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Abstract 
The transport sector contributes significantly to global energy use and emissions due to its 
traditional dependency on fossil fuels. Climate change, security of energy supply and increasing 
mobility demand is mobilising governments around the challenges of sustainable transport. 
Immediate opportunities to reduce emissions exist through the adoption of new bus 
technologies, e.g. advanced powertrains. This thesis analysed energy use and carbon dioxide 
(CO2) emissions of conventional, hybrid-electric, and plug-in hybrid-electric city buses 
including two-axle, articulated, and biarticulated chassis types (A total of 6 bus types) for the 
operation phase (Tank-to-Wheel) in Curitiba, Brazil. The systems analysis tool – Advanced 
Vehicle Simulator (ADVISOR) and a carbon balance method were applied. Seven bus routes 
and six operation times for each (i.e. 42 driving cycles) are considered based on real-world data. 
The results show that hybrid-electric and plug-in hybrid-electric two-axle city buses consume 
30% and 58% less energy per distance (MJ/km) compared to a conventional two-axle city bus 
(i.e. 17.46 MJ/km). Additionally, the energy use per passenger-distance (MJ/pkm) of a 
conventional biarticulated city bus amounts to 0.22 MJ/pkm, which is 41% and 24% lower 
compared to conventional and hybrid-electric two-axle city buses, respectively. This is mainly 
due to the former’s large passenger carrying capacity. Large passenger carrying capacities can 
reduce energy use (MJ/pkm) if the occupancy rate of the city bus is sufficient high. Bus routes 
with fewer stops decrease energy use by 10-26% depending on the city bus, because of 
reductions in losses from acceleration and braking. The CO2 emissions are linearly proportional 
to the estimated energy use following from the carbon balance method, e.g. CO2 emissions for 
a conventional two-axle city bus amount to 1299 g/km. Further results show that energy use of 
city bus operation depends on the operation time due to different traffic conditions and driving 
cycle characteristics. An additional analysis shows that energy use estimations can vary 
strongly between considered driving cycles from real-world data. The study concludes that 
advanced powertrains with electric drive capabilities, large passenger carrying capacities and 
bus routes with a fewer number of bus stops are beneficial in terms of reducing energy use and 
CO2 emissions of city bus operation in Curitiba. 

 

Keywords: advanced powertrain, Advanced Vehicle Simulator, ADVISOR, Brazil, BRT, bus 
rapid transit, carbon dioxide, CO2, city bus, Curitiba, driving cycle, emissions, energy 
consumption, energy efficiency, energy use, fuel economy, hybrid propulsion, hybrid-electric, 
parallel hybrid, passenger carrying capacity, plug-in hybrid-electric, Tank-to-Wheel analysis, 
vehicle simulation 
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Exclusive lane: The term exclusive lane refers to a lane on a street on which only public city 
buses drive and no other vehicles are permitted. 

Fossil CO2 emissions: The term fossil CO2 emissions refers to CO2 emissions that result from 
the combustion of fossil fuels e.g. diesel. 

Hybrid-electric operation: Operation of a hybrid-electric vehicle that is equipped with both 
an internal combustion engine and an electric motor. At low speeds, it meets its propulsion 
demand only with the electric motor. 

Hybrid-electric vehicle (HEV): The term hybrid-electric vehicle refers to a vehicle that is 
equipped with an internal combustion engine and an electric motor as parallel configuration, 
i.e. the speed of rotation of both engines at the torque coupler are the same and the torques of 
both engines are summed. Its energy storage system has not the option to be recharged from 
the power grid. In this study, its energy sources are fuel combustion in the internal combustion 
engine and regenerative breaking for recovering excess kinetic energy during braking into 
electrical energy for the electric motor. However, the only external energy source is fuel from 
a refuelling station. 

Internal combustion engine (ICE): An internal combustion engine is a heat engine that 
combusts fuel in a combustion chamber to release heat energy and converts it into mechanical 
energy. 

Life cycle assessment (LCA): The term LCA refers to a method to compile and evaluate the 
inputs, outputs and potential impact of a product throughout its life cycle. Based on that, an 
interpretation of the results is done to support with provided information a decision. 

Occupancy rate (OR): The term occupancy rate (OR) refers to the ratio of current number of 
passengers versus the maximal possible number of passenger that can be carried in a bus and is 
expressed as percentage 

Operating bus fleet: The term bus operating bus fleet refers to the number of buses that drive 
at the same time in the public bus transport system. 

Operation time: The term operation time refers to a defined timeframe of the day within the 
bus operation occurs. 
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Parallel operation: Both the internal combustion engine and the electric motor of a hybrid-
electric vehicle run in parallel, i.e. the speed of rotation of both engines at the torque coupler 
are the same and the torques of both engines are summed. 

Passenger-distance: The term passenger-distance refers to the total travelled distance by all 
passengers on a transit vehicle and is calculated by multiplication of number of passengers 
times travelled distance. 

Plug-in hybrid-electric vehicle (PHEV): The term plug-in hybrid-electric vehicle refers to a 
vehicle that is equipped with an internal combustion engine and an electric motor i.e. the speed 
of rotation of both engines at the torque coupler are the same and the torques of both engines 
are summed. Its energy storage system has the option to be recharged from the power grid. 
Thus, external energy sources are fuel from a refuelling station and electrical energy from a 
charging station that is connected to the power grid before operation. 

Powertrain model: The term powertrain model in ADVISOR refers to many different 
connected powertrain model components and input parameters that together represent the 
propulsion system of a vehicle model, e.g. conventional, hybrid-electric or plug-in hybrid-
electric. 

Powertrain model component: The term powertrain model component in ADVISOR refers 
to one component of the powertrain model. 

Regenerative braking: Regenerative braking is an efficiency-improving system with an 
electric motor that works as an electric generator. Excess kinetic energy is converted into 
electrical energy and charged to the energy storage system during braking rather than being lost 
as heat energy due to friction in the brake linings. 

Reserve bus fleet: The term reserve bus fleet refers to buses that are used as a backup for the 
operating bus fleet in the public bus transport system. 

Simulation setup: The simulation setup in ADVISOR consists of a driving cycle and an 
elevation profile to simulate the operation of a vehicle model. 

State-of-Charge (SOC): SOC is the ratio between the level of available electrical energy and 
nominal capacity of the energy storage system (ESS), and is expressed as percentage (Empty 
ESS: 0% SOC, Full ESS: 100% SOC). 

Tank-to-Wheel (TTW): The term TTW refers to an analysis with focus the operation phase 
of a vehicle, e.g. in regards to energy use, CO2 emissions, etc. 

Terminal station: A terminal station is a large shared bus stop of many different bus routes 
with the purpose to connect the city with its neighbouring boroughs and the metropolitan region. 
Passengers have to pay the fare in advance before entering the terminal station. 

