they can achieve in their
respective mandates. This was also mentioned by Malucelli (2017), that believes that more power to
public entities such as URBS and IPPUC is crucial for the successful implementation of clean
technologies. Currently, whenever a new mayor, from a different political party, starts its mandate,
major changes slow down or even set aside projects that took a long time to be planned. Lastly, the
maximum age allowed for a bus in Curitiba is 10 years and often, in normal conditions, buses are
substituted before. In order to achieve break-even, electric buses should be allowed to operate longer
in order to extend the payback time, as their lifetime is higher than a diesel bus due to less moving
parts in the motor.
A very high electricity price is also identified as a major barrier to safeguard the economic sustainability
of electrification (Schepanski, 2017). This is also one of the conclusions of the model, as electricity cost
highly impacts the number of electrified bus routes – from 0 in the base scenario to 6 electrified routes
in the reduced electricity cost scenario. Volvo proposes depot charging, as lower prices of electricity
occur during the night. However, this is not a possibility when implementing large fleets of electric
buses as they would all have to charge during the night, causing a very high peak in the electric grid.
Furthermore, the autonomy of overnight buses is often not enough to cover a whole day of operation,
which was one of the conclusions of the BYD electric bus test in Linha Barreirinha (URBS, 2015). A
better solution and one that aims to improve long-term conditions for electrification is through tax
reductions or exemptions of electricity used for public services that improve the citizens’ quality of life.
As described in the Base Scenario of the cost optimisation, a 40% reduction in the electricity price is
realistic if all taxes would be exempted. As the diesel consumed by public buses is already free from
the ICMS tax it is plausible to assume that the same thing could happen for electricity. Furthermore,
URBS, as a public authority, should negotiate with the government to obtained full tax exemptions to
support cleaner fuels. Karas (2017) also mentioned that a better deal could be achieved when buying
energy from the free market instead of the local operator at a fixed price.
Nevertheless, if a national plan would enforce cities and regions to take responsibility for their
emissions, assisting with supportive laws and subsidies to ease high initial investments in clean
technologies solutions, the market for hybrid and electric vehicles in Brazil would grow faster. A
learning curve can be expected which will lower the cost of vehicles, for example, due to advancements
in the battery systems. Moreover, as batteries are nearly always produced outside of Brazil and have
to be imported, high taxes are applied (C40, 2013). The government should invest in the internal
production of this expensive component or reduce its tax as it is a critical component for the
development of electro-mobility. Alternatively, if a business model in which the batteries and the
electric engine are priced separately through a leasing contract, then the cost of the vehicle itself can
be the same as of a diesel equivalent (C40, 2013). The fuel savings obtained should then balance the
leasing of the batteries and electric motor.
Other barriers mentioned are the adaptation of infrastructure to accommodate battery charging
stations. The timetable organisation would also have to suffer deep changes, as currently, bus
operation does not allow for opportunity charging due to time constraints (Gelson, 2017). More
vehicles and thus more bus drivers are eventually needed, which is another important barrier to
overcome.
Also, high infrastructure costs of charging equipment are a barrier. Prestes (2017), Malucelli (2017)
and Schepanski (2017) agree that infrastructure needs to belong to the municipality, i.e. be publicly
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owned, as its management and maintenance should also be done by a public entity. However,
exploring partnerships with private companies, like utilities or the technology providers (Siemens, ABB)
would be interesting and essential to find alternative financing sources as this cost cannot fall within
the ticket fare. Stations can be sponsored, for example, by these companies, in exchange for publicity
space. The utility COPEL, also owned by the state, could be an interesting partner as they have the
financial means to back up a project like this (Malucelli, 2017). Finally, cogeneration is an interesting
and innovative solution to explore, as available renewable sources could provide the necessary
electricity. By installing PV panels on the roofs of the terminals, for example, the cost of electricity
could be reduced. On the down side, the initial cost would increase even more, which is not desirable.
Lack of knowledge and scepticism from operators is also referred by Karas (2017) regarding the
operation and maintenance of electric buses. In both interviews with the operators, fuel savings were
not mentioned as an advantage of the hybrid bus over the diesel equivalent. A reason for this may be
that these savings are far from being enough to compensate the higher purchase and maintenance
costs, hence they are not seen as advantages.
In conclusion, a change of viewpoint from mayors of all municipalities across the country is needed.
Only through long-term visioning and the establishment and follow-up of short and mid-term
strategies and targets, clean technologies can thrive. It is important that these targets are enforced by
law and that fines are applied to municipalities which do not comply with them. However, financial
assistance from higher entities (government) is essential to support these technologies until they
become cost competitive.
City leaders have to sit together, take advantage of the knowledge and good practices each has to offer
and construct a plan favouring clean technologies. At the same time, incentives and policies favouring
fossil fuels have to be eliminated over time. Stricter environmental performance and fuel performance
standards to increase energy efficiency and decrease the emissions of CO2, coupled with financing
incentives, can safeguard the economic, social and environmental sustainability of electric-mobility.
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8 Conclusions and Future work
This study assesses the optimal system’s configuration – combination of electric and biofuel buses – in
a sub-group of 26 bus routes of Curitiba’s Public Transportation network, through the development of
two optimisation models: a least-energy and a least-cost optimisation. The total number and location
of charging stations are also obtained in the model. Prior to the optimisation, the bus routes which are
not feasible for electrification are determined according to different charging times and powers, as
well as energy consumption. These bus routes are constrained to one of the three biofuel alternatives
in the optimisation model.
In the energy optimisation scenario, 12 charging stations can electrify 12 bus routes - all feasible bus
lines are selected for electrification since it is the most energy efficient technology. The remaining 14
bus routes operate on biodiesel, the least energy consuming biofuel. In this scenario, energy
consumption is reduced by 12% when compared to an indicative business-as-usual scenario, which
considers all bus lines operating on B7, a blend of biodiesel and diesel (7 vol. % biodiesel, 93 vol. %
diesel). As most routes operate on biodiesel and this fuel is less efficient than diesel, the energy savings
are not as high as desired. The total cost is 9% higher than the BAU scenario because of the higher fuel
and vehicle costs and the additional infrastructure needs for electric vehicles. A GHG emission
reduction of 74% could be obtained, which translates into 27 000 tons of CO2eq avoided each year.
The results of the cost optimisation suggest that, for the set of parameters defined, only biodiesel is
selected by the model, as electric technology is not cost-competitive. As expected, the total cost is
lower than in the energy optimisation scenario but still higher than for the BAU (7.6% higher), as
biodiesel’s operation (fuel expenditures) and maintenance are costlier. For the same reason, the total
energy consumption is slightly higher when compared to the BAU scenario (+0.2%).
As no bus routes are selected for electrification, a sensitivity analysis on the main cost parameters was
performed to understand which cost should be reduced to make electrification a cost-efficient solution
in Curitiba. It is concluded that the larger the gap between biodiesel and electricity cost, more routes
will be selected for electrification. Indeed, the considered price of electricity is very high meaning that
a better deal with an energy provider is needed and/or tax reductions should become available for this
application. The use of electricity as a source of energy for transportation should be promoted as it
does not degrade the environment and the air quality in the city. Thus, if public authorities aim to
introduce electric buses in their cities then tax reductions or exemptions, for example of the VAT,
should be pursued. This motivated the creation of two new scenarios in which the cost of electricity is
decreased by 40%.
As the cost of electricity is decreased, 6 bus routes are electrified using 5 charging stations. This number
could be increased if more bus lines were feasible for electrification, reason why a third scenario is
built. Under these favourable conditions (higher charging power and time and decreased
consumption), 17 chargers electrify 16 bus routes, out of a total of 20 feasible bus routes.
In conclusion, electrification is key to improve the energy efficiency and reduce GHG emissions from
public transportation and, under certain conditions (scenarios 2 and 3) it can be considered
economically sustainable, as it selected in both the energy and cost optimisation. Furthermore, it can
be concluded that most chargers are located in the city centre and are shared between different bus
routes. This underlines the importance to assess larger networks as more cost synergies can be found.
The annualised infrastructure cost is relatively low and as more bus routes are considered in the
analysis, this cost further dilutes the total annual costs.
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High infrastructure and vehicle costs are seen as major barriers to the implementation of large fleets
of BEV. Therefore, proper financing schemes, such as lower interest rates, longer payback periods and
subsidies from the government are crucial to overcoming high upfront costs. Public-private
partnerships as a new business model of infrastructure ownership should be explored and local power
generation from renewable sources presents an opportunity to alleviate high costs from public
transport authorities.
The integration terminals are identified by stakeholders as the most suitable location to install
chargers, as the utilisation rate is maximised and ancillary costs minimised. It also offers protection as
well as visibility to the population. From what was observed in Terminal Bairro Alto and from