Tube station: The term tube station refers to a bus stop that enables a faster boarding and 
alighting to reduce the stop time by having the same height as the buses’ floors and allowing 
the passenger to pay the fare in advance before entering the station. 
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Two-axle bus: The term two-axle bus refers to a city bus that is built on a single-section 
chassis- and body. 

Vehicle model: The term vehicle model in ADVISOR represents a modelled vehicle that is 
based on a powertrain model and consists of many different connected powertrain model 
components and input parameters. In this thesis, the term is only used to refer to a modelled 
vehicle in ADVISOR. 

 

  



 

 

– xxi – 

Executive Summary 
The transport sector contributes significantly to the global energy use and greenhouse gas 
emissions, and is strongly dependent on liquid fossil fuels produced from crude oil. Climate 
change, security of energy supply and environmental concerns is mobilising governments 
around the challenges of sustainable transport. The city of Curitiba in Brazil has a strong 
tradition in sustainable transport planning with the introduction of the first bus rapid transit 
(BRT) system in 1974 to meet its increasing demand for mobility. Curitiba has been proactive 
to improve continually its sustainability and green image. As one of the members of the C40 
Cities Climate Leadership Group (C40), Curitiba signed the C40 City Clean Bus Declaration 
of Intent in 2015 with the commitment to reduce emissions from the transport sector and to 
improve air quality through the introduction of low or zero emission buses, also called clean 
buses. However, currently only 64 out of 1368 operating city buses are considered to be clean 
buses, viz. consuming alternative fuel or having an advanced powertrain. A further investment 
in new clean buses for the operating bus fleet in public bus transport system requires a 
comprehensive understanding of their energetic and environmental benefits in comparison with 
conventional city buses. 

This thesis provides an analysis of energy use and carbon dioxide (CO2) emissions of 
conventional, hybrid-electric, and plug-in hybrid-electric city buses including two-axle, 
articulated, and biarticulated chassis types (A total of 6 bus types) for the operation phase 
(Tank-to-Wheel) in Curitiba, Brazil. The following city buses are analysed: The conventional 
two-axle city bus Volvo B290R Urban, the conventional biarticulated city bus Volvo B340M 
Biarticulated and the hybrid-electric two-axle city bus Volvo B215RH Hybrid Urban that are 
currently operating in Curitiba, as well as the hybrid-electric two-axle city bus Volvo 7900 
Hybrid, the hybrid-electric articulated city bus Volvo 7900 Articulated Hybrid, and the plug-in 
hybrid-electric two-axle city bus Volvo 7900 Electric Hybrid are investigated as potential 
alternatives for the public bus transport system in Curitiba (for pictures of the city buses, see 
pages 31 and 32). 

For energy use and CO2 emissions estimations, the well-established systems analysis tool – 
Advanced Vehicle Simulator (ADVISOR) and a carbon balance method were applied. Seven 
BRT bus routes and six operation times for each (i.e. 42 driving cycles) are considered based 
on real-world data from Curitiba. Only BRT bus routes are chosen to enable a comparison of 
the conventional biarticulated city bus with the aforementioned potential alternatives. Since 
traffic conditions and ridership fluctuate over one day in the public bus transport system, time-
specific as well as maximal occupancy rates are taken into account to consider weight variations 
of carried passenger in the city buses. Biodiesel blend B7 (93 vol.% diesel, 7 vol.% biodiesel) 
is considered as a fuel. 

The analysis finds that the energy use of city buses can vary strongly over one day, because 
city bus operation comes along with varying traffic conditions and occupancy rates. For 
instance, congestion results in low average speeds which leads to an inefficient operation of 
internal combustion engines in conventional city buses. In comparison, city buses with 
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advanced powertrains drive at low speeds only with electrical energy. Thus, no fuel combustion 
occurs which comes along, with an enormous reduction in energy use. Therefore, city buses 
with advanced powertrains could drive on BRT bus routes where the operation is strongly 
influenced by other road traffic and the average speed is relatively low. 

Bus routes with fewer bus stops enable a more efficient operation of the city buses due to fewer 
energy losses from acceleration and braking. For instance, bus routes I and VI share the same 
route and have partly common bus stops, e.g. bus route I stops at 10 bus stops that are also 
served by bus route VI. As a result, bus route I has a much higher energy demand by 10% up 
to 26%, depending on the analysed city bus. A measure for improvement could be to exclude 
those bus stops of bus route VI that are already served with bus route I. As a result, both bus 
routes would have only 9 or 10 bus stops and the city buses could operate with less stop-and-
go, i.e. less energy losses while serving still all bus stops. Moreover, hybrid-electric and plug-
in hybrid-electric city buses are not so affected by low average speeds in regards to energy use 
and therefore, could be advantageous for operation on bus routes with many bus stops. 

The overall results show that advanced powertrains (hybrid-electric and plug-in hybrid-electric) 
in city buses can contribute to significant reduction of energy use and CO2 emissions on all 
considered bus routes in Curitiba. Hybrid-electric and plug-in hybrid-electric city buses 
consume 30% and 58% less energy (MJ/km), respectively compared to a conventional city bus 
(17.46 MJ/km) with a similar passenger carrying capacity and permitted gross vehicle weight. 
Furthermore, this means that hybrid-electric (3.0 km/LB7eq) and plug-in hybrid-electric 
(5.1 km/LB7eq) city buses can drive 42% and 139% longer distances with the same amount of 
fuel, i.e. those have an improved fuel efficiency. Thus, an increase of these city buses in the 
public bus transport system could lead to much more operation and cover a larger area for public 
transport, while consuming the same amount of fuel as a conventional two-axle city bus 
(2.1 km/LB7eq). Moreover, the hybrid-electric articulated city bus has also a better fuel economy 
(2.5 km/LB7eq) than the conventional two-axle city bus, even though it is heavier. 

The conventional biarticulated city bus has the highest energy demand (29.92 MJ/km; fuel 
economy: 1.2 km/LB7eq) due to its conventional powertrain and weight. However, it can be 
beneficial in terms of reduction in energy use per passenger-distance (0.22 MJ/pkm) if a high 
occupancy rate is given. Then, it can use even less energy per passenger-distance than hybrid-
electric city buses (0.24 MJ/pkm to 0.29 MJ/pkm). Nevertheless, at operation times or sections 
of a bus route, where a lower ridership occurs, it could be substituted partly by hybrid-electric 
city buses. Moreover, the plug-in hybrid-electric city bus (0.14 MJ/pkm) is still more energy 
efficient due to its relatively long electric drive capabilities of 7 km compared to the 
conventional biarticulated city bus with even a relatively high occupancy rate. However, if the 
passenger carrying capacity of the plug-in hybrid-electric city bus is not sufficient enough to 
meet the ridership, then also the analysed hybrid-electric articulated city bus (0.18 MJ/pkm) 
could be operated which has roughly a 50% larger passenger carrying capacity. Nevertheless, 
more research required in regards to the logistics. The highest energy use per passenger-
kilometre has the conventional two-axle city bus with 0.38 MJ/pkm. 
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The emitted CO2 emissions come mainly from fossil fuel (93%) due to its large share in 
biodiesel blend B7. Taking into consideration the environmental advantage of hybrid-electric 
and plug-in hybrid-electric city buses with potential CO2 emissions reductions of 30% and 71% 
respectively, compared to a conventional city bus (1299 g/km) shows that a switch in 
powertrain technologies can have a much larger contribution to the sustainability of Curitiba’s 
public bus transport system than efforts and regulations to increase the volumetric share of 
biofuels in biodiesel blends. 