discussions with bus drivers and operators, time for charging is a major constraint as most buses depart
soon after arriving at their terminal, hence dwell times are very short. In order to make opportunity
charging work, profound changes in the organisation of the terminals and the timetable are needed.
Eventually, more buses are required to maintain the service supply and allow enough time for charging,
which further rises operational costs.
Costs and lack of political will are the main barriers to electrification. Especially a change of viewpoint
is necessary amongst mayors and politicians that currently do not prioritise health and environmental
questions. A lack of strategic planning and supportive instruments make it very hard for Curitiba’s
Public Transport system, which is already struggling with the abandonment of users and rise of
operational costs, to adopt cleaner technologies. Can a public transport system transit to cleaner
solutions, such as e-mobility, without the support from government/state? In this case, the answer is
probably no since a continued increase in the tariff would only result in more users leaving the public
transport system.
Electric buses can reduce the operation and maintenance costs of public transportation, air and noise
pollution, eliminate the emissions of GHG, if the electricity is originated from a renewable source, and
improve the quality of life of citizens, especially in a city like Curitiba, where buses are the only means
of collective transport. It is crucial that these benefits are properly recognised and quantified to
support the additional investment needed. Green public procurement is a very good tool in which
emissions reductions translate into price reductions. Furthermore, the utilisation of fossil fuels should
not be supported any longer and actions to phase it out should be implemented.
Often, new technologies take a long time to penetrate the market as uncertainty and scepticism slow
down its uptake. Nonetheless, as larger sums are being invested into electrification, a substantial
decline in costs can be expected. The high investments in charging infrastructure also scare public
transport authorities. It is important to remember that conventional technologies once required large
investments as well. This is often forgotten as it is considered a necessity. When analysing the impacts
of fossil fuel use, e.g. geopolitical conflicts, economic dependency, air pollution, noise pollution,
degradation of ecosystems, loss of biodiversity, climate change and all its repercussions, just to
mention a few, it is obvious that cleaner and more efficient alternatives are needed and the required
infrastructure should be considered a necessity. Lack of knowledge and fears concerning new
technologies are often cited by transport authorities and operators as the main factor hindering the
use of advanced technologies. In order to attract investment, these need to be clarified and
demystified, for example by doing test phases and assessing the advantages and disadvantages as well
as barriers to overcome.
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8.1 Future work:
In this study, the energy consumption analysis was simplified, using fixed consumption values per unit
of length. Elevation, road grade and traffic conditions were disregarded, despite being key factors
affecting consumption. A future improvement of this model would be to include energy consumption
profiles dependent on the bus route’s characteristics.
The integration of bus schedules in a dynamic version, i.e. see how charging infrastructure would be
shared in real life conditions through the day, is also important. This would answer questions as how
many chargers are needed in a certain location? When can more congestions and queueing be
expected at these charging locations? How would this impact the timetable of the bus lines? Or how
can the timetables of these bus lines be adjusted to the charging needs?
Moreover, specific battery requirements as well as the sizing (of power) of charging stations should be
explored for individual lines in order to reduce costs, as lower energy needs and charging powers may
be reasonable for certain lines.
Lastly, an in depth-study of the impact on the electrical grid and the secureness of power supply caused
by the charging stations energy and power demand is essential to guarantee the feasibility of the
chargers’ locations obtained by the model. This impact should be analysed locally on the
neighbourhood that shares a common distribution network with the chargers installed in the area to
guarantee a continuous supply of electricity for both homes and charging stations. In order to properly
address this issue, the time aspect should also be investigated. The grid should be monitored 24 hours,
as the demand on the electrical grid varies throughout the day and is higher during mornings and
evenings when people are at home consuming most electricity. As the charging station’s power is very
high (300 kW), sporadic power peaks can cause problems in the grid which can be overcome through
peak shaving strategies, such as the use of stationary storage. Furthermore, this solution can lower
operation costs as contracted power can be reduced and the batteries recharged with cheaper
electricity during the night. The optimal size of such a storage system can be determined by a lifecycle
cost analysis, taking into account investments in the grid connection, stationary battery, the monthly
fee for grid connection and electricity demand of the buses using this infrastructure, comparing it with
a scenario with no stationary storage units, where buses’ batteries are recharged directly from the
grid.
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2