An additional analysis shows that potential for improvements exists in the public bus transport 
system, even without any technology-, or fuel substitutions. This additional analysis was 
performed to quantify the impact of variations between driving cycles from real-world data. 
Wide ranges of energy use estimations between city bus operations are identified, even though 
the city buses were simulated with collected driving cycles from the same bus route, operation 
time and day. Although reasons for these ranges cannot explicitly be derived from the 
simulation results, it can be used as an indicator for improvements of city bus operation through 
eco-driving trainings for bus drivers as well as improvements for traffic light control to enable 
a more energy efficient operation of all city buses. The widest ranges for energy use estimations 
are obtained for hybrid-electric city buses with 27%. These city buses are very sensible 
regarding fast acceleration, because then the parallel operation of internal combustion engine 
and electric motor starts quicker which leads to a significant increase of energy use due to fuel 
combustion. However, if the traffic density is high and a lot of stop-and-go operation occurs, a 
fast acceleration is not necessary. Thus, eco-driving training and improvements in traffic light 
control could be especially important for the operation of hybrid-electric city buses. 

The study concludes that city buses with advanced powertrain and an increase of those in the 
operating bus fleet of Curitiba’s public bus transport system contributes to sustainability in the 
city. Large passenger carrying capacity can be beneficial in terms of energy use and CO2 
emissions per passenger-distance, but only if occupancy rates of the city buses are sufficient 
high. Moreover, for Curitiba as well as on a global scale, the thesis supports the purpose of the 
C40 City Clean Bus Declaration of Intent. Furthermore, city buses with advanced powertrains 
can be considered as one measure to contribute to set CO2 emissions reduction targets in the 
scope of C40 Cities Climate Leadership Group. 
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1. Introduction 

This chapter provides the motivation for focusing on the public bus transport system 
in the city of Curitiba, Brazil. The thesis’ objective, key research questions and the 
thesis outline are presented. 

1.1. Motivation 

The transport sector contributes significantly to the global energy use and greenhouse gas 
(GHG) emissions, and is strongly dependent on liquid fossil fuels produced from crude oil. 
Climate change, security of energy supply, and environmental concerns have called attention 
from governments to shift towards more sustainable mobility. Projections show that the number 
of vehicles is likely to more than double globally by 2050 due to rising demand for mobility 
(Marchal et al., 2011). The greenhouse gas emissions of the transport sector are projected to 
increase by 50% between 2010 and 2050 (Marchal et al., 2011) if no new policies come into 
effect. Meanwhile, a reduction of global GHG emissions of 50% to 85% by 2050 compared to 
1990 levels is required to meet the 2°C target suggested by the Intergovernmental Panel on 
Climate Change (IPCC) (Solomon et al., 2007). A further expansion of the transport sector must 
happen in a sustainable way which means also reducing fossil fuel use and emissions. In 
addition, an energy and emissions efficient road transport implies more reliance on the use of 
public road transport vehicles such as buses rather than on large fleets of cars (Kenworthy 
2008). 

A notable example for public road transport is the bus rapid transit (BRT) system, which is a 
bus-based public mass transit system. The BRT can operate two-axle buses as well as 
articulated and biarticulated buses. A two-axle bus is built on a single-section chassis- and body. 
In comparison, articulated- and biarticulated buses consist of two chassis- and body sections 
linked by a pivoting joint, or three chassis- and body sections linked by two pivoting joints, 
respectively. The chassis is the frame of a vehicle that consists of a powertrain with engine, 
transmission, suspension, wheels and other essential components. Further elements of a BRT 
include exclusive lanes for buses, off-board fare collection at stations to enable faster 
embarking and disembarking, station platform height in the same height as the bus floor, and 
prioritised traffic light control. Successful examples of BRT have been implemented in 
Bogotá/Columbia, Guadalajara/Mexico, Guangzhou/China, Lima/Peru, Medellín/Colombia 
and Rio de Janeiro/Brazil, among other cities. One reason for the large success of BRT systems 
in developing countries are significant lower capital costs compared to light rail systems (ITDP, 
2013). 
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The first BRT system has been operating in Curitiba in Brazil since 1974as part of the public 
bus transport system called Integrated Transit Network (RIT) (RIT: Portuguese acronym for 
Rede Integrada de Transporte). Curitiba is the capital city of the state Paraná, has approximately 
1.86 million inhabitants (IPPUC, 2014) living in an area of 435 km2, and is located in Southern 
Brazil (Curitiba, 2015). The public bus transport system is operated by the governmental public 
transport company called Urbanization Company of Curitiba (URBS) (URBS: Portuguese 
acronym for Companhia de Urbanização e Saneamento de Curitiba). Nowadays, the majority 
of Curitiba’s inhabitants uses the public bus transport system, which amounts to a daily 
ridership of approximately 1.75 million on an usual business day (URBS, 2015b). The term 
daily ridership refers to the number of passenger boardings per day of a public transport system, 
i.e. a passenger who commutes to work and home with two boardings per trip is counted four 
times. Thus, the daily ridership of a public transport system is usually significant higher than 
the actual number of users. 

Due to air pollution from road vehicles and rising air quality concerns, URBS has switched 
partially to a consumption of alternative fuels that are considered to be cleaner than diesel in 
1995 (URBS, 2015b). Test phases were in place for hydrous ethanol from sugar cane, 
anhydrous ethanol with additives, a blend of diesel with anhydrous ethanol and additives, other 
biodiesel blends and biodiesel during the last two decades. A more recent improvement was the 
introduction of hybrid-electric city buses in 2012 (URBS, 2015b). 

Curitiba is member of the network C40 Cities Climate Leadership Group (C40), an organisation 
with the aim to reduce greenhouse gas emissions to address local and global climate risks (C40, 
2015b). It was established in 2005 and composes of 75 cities from all continents that are 
categorised into three groups: Mega cities, Innovator Cities and Observer Cities among which 
Curitiba is classified as an Innovator City, i.e. the city shows clear leadership towards 
environmental and climate change mitigation and is a leader in environmental sustainability as 
well as an important city in the metropolitan region. Recently, Curitiba signed the C40 City 
Clean Bus Declaration of Intent with the commitment to reduce emissions from the transport 
sector and to improve air quality through the introduction of low or zero emission buses (C40, 
2015a). A clean bus is low or zero-emissions bus that consumes alternative fuels such as 
biodiesel or employs an advanced powertrains such as hybrid-electric, among other options. 
Nowadays, slightly more than 4.7% of the operating bus fleet are clean buses in Curitiba, that 
consist of two two-axle, six articulated and 26 biarticulated biodiesel buses as well as 30 hybrid-
electric buses. However, a comparison with the total operating bus fleet shows that only 64 out 
of 1368 buses are considered to be clean buses (URBS, 2015b). 

A recently published study (Miranda & Rodrigues da Silva, 2012) applied the tool Index of 
Sustainable Urban Mobility (Costa, 2008) to assess Curitiba in regards to its sustainable urban 
mobility. The tool comprises nine areas and 37 themes which are divided into 87 indicators, 
viz. covering environmental, social, political, transport and planning aspects, among others. 
The study (Miranda & Rodrigues da Silva, 2012) gives Curitiba 74.7% of the maximum 
possible value, which reveals that despite previous successful achievements, the city needs to 
continue working on sustainability. In addition, the tool misses to address some important 
indicators, for example carbon dioxide (CO2) emissions. One aim of this thesis is to 
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complement the existing scientific literature by closing the identified gap for city bus operation 
analyses in regards to energy use and CO2 emissions in the context of Curitiba in Brazil. 

Although particular benefits and impacts of alternatives such as hybrid-electric city buses 
compared to conventional city buses in a public bus transport system are very difficult to 
measure, tools can be applied to obtain quantitative estimations. Furthermore, an analysis with 
focus on the operation phase of a vehicle is called a Tank-to-Wheel (TTW) analysis, which 
represents the systems boundary of this study. Section 1.2 gives the thesis objective and 
research questions. 

1.2. Thesis objective and research questions 

The ultimate objective of this thesis is to contribute towards sustainability in the public bus 
transport system in Curitiba by enabling a comprehensive understanding of the energy use and 
CO2 emissions for currently operating and potential alternative city buses. The following key 
research questions are used as guidance throughout the research process. 

 

I. How do advanced powertrains in city buses affect energy use and CO2 emissions during 
operation in Curitiba? 
 

II. How do passenger carrying capacities of city buses affect energy use and CO2 emissions 
during operation in Curitiba? 
 

III. How can the results of the thesis contribute to sustainable urban planning and policy 
design in the public bus transport system in Curitiba? 

 

By answering the three questions, the thesis aims to support decision makers in Curitiba as well 
to complement the scientific literature on topics related to city sustainability. Firstly, the study 
shall support urban planners, policy makers and investors of Curitiba in policy design and future 
investments in the public bus transport system. Secondly, since Curitiba is member of the 
network C40 Cities Climate Leadership Group and signed the C40 City Clean Bus Declaration 
of Intent, this study shall inform about the energetic and environmental benefits that can be 
accrued from the choice of advanced powertrains in city buses. 

1.3. Outline of the thesis 

This thesis is divided into five chapters (see Figure 1). Chapter 1 gives the motivation, thesis 
objective and key research questions as well as the thesis outline.  

Chapter 2 provides background information on powertrains in city buses and existing 
conditions of the public bus transport system in Curitiba. 
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Chapter 3 presents the methodology and scope of this study. In addition, an overview is given 
of the estimated quantities, methods and functional units. After this, the systems analysis tool 
– Advanced Vehicle Simulator (ADVISOR) is presented with its conceptual framework and 
limitations. The input parameters for the simulation of the analysed city buses and bus routes 
are given. After this, an additional analysis for the impact of variations between driving cycles 
from real-world data is presented. Then, both motivation and mathematical equations are shown 
to visualise the progression of energy and fuel savings over distance for hybrid-electric and 
plug-in hybrid electric city buses. Lastly, an overview of the run simulations is given. 

Chapter 4 is the main section of this thesis, which contains the results and discussion. Results 
for energy use per distance and per passenger-distance are shown for each bus routes as well as 
overall average values. Furthermore, the results are compared with other studies and evaluated 
in terms of their validation. The city buses are compared with each other in terms of reduction 
of energy use. The estimations from the additional analysis for impact of variations between 
driving cycles from real-world data are presented and discussed. Lastly, the results of the 
progression of energy and fuel savings for city buses with advanced powertrains are shown 
compared to a similar sized conventional city bus as a reference. 

Finally, chapter 5 is presented with a short summary of the results and the thesis’ conclusions 
in regards to their application and importance in the context of Curitiba for policy makers and 
urban planner as well as for the industry and investors. Moreover, final remarks for future work 
are mentioned. 

 

 
Figure 1. Outline of the thesis. 
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2. Background information 

This chapter provides an introduction to powertrains in city buses, information on 
the existing conditions of the public bus transport system in Curitiba. 

2.1. Introduction to powertrains in city buses 

In general, a powertrain employs a machine to enable driving with a source for mechanical 
power such as an internal combustion engine or an electric motor. An internal combustion 
engine is a heat engine that combusts fuel in a combustion chamber to release heat energy and 
converts it into mechanical energy. In contrast, an electric motor is a machine that converts 
electrical energy into mechanical energy. Only relevant powertrains for this study are presented 
in the following, as generic vehicles with their respective functional principles: Conventional 
vehicle, hybrid-electric vehicle and plug-in hybrid-electric vehicle. Hybrid-electric and plug-in 
hybrid-electric powertrains are considered as advanced powertrains. Both conventional and 
hybrid-electric city buses are currently operating in Curitiba whereas plug-in hybrid-electric 
city buses are investigated for the future (URBS, 2015b).  

Conventional vehicle 

Figure 2 illustrates a simplified layout of a generic conventional vehicle (CONV). A CONV 
has a fuel tank which stores liquid fuel which is supplied to an internal combustion engine 
where it is combusted. Then, the released heat energy is converted into mechanical energy that 
is transmitted to the axle and wheels, which results in a movement of the vehicle. Thus, the 
only external energy source is fuel from a refuelling station. 