1

503

303

502

030

059

203

208

307

506

256

201

005

018

019

025

Barreirinha/Guadalupe

Bairro Novo

B. Alto/Sta. Felicidade

Aeroporto

Sta. Cândida/C. Raso

Pinheirinho/Rui
Barbosa

Circular Sul
(anti-horário)

Boqueirão

Ligeirão Boqueirão

Articulated
(40) and
Padron (208)

Biarticulated
(116)
Articulated2
(34)

Biarticulated
(29)

Vehicle type

Terminal Barreirinha/Estação tubo
Guadalupe

Rua Guacui/Praça Rui Barbosa

Terminal Bairro Alto/Terminal Santa
Felicidade

Avenida Cândido de Abreu/Aeroporto

Terminal Santa Candidâ/Terminal
Capão Raso

Terminal Pinheirinho/Praça Rui
Barbosa

Terminal Hauer

Terminal Boqueirão

Terminal Centenário/Terminal Campo
Comprido

Terminal Boqueirão/Praça Carlos
Gomes

Terminal Boqueirão/Praça Carlos
Gomes

Terminal Pinheirinho/Praça Carlos
Gomes

Start/end stations

Average time on a weekday.
URBS intends to substitute articulated buses by bi-articulated buses running on the BRT.

603

164

602

Circular Sul (horário)

500

128

065

Centenário/C.
Comprido

550

127

Ligeirão Pinheirinho/C.
Gomes

Code Bus Line Name

No.

7

8

9

6

32

21

–

–

35

19

6

10

No.
stops

7.705/
8.478

35.453

17.648/
17.927

41.180

33.017

20.061

24.424

24.149

36.367

20.599

10.3

22.484

Length
(km)

53

45

46

56

56

36

–

–

59

33

25

30

–

Linha
Verde,
Boqueirão

–

–

Norte, Sul

Sul

Sul,
Boqueirão,
Circular Sul

Oeste,
Leste

Boqueirão

Boqueirão

Linha Verde

Time 1 Corridor
(min)

2, 15

22

1, 20

–

3, 5, 10,
18, 19

10, 17, 18

4, 10, 11,
16, 17,
18, 22

7, 8, 9,
12, 23

4, 11, 16

4, 11, 16

17

Terminal
Stations
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3

Inter 2 (horário)

Inter 2 (anti-horário)

505

305

469

210

705

022

023

031

057

062

063

080

097

Sítio Cercado (horário)

507

Interbairros I
(anti-horário)

Interbairros I (horário)

010

011

Sta. Candidâ

204

Sítio Cercado
(anti-horário)

Only on Sundays.

098

202

508

Pinheirinho/Boqueirão

527

163

Pinhas/C. Comprido

304

159

Osternack/S. Cercado
L.D.

520

Fazendinha/Guadalupe

Articulated
(99), Padron
Prefeitura

R. Tapajos, 1000

Terminal Pinheirinho/ Terminal Santa
Candidâ

Estação tubo Guadalupe

Estação tubo Guadalupe

Terminal Pinheirinho/Terminal
Boqueirao

Estação tubo CIC Norte/Terminal
Pinhais

Terminal Citio Cercado/Estação tubo
Osternack

Terminal Cabral

Terminal Cabral

Terminal Fazendinha/Caiua/ Terminal
Guadalupe

Terminal Cabral/Terminal CIC

CIC/Cabral3

Estação tubo Marechal
Deodoro/Terminal Centenário

Estação tubo Museu Oscar
Niemayer/Terminal Boqueirão

Start/end stations

Estação tubo Círculo Militar/Estação
tubo Jardim das Américas

149

196

Vehicle type

Centro Politécnico

Centenário

Boqueirão/C. Cívico

Code Bus Line Name

No.

54

46

10

12

13

–

8

–

17

18

7

–

3

4

10

No.
stops

19.540

17.617

21.421/
20.406

32.221

31.372

18.617

42.681

7.241

37.609

37.804

12.762/
13.226

35.390

12.430

8.512/
9.119

13.392/
13.320

Length
(km)

–

–

–

–

–

–

54

–

113

112

–

–

25

23

42

–

–

–

–

–

–

–

–

–

–

–

Boqueirão

Time 1 Corridor
(min)

–

3, 5, 17,
18, 19

4, 10, 11,
15, 17, 22

4, 17, 22

7, 8, 9

22

5, 7, 9,
10, 16, 18

6, 14, 15

5, 10, 13

–

12

4, 11, 15,
16

Terminal
Stations

-84-

207

703

801

778

701

371

042

044

048

067

076

093

182

003

205

060

103

024

050

102

373

040

101

012

030

021

Higienópolis

Fazendinha

Cotolengo

Camp. Siqueira/Batel

Caiuá

Cabral/Osório

Barreirinha

Alto Tarumã

Abranches

Interbairros VI

Interbairros V

Interbairros IV

Interbairros III

Interbairros II
(anti-horário)

Articulated
(5),
Conventional
(73), Special
Micro (4),
Hybrid (5)

(2) and
Hybrid (10)

020

Interbairros II (horário)

Vehicle type

Code Bus Line Name

100

099

No.

Terminal Bairro Alto/Praça Santos
Andrade

Terminal da Fazendinha/Praça Rui
Barbosa

Terminal da Fazendinha/Praça Rui
Barbosa

Largo Doutor Theodoro
Bayma/Terminal Campina do Siqueira

Terminal Caiuá/Praça Rui Barbosa

Terminal Cabral/Praça Osório

Rua Perfeito João Moreira
Garcez/Terminal Barreirinha

23

28

36

16

33

21

20

28

40

Terminal Barreirinha/ Praça Tiradentes
Terminal Bairro Alto/Praça Carlos
Gomes

42

50

65

82

114

110

No.
stops

Terminal Campo Comprido/Terminal
Pinheirinho

Terminal Fazendinha/Terminal Vila
Oficinas

Terminal Pinheirinho/ Terminal Santa
Felicidade

Terminal Santa Cândida/Terminal
Capão Raso

Terminal Cabral

Terminal Cabral

Start/end stations

8.997/
8.330

–

–

–

–

–

–

9.207/
9.232

11.304/
11.348

18.711/
20.568

18.343/
16.459

23.697/
22.193

29.903/
29.530

42.727

41.277

Length
(km)

29

30

35

10

37

25

22

35

–

57

68

82

93

–

–

–

–

–

–

–

–

–

–

–

–

–

–

–

–

Time 1 Corridor
(min)

1

14

14

7

6

5

2

1

2

6, 8, 17

14, 18, 23

8, 13, 14,
17, 20

1, 10, 11,
19, 23

5, 7, 9,
10, 16

Terminal
Stations
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972

375

965

901

372

115

186

189

203

212

064

374

094

Circular Centro
(horário)

Circular Centro
(anti-horário)

001

002

Tarumã

Sta. Felicidade

São Bernardo

Sagrado Coração

JD. Itália

Hugo Lange

Code Bus Line Name

No.