 

 
 

Figure 2. Generic conventional vehicle (CONV). 
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Hybrid-electric vehicle and plug-in hybrid-electric vehicle 

Figure 3 illustrates a simplified layout of a generic hybrid-electric vehicle (HEV) as parallel 
configuration. A HEV is equipped with both an internal combustion engine and an electric 
motor. Furthermore, an energy storage system is used to supply electrical energy to the electric 
motor which corresponds to the fuel tank for the internal combustion engine. Both the internal 
combustion engine and the electric motor of a hybrid-electric vehicle can run in parallel, i.e. 
the speed of rotation of both engines at the torque coupler are the same and the torques of both 
engines are summed (Parallel operation). Furthermore, at low speeds, the internal combustion 
engine is shut down and only the electric motor is used (Hybrid-electric operation). The electric 
motor is able to provide the entire torque also at low speeds where as an internal combustion 
needs a certain engine speed to develop enough torque for propulsion. Thus, no fuel is 
combusted at low speeds which increases the overall energy efficiency of a HEV at low speeds 
compared to a conventional vehicle (Katrašnik, Trenc, & Oprešnik, 2007). Another advantage 
of HEV is that the energy storage system can be recharged during operation through 
regenerative braking. This efficiency-improving system converts excess kinetic energy into 
electrical energy to recharge the energy storage system during braking rather than being lost as 
heat energy due to friction in the brake linings. In this case, the electric motor works as an 
electric generator. Moreover, the electrification of the powertrain increases the vehicle’s 
efficiency due to a significant reduction of idle losses (Campbell, Watts, & Kittelson, 2012) 
compared to conventional vehicle where the internal combustion engine runs during stops. In 
spite of electrical energy use for propulsion, the only external energy source is fuel from a 
refuelling station for HEV. 

 

 
Figure 3. Generic hybrid-electric vehicle (HEV) and plug-in hybrid-electric vehicle (PHEV) as 

parallel configuration. 
 

A plug-in hybrid-electric vehicle (PHEV) combines the characteristics of a hybrid-electric 
vehicle with the possibility to recharge its energy storage system before operation at a charging 
station that is connected to the power grid, i.e. it is possible to plug-in the energy storage system. 
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The energy storage system is significant larger in a PHEV than in a HEV to store more electrical 
energy. Thus, external energy sources are fuel from a refuelling station and electrical energy 
from a charging station that is connected to the power grid. 

2.2. Existing conditions of the public bus transport 
system in Curitiba 

In the beginning of the 70th’s, the city of Curitiba had 600 000 inhabitants with an annual 
population growth rate of 5.3% and a vehicle growth rate of 10%. Nowadays, the population 
amounts to 1.86 million with an annual growth rate of 1.7% (IPPUC, 2014) which results in a 
projected population increase to 2.0 million and 2.4 million by the year 2020 and 2030, 
respectively (Thesis author calculation). The still existing BRT system was implemented in 
1974 as part of public bus transport system to meet the rapidly increasing demand of urban 
passenger transport. Today, the public bus transport system consists of 250 bus routes with a 
daily ridership of 1.75 million on an usual business day that amounts to a total driven distance 
of 328 000 km per day (URBS, 2015b). 

The fuel consumption of the public bus transport system in Curitiba is shown in Table 1 for the 
year 2014. Most of the city buses in Curitiba drive on a biodiesel blend B7 due to the legal 
framework in Brazil (MPV 647/2014, 2014) that regulates by law a volumetric share of 7% 
biodiesel in diesel (B7: 93 vol.% diesel, 7 vol.% biodiesel). The few remaining city buses 
consume biodiesel (B100). Thus, the numbers show an enormous consumption of diesel. 

 

Table 1. Fuel consumption of the public bus transport system in Curitiba in the year 2014. 
Source: (URBS, 2015a). 

 

Fuel Biodiesel blend 
(B7)a 

Biodiesel 
(B100) 

Total 

Fuel consumption by volume (million L) 50.27 2.46 52.74 

Volumetric share of fuel consumption to total fuel 
consumption (%) 95.33 4.67 100 

Fuel consumption by energy content (TJ)a 1819 81 1900 

Energetic share of fuel consumption to total fuel 
consumption (%)a 95.73 4.27 100 

 
a Volumetric shares of B7: 93 vol.% diesel, 7 vol.% biodiesel. 
b Calculations by thesis author with fuel properties used from Table 3 (Canakci & Van Gerpen, 2003). 

 

Three different kinds of bus stops are in place: Terminal stations (A total of 21 stations), tube 
stations (A total of 342 stations) and common bus stops (URBS, 2015b). A terminal station is 
a large shared bus stop of many different bus routes with the purpose to connect the city with 
its neighbouring boroughs and the metropolitan region. A tube station is a bus stop that enables 
faster boarding and reduced stop time for city buses. The tube station and the buses’ floors have 
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the same height. Passengers have to pay the fare in advance before entering a terminal station 
as well as a tube station. Below, two photos show a terminal station (see Figure 4) and a tube 
station (see Figure 5). 

 

 
Figure 4. Photo of a terminal station. 

Figure source: Thesis author, Curitiba, March 2015. 
 

 
Figure 5. Photo of a tube station. 

Figure source: Thesis author, Curitiba, March 2015. 
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2 .2 .1 .  Bus route  c lass i f ica t ions  and bus  f lee t  

The public bus transport system comprises ten different bus route classifications that are 
distinguished with different colours. The colours ease the understanding of the public bus 
transport system and enable easy identification of the different buses and bus routes according 
to the following classification made by URBS (2015b). A summary of the bus routes, colour 
declaration, chassis types, powertrains, numbers of buses in the operating bus fleet and number 
of bus routes are provided in Table 2. 

1) Super express (Portuguese: Expresso Ligeirão) bus routes operate blue and red biarticulated 
city buses that only drive on exclusive lanes on which no other road vehicles are permitted. 
These city buses stop exclusively at terminal stations and tube stations. They can be considered 
as above-ground metros due to their higher average speed, larger passenger carrying capacities 
and frequent services compared to two-axle city buses that drive within the ordinary road traffic. 
Their purpose is to connect the terminal stations with the city centre.  

2) Express (Portuguese: Expresso Biarticulado) bus routes operate red articulated and 
biarticulated city buses that have the same purpose as the super  express bus routes with the 
difference that those have more frequent bus stops on their route.  

3) Inter-neighbourhood (Portuguese: Interbairros) bus routes operate green two-axle and 
articulated city buses that drive on circulate tracks outside of downtown to connect the around 
located districts with each other and with terminal stations.  

4) Direct lines (Portuguese: Linha Direta) bus routes operate silver two-axle and articulated 
buses that are complementary bus routes for the super express, express and inter-neighbourhood 
bus routes which stop only at a few tube stations.  

5) Feeder (Portuguese: Alimentador) bus routes operate orange mini, two-axle and articulated 
city buses that link the terminal stations with the neighbourhoods. They are used to feed the 
super express and express bus routes with passengers.  

6) Trunk (Portuguese: Troncal) bus routes operate yellow mini, two-axle and articulated city 
buses that connect the terminal stations with the city centre.  

7) Regular (Portuguese: Conventional) bus routes operate yellow mini, two-axle and articulated 
city buses that connect radially the neighbourhoods with the city centre without connection to 
terminal stations.  

8) Downtown circular (Portuguese: Circular Centro) bus routes operate white mini city buses 
that circle in the city centre to carry passengers quickly from one specific place to another. As 
well as between hospitals.  

9) The tourism route (Portuguese: Linha Turismo) bus route operates green colourful two-axle 
and double-deck city buses that drive on a circular bus route to the city’s attractions.  

10) Special (Portuguese: SITES) bus routes operate cyan two-axle buses that transport 
physically and/or mentally disabled pupils between home and schools. 
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A simplified scheme of the public road transport system’s infrastructure with bus routes 
classification 1), 2) 3) 4) and 6) is illustrates in Figure 6 (URBS, 2015b). 

 

 
Figure 6. Simplified scheme of the public bus transport system in Curitiba. 

Note: The figure only displays bus routes that are connected to terminal stations. The 
displayed express bus routes also include super express bus routes. 
Figure source: (URBS, 2015b). 

 

The operating bus fleet in Curitiba amounts to 1368 city buses, i.e. the number of buses that 
can drive at the same time in the public bus transport system in Curitiba. The total bus fleet 
amounts to 1632 buses, including city buses in the reserve fleet which are only used in the case 
when a bus of the operating bus fleet needs maintenance and cannot operate, i.e. as a backup. 
The average age of the bus fleet is 6.24 years (URBS, 2015b). The maximum age of a bus in 
the operating bus fleet is ten years, after which the bus is placed in the reserve bus fleet. 

The maximum age of buses in the reserve bus fleet is 12 years, except for biarticulated city 
buses which remain operational up to 15 years. After this, the buses are not operated anymore 
in Curitiba. These information as well as those in Table 2 were retrieved during an interview 
with an employee of URBS (URBS, 2015a). Even though, no reason for the age criteria was 
mentioned there is strong evidence that the applied age criteria is related to effects of engine 
age on tailpipe emissions and fuel efficiency (Smith, Kersey, & Bidwell, 2001). 

Since Curitiba is a member of the C40 and signed recently the C40 City Clean Bus Declaration 
of Intent, the city made commitments to increase the share of clean buses in the operating bus 
fleet (C40, 2015a). To obtain a quantitative estimation of particular benefits and impacts such 
as energy use and CO2 emissions from city bus operation, a so-called Tank-to-Wheel (TTW) 
analysis is used in this study (further information in chapter 3).  
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Table 2. Summary of bus routes and operating bus fleet in Curitiba in the year 2015. 
Source: (URBS, 2015b). 

 

Bus route 
classification 

Colour 
declaration 

Chassis 
types 

Powertrains Operating 
bus fleet 

Number of 
bus routes 

1) Super express  Blue Biarticulated Conventional 29 2 

2) Express Red Articulated, 
Biarticulated 

Conventional 151 5 

3) Inter-
neighbourhood 

Green Two-axle, 
Articulated 

Conventional, 
Hybrid-electric 

113 8 

4) Direct Silver Two-axle, 
Articulated 

Conventional 258 15 

5) Feeder Orange Mini,     
Two-axle, 
Articulated 

Conventional 467 129 

6) Trunk Yellow Two-axle, 
Articulated 

Conventional,  88 15 

7) Regular Yellow Two-axle Conventional, 
Hybrid-electric 

247 74 

8) Downtown 
circular 

White Mini Conventional 9 1 

9) Tourism line Green-
colourful 

Two-axle, 
Double-deck 

Conventional 6 1 

10) Special Cyan Two-axle Conventional - a - a 

   Total: 1368 250 
 

a No information available on the website of URBS (URBS, 2015b). 
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3. Methodology 

This chapter provides information about the applied methodology to perform a 
Tank-to-Wheel (TTW) analysis with specific focus on the city bus operation in 
Curitiba. The estimated quantities, methods and functional units are introduced and 
explained. The systems analysis tool – Advanced Vehicle Simulator (ADVISOR) is 
presented, and its robustness and conceptual framework discussed. A short 
overview of the field trip to Curitiba and on-site observations is given. The input 
parameters for the simulations are listed. An additional analysis is proposed in 
regards to impact of variations between driving cycles from real-world data on 
energy use estimations. A method to compare the progression of energy and fuel 
savings for hybrid-electric and plug-in hybrid-electric over distance is presented. 
Lastly, a summary of the simulations is provided. 

3.1. Tank-to-Wheel analysis 

A life cycle assessment (LCA) is a method to compile and evaluate inputs, outputs and potential 
impacts of a product throughout its life cycle. Based on that, an interpretation of the results is 
made to support a decision. A LCA for a road vehicle takes into consideration vehicle 
production, fuel production, vehicle operation and maintenance as well as vehicle disposal and 
recycling. The importance of each LCA stage varies significantly which has been shown by a 
study (Lucas, Alexandra Silva, & Costa Neto, 2012) that made a LCA of petrol and diesel 
vehicles among others, and estimated that the energy use during the operation phase amounts 
to 70.7% and 68.5% as share of the complete life cycle for petrol and diesel vehicles, 
respectively. Moreover, their greenhouse gas emissions from the operation phase amount to 
75.5% and 72.9% as share of the complete life cycle, respectively (Lucas et al., 2012).  

This study is focused on the operation phase of city buses in Curitiba in regards to energy use 
and CO2 emissions from the tailpipe. The operation phase, also called fuel use stage of a road 
vehicle, can be investigated with a Tank-to-Wheel (TTW) analysis, which represents one 
particular stage of a complete life cycle assessment (see Figure 7) according to the principles 
of International Organization for Standardization (ISO) ISO 14040 (ISO, 2006a) and 
ISO 14044 (ISO, 2006b). Thus, energy use and CO2 emissions from vehicle production, fuel 
production or electricity generation as well as disposal and recycling were not taken into 
consideration. Moreover, maintenance of the considered city buses was not taken into account. 
Further information about the estimation of energy use and CO2 emissions of city bus operation 
in Curitiba are provided in section 3.2. After this, a well-established systems analysis tool – 
Advanced Vehicle Simulator (ADVISOR) to perform a TTW analysis is presented in section 
3.3. 
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Figure 7. Tank-to-Wheel (TTW) analysis as one stage of a complete life cycle assessment (LCA) 

for a road vehicle. 
 

3.2. Quantit ies, methods and functional units 

The estimated quantities of this study are energy use and CO2 emissions which are further 
explained in this section. Figure 8 gives an overview and outlook of the quantities, methods and 
functional units. 