Micro (7)

Vehicle type

Praça 19 de Dezembro

Praça Santos Andrade

Terminal Bairro Alto/Praça Carlos
Gomes

Travessa Nestor de Castro/Terminal
Santa Felicidade

Praça Rui Barbosa/Rua
Desembargador José Carlos Ribeiro
Ribas

Terminal Bairro Alto/Praça Santos
Andrade

Travessa Nestor de Castro/Terminal
Santa Felicidade

Terminal Bairro Alto/Praça Santos
Andrade

Start/end stations

24

13

30

27

–

34

34

32

No.
stops

8.216

4.469

9.796/
10.345

–

–

10.480/
10.555

–

8.653/
9.232

Length
(km)

–

–

29

29

–

38

33

27

–

–

–

–

–

–

–

Time 1 Corridor
(min)

–

1

20

–

1

20

1

Terminal
Stations

Appendix 2 - Identification code for terminals and additional start/end stops
1.
2.
3.
4.
5.
6.
7.
8.
9.
10.
11.
12.
13.
14.
15.
16.
17.
18.
19.
20.
21.
22.
23.
24.
25.
26.
27.
28.
29.
30.
31.

Bairro Alto 13
Barreirinha
BOA VISTA14
BOQUEIRÃO
CABRAL
Caiuá
CAMPINA DO SIQUEIRA
CAMPO COMPRIDO
CAPÃO DA IMBUIA
CAPÃO RASO
CARMO
CENTENÁRIO
Cic
Fazendinha
GUADALUPE
HAUER
PINHEIRINHO
PORTÃO
SANTA CÂNDIDA
Santa Felicidade
Sites
SÍTIO CERCADO
VILA OFICINAS
Estação Tubo Marechal Deodoro
Estação Tubo Museu Oscar Neimayer
Praça 19 de Dezembro
Praça Carlos Gomes
Praça Santos Andrade
Praça Tiradentes
Prefeitura
Rua Tapajos nº. 1000

13

1 to 23 are terminals. 24 to 31 are regular or tube stations.
Terminals written in uppercase belong to the BRT system, i.e. these terminals are located on the BRT
corridors.
14
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Appendix 3 – Chassis type characteristics
Table 16 - Different buses employed in Curitiba's Public Transport and its main characteristics. Source: (URBS, 2015)

Chassis type

Total
capacity
(seated)

Weight15
(kg)

Length
(m)

Width
(m)

Minimum
height (m)

Cross
sectional
area (m2)

Bi-articulated
BRT

250 (57)

40 500

27.6

2.6

2.2

5.72

Articulated
(Express BRT)

165 (44)

30 000

20.3

2.6

2.2

5.72

Articulated
(Direct line)

158 (42)

28 000

18.8

2.5

2.1

5.25

Articulated16

142 (38)

28 000

18.6

2.5

2.1

5.25

Padron (Direct
line)

102 (29)

18 000

13

2.5

2.1

5.25

Padron17

100 (28)

18 000

13

2.5

2.1

5.25

Conventional18

85 (29)

17 000

12.25

2.5

2.1

2.1

Micro Special

67 (19)

12 000 –
15 000

9.5/10.3

2.5

1.95

4.88

Micro

40 (18)

8 500

8

2.3

1.9

4.37

15

Sum of vehicle and passengers’ weight considering maximum capacity.
For operation in feeder, inter-neighbourhood and trunk lines.
17
For operation in feeder, inter-neighbourhood, trunk and conventional lines.
18
For operation in feeder, trunk and conventional lines.
16
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Appendix 4 – Indices, variables and parameters
Table 17 - List of all indices, variables and parameters used in the optimisation algorithm.