The energy use was estimated with the MATLAB/Simulink-based systems analysis tool – 
Advanced Vehicle Simulator (ADVISOR) (Markel et al., 2002; Wipke, Cuddy, & Burch, 
1999). Due to the high importance of ADVISOR in this study, the tool is presented more 
thoroughly in section 3.3. The outputs from ADVISOR required additional calculations to 
present energy use according to the applied functional units to allow a comparison with other 
studies. ADVISOR was also applied for the additional analysis to determine the impact of 
variations between driving cycles from real-world data on energy use estimations. A driving 
cycle represents a set of data points that contain the speed of a vehicle at a defined time point, 
whereas the elevation profile represents the topology of a driven track as a set of data points of 
road gradient over distance. In addition, the progression of energy and fuel savings of hybrid-
electric and plug-in hybrid-electric city buses was investigated based on the results from the 
additional analysis.  

CO2 emissions factors were determined with a carbon balance method (IPCC, 1996, 2000, 
2006). 

Vehicle production Fuel production
Tank-to-Wheel 

(Operation phase)
Disposal and 

Recycling



 

 

 

 
– 14 – 

 
Figure 8. Overview of quantities, methods and functional units of this study. 
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3 .2 .1 .  Appl ied  methods  to  es t imate  energy  use  

Energy use 

As previously explained, a Tank-to-Wheel (TTW) analysis focuses only on the operation phase 
of a vehicle. The estimated energy use refers to the amount of energy that is used to meet the 
propulsion demand of a vehicle. In this thesis, the energy use was estimated by summing up the 
energy use of the following components: Energy content of consumed fuel Efuel from the fuel 
tank as well as used net electrical energy from the energy storage system (ESS) EESSnet, see 
equation (Eq.1). The net electrical energy is equal to the difference between the electrical 
energy used from the energy storage system EESSout and electrical energy recovered from 
regenerative braking Eregeneration. Thus, it corresponds to the electrical energy that must be 
recharged at a charging station with electrical energy from the power grid to reach the initial 
State-of-Charge (SOC) of the energy storage system in a plug-in hybrid-electric vehicle as 
previously shown in Figure 3. SOC is the ratio between the level of available electrical energy 
and usable capacity of the energy storage system (Empty ESS: 0% SOC, Full ESS: 100% SOC), 
expressed as percentage. EESSnet was determined with Eq.14 in section 3.5.2 IP.6.  

 

 ( )
ESSnet

use fuel ESSnet fuel ESSout regeneration

E

E E E E E E
=

= + = + −


 (Eq.1) 

 Where:  

Euse Energy use (MJ) 

Efuel Energy content of consumed fuel (MJ) (ADVISOR) 

EESSnet Net electrical energy used from energy storage system (MJ) (Eq.14) 

EESSout Electrical energy used from energy storage system (MJ) 

Eregeneration Electrical energy recovered from regenerative braking and charged to energy 
storage system (MJ) 

 

Functional unit for energy use per distance: MJ/km 

The applied functional unit for energy use per distance is megajoule (MJ) per kilometre (km) 
(see Eq.2). 

 

 ,
use

use km
GPS

EE
x

=  (Eq.2) 

 Where:  

Euse,km Energy use per distance (MJ/km) 

Euse Energy use (MJ) (Eq.1) 

xGPS Driven distance from GPS data (km) (Appendices A.1 and A.2) 
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Functional unit for energy use per passenger-distance: MJ/pkm 

The applied functional unit for energy use per passenger-distance is megajoule (MJ) per 
passenger-kilometre (pkm) (see Eq.3). The term passenger-distance refers to the total travelled 
distance by all passengers on a transit vehicle and is calculated by multiplication of number of 
passengers times travelled distance. 

 

 ,
use

use pkm
GPS

EE
x OR PCC

=
⋅ ⋅

 (Eq.3) 

 Where:  

Euse,pkm Energy use per passenger-distance (MJ/pkm) 

Euse Energy use (MJ) (Eq.1) 

xGPS Driven distance from GPS data (km) (Appendices A.1 and A.2) 

OR Occupancy rate (%) (Figure 24) 

PCC Passenger carrying capacity (-) (Table 5) 

 

Fuel properties 

As previous mentioned, most of the city buses in Curitiba drive on a biodiesel blend B7 due to 
the legal framework in Brazil (MPV 647/2014, 2014) that regulates by law a volumetric share 
of 7% biodiesel in diesel (B7: 93 vol.% diesel, 7 vol.% biodiesel). Therefore, only B7 was 
considered in this study. Table 3 tabulates the fuel properties for diesel and biodiesel (B100) 
(Canakci & Van Gerpen, 2003) from soybean oil methyl ester, same feedstock as in Curitiba 
(URBS, 2015a) and biodiesel blend B7. 

 
Table 3. Fuel properties of diesel, biodiesel blend B7 and biodiesel B100. 
Source: (Canakci & Van Gerpen, 2003). 

 

Fuel type Density ρ 
(kg/L) 

Lower heating value LHV 
(MJ/kg) 

Carbon weight fraction CWF (-) 

Diesel 0.8537 42.640 0.8670 

Biodiesel blend B7a 0.8556 42.272 0.8603 

Biodiesel B100 0.8814 37.388 0.7710 

 

a Thesis author calculations based on the volumetric shares of diesel and biodiesel (B100), (B7: 93 vol.% diesel, 
7 vol.% biodiesel). 

 

Fuel economy 

Another important term is fuel economy that refers to the fuel efficiency in a vehicle during its 
operation, and gives information about what distance a vehicle can drive with a fixed amount 
of fuel. 



 

 

 

 
– 17 – 

Functional unit for fuel economy: km/LB7eq 

The applied functional unit for fuel economy is kilometres per litre of B7 equivalent (km/LB7eq) 
(see Eq.4). B7 equivalent is used to consider both consumed fuel from the fuel tank and net 
electrical energy from the energy storage system. 

 

 7 7

,

B B

use km

LHVFE
E

ρ ⋅
=  (Eq.4) 

 Where:  

FE Fuel economy (km/LB7eq) 

ρB7 Density of B7 (kg/L) (Table 3) 

LHVB7 Lower heating value of B7 (MJ/kg) (Table 3) 

Euse,km Energy use per distance (MJ/km) (Eq.2) 

 

Functional unit for passenger fuel economy: pkm/LB7eq 

The applied functional unit for passenger fuel economy is passenger-kilometre per litre of B7 
equivalent (km/LB7eq), (see Eq.5). 