Indices
𝑙

Bus line

𝑡𝑒𝑐ℎ

Bus technology (electricity, biodiesel, bioethanol or biogas)

𝑡𝑜𝑝

Bus chassis type (articulated, standard, micro)

Variables
𝐶676:#

Total costs (million R$/year)

𝐸676:#

Total energy consumption (GWh/year)

𝐺𝐻𝐺676:#

Total GHG emissions (thousand tons CO2eq/year)

Parameters
,2lb:m6bn-6nb*

𝐶#,6*-+

Annualised infrastructure cost (million R$/year)

frr
𝐶#,6*-+

Annualised energy storage system cost (million R$/year)

ln*#

𝐶#,6*-+,

Fuel cost (million R$/year)

o&q
𝐶#,6*-+

Operational and maintenance cost (million R$/year)

)*+,-#*
𝐶#,6*-+

Annualised vehicle cost (million R$/year)

𝐶𝑎𝑝#,6*-+

Battery capacity in bus line l and technology tech (Wh)

𝐶𝑎𝑝678

Maximum energy stored in the bus’s battery pack or tank for the
different bus topologies top (kWh or L)

𝐶𝑜𝑛𝑠6*-+

Energy consumption values of each technology (kWh/km)

𝐸#

Total energy consumption of bus line l during one trip (kWh/km)

𝐸𝐹6*-+

Emission factor of technology tech (kg CO2eq/km)

𝐿

Number of bus lines

𝐿

Set of bus lines

𝐿#

Length of bus line l (km)

𝑁#)*+,-#*

Number of vehicles operating on bus line l

𝑃-+:bc,2c

Power capacity of conductive charging station (kW)

𝑆𝑂𝐶 ,2,6,:#

Initial state-of-charge, i.e. state-of-charge at the beginning of the
day, before the start of the first trip (kWh)

𝑆𝑂𝐶 1:;

Maximum allowed state-of-charge of the energy storage system
(%)

𝑆𝑂𝐶 1,2

Minimum allowed state-of-charge of the energy storage system
(%)

𝑆𝑂𝐶 2

State-of-charge after completing trip n (kWh)

𝑇𝐴𝑇#

Number of total annual trips of bus line l

𝑇𝐸𝐶𝐻

Number of technologies

𝑇𝐸𝐶𝐻

Set of technologies
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𝑡-+:bc,2c

Charging time (min)

𝜂-+:bc,2c

Charging efficiency (%)

Appendix 5 – Timetable of bus routes in Terminal Bairro Alto
Time
06:15:00
06:16:00
06:17:00
06:18:00
06:19:00
06:20:00
06:21:00
06:22:00
06:23:00
06:24:00
06:25:00
06:26:00
06:27:00
06:28:00
06:29:00
06:30:00
06:31:00
06:32:00
06:33:00
06:34:00
06:35:00
06:36:00
06:37:00
06:38:00
06:39:00
06:40:00
06:41:00
06:42:00
06:43:00
06:44:00
06:45:00
06:46:00
06:47:00
06:48:00
06:49:00
06:50:00
06:51:00
06:52:00
06:53:00
06:54:00
06:55:00

307 371 372 373 374 375

This appendix shows the bus lines’ (307, 371, 372,
373, 374, 375) arrival and departure from bus
terminal Bairro Alto. The colour bars represent
the bus stopped (dwell time = 5 minutes) at the
terminal. The objective of this table is to show that
the buses operating on those lines arrive at the
terminal within seconds/minutes of each other,
hence more than one charger is needed if all
routes are electrified. Alternatively, the buses’
schedule could be adapted so that buses arrive at
distinct times and the dwell time should be
extended so that a bus can enter a queue in case
the charger is occupied.
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06:56:00
06:57:00
06:58:00
06:59:00
07:00:00
07:01:00
07:02:00
07:03:00
07:04:00
07:05:00
07:06:00
07:07:00
07:08:00
07:09:00
07:10:00
07:11:00
07:12:00
07:13:00
07:14:00
07:15:00
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