 

 7 7

,

B B

use pkm

LHVPFE
E

ρ ⋅
=  (Eq.5) 

 Where:  

PFE Passenger fuel economy (pkm/LB7eq) 

ρB7 Density of B7 (kg/L) (Table 3) 

LHVB7 Lower heating value of B7 (MJ/kg) (Table 3) 

Euse,pkm Energy use per passenger-distance (MJ/km) (Eq.3) 

 

3 .2 .2 .  Appl ied  methods  to  es t imate  CO2  emiss ions 

CO2 emissions factors 

Since a Tank-to-Wheel analysis focuses on the operation phase of a vehicle, only CO2 emissions 
from combusted fuel that leave the tailpipe were taken into account. Therefore, CO2 emissions 
generated from electrical energy generation, fuel production and maintenance of the vehicle 
were not taken into account (Note: The electricity mix of Brazil consists mainly of renewable 
energy (83%) due to a large share of hydropower (IEA, 2012)). The CO2 emissions were 
restricted only to the amount of consumed B7. The emissions factors were calculated with a 
carbon balance method (see Eq.6) derived from the Revised 1996 IPCC Guidelines for National 
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Greenhouse Gas Inventories (IPCC 1996) and 2006 IPCC Guidelines for National Greenhouse 
Gas Inventories (IPCC, 2006). For further explanations see: (IPCC, 2000). 

 

 7 2
2

7

B CO
CO

B C

CWF MEF
LHV M

α= ⋅ ⋅  (Eq.6) 

 Where:  

EFCO2 CO2 emissions factor from fuel combustion (kgCO2/MJ) 

CWFB7 Carbon weight fraction of B7 (kgC/kgB7) (Table 3) 

LHVB7 Lower heating value of B7 (MJ/kgB7) (Table 3) 

MCO2/MC Ratio of molecular weight of carbon dioxide to molecular weight of carbon 
(kgCO2/kgC): 44/12 

α Default correction factor for un-oxidised carbon for oil and oil products: 0.99 
(IPCC, 1996) 

 

In this thesis, CO2 emissions from fuel combustion that leave the tailpipe are distinguished 
between CO2 (Fossil+Biogenic), fossil CO2 and biogenic CO2 emissions. The term fossil CO2 
emissions refers to CO2 emissions that result from the combustion of fossil fuels e.g. diesel, 
whereas the term biogenic CO2 emissions refers to CO2 emissions that result from the natural 
carbon cycle, combustion, harvest, digestion, fermentation, decomposition or processing of 
biologically based materials, e.g. combustion of biodiesel in this thesis. To avoid double 
counting with the Agriculture, Forestry and Land Use (AFOLU) sector in CO2 inventories and 
to enable an application of the estimations, biogenic CO2 and fossil CO2 emissions are also 
presented separately. 

Emissions factors for CO2 emissions (Fossil+Biogenic): 73.88 g/MJ; Fossil CO2 emissions: 
68.71 g/MJ; Biogenic CO2 emissions: 5.17 g/MJ. 

Calculation of CO2 emissions 

The emitted CO2 emissions were calculated by multiplication of the CO2 emissions factor 
EFCO2  times energy content of consumed fuel Efuel (IPCC, 2006), (see Eq.7). 

 

 2 2CO CO fuelEmissions EF E= ⋅  (Eq.7) 

 Where:  

EmissionsCO2 Estimated CO2 emissions from tailpipe (g) 

EFCO2 CO2 emissions factor (Table 3) 

Efuel Energy content of consumed fuel (MJ) (ADVISOR) 

 

Functional unit for CO2 emissions per distance: g/km 

The functional unit for CO2 emissions per distance is gram (g) per driven kilometre (km), (see 
Eq.8). 
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 2
CO2,

CO
km

GPS

EmissionsEmissions
x

=  (Eq.8) 

 Where:  

EmissionsCO2,pkm Estimated CO2 emissions per distance (g/km) 

EmissionsCO2 Estimated CO2 emissions from tailpipe (g) (Eq.7) 

xGPS Driven distance from GPS data (km) (Appendices A.1 and A.2) 

 

Functional unit for CO2 emissions per passenger-distance: g/pkm 

The functional unit for the CO2 emissions per passenger-distance is gram (g) per passenger-
kilometre (pkm). The term passenger-distance refers to the distance that is travelled by all 
passengers on a transit vehicle and is calculated by multiplication of the number of passengers 
times travel distance, (see Eq.9). 

 

 2
2,

CO
CO pkm

GPS

EmissionsEmissions
x OR PCC

=
⋅ ⋅

 (Eq.9) 

 Where:  

EmissionsCO2,km Estimated CO2 emissions per passenger-distance (g/pkm) 

EmissionsCO2 Estimated CO2 emissions from tailpipe (g) (Eq.7) 

xGPS Driven distance from GPS data (km) (Appendices A.1 and A.2) 

OR Occupancy rate (%) (Figure 24) 

PCC Passenger carrying capacity (-) (Table 5) 

 

3 .3. Advanced Vehicle Simulator (ADVISOR) 

In 1994, the first version of the systems analysis tool – Advanced Vehicle Simulator 
(ADVISOR) was developed at the National Renewable Energy Laboratory (NREL) to assist 
the US Department of Energy in the development of hybrid-electric vehicles. It is designed to 
model and to analyse conventional, advanced (hybrid-electric, fuel cell), light and heavy-duty 
vehicles. The latest available open source version from 2003 is ADVISOR 3.2 which was used 
in this study. The tool examines energy use, tailpipe emissions and vehicle performance during 
operation. Since a powertrain design of a hybrid-electric vehicle is more complex compared to 
conventional vehicle due to a larger number of interacting components (see section 2.1), an 
obvious cost advantage is given when using a systems analysis tool such as ADVISOR to 
analyse benefits and drawbacks of a new vehicle instead of building a real vehicle for 
experimental tests. For instance, a study (Markel et al., 2002) performed an energy balance 
analysis with simulation of technological improvements for accessory loads, rolling resistance, 
engine efficiency, driveline and vehicle mass for a conventional vehicle, which results in a 
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reduction in energy use of 66.4%, mainly due to the substitution of the conventional powertrain 
by a hybrid-electric powertrain. 

The application of ADVISOR for investigations of public road transport systems has been done 
in a study (Lajunen, 2014) that estimated energy use of hybrid-electric, plug-in hybrid-electric 
and battery-electric (only an electric motor for propulsion with no combustion of fuel) city 
buses in the contexts of Finland, Germany and the USA. The results show that plug-in hybrid-
electric and battery-electric buses have a large potential to reduce energy use. 

The robustness of ADVISOR has been validated in several previous studies. A study (H. Ma, 
Riera-Palou, & Harrison, 2011) analysed 37 vehicle in the United Kingdom (UK) that were 
ranging from very small to large cars, sport cars, petrol and diesel engines, 5- and 6-speed 
manual transmission with different gear ratios, etc. Their results for ADVISOR show a 
discrepancy of 3% for the New European Driving Cycle (NEDC) combined cycle for energy 
use. Furthermore, the discrepancy of estimated CO2 emissions was in general also within a 
range of 3%-5%. Another study (Senger, Nelson, Brien, & Saunders, 1998) validates hybrid-
electric vehicle as series configuration in ADVISOR. The results show that the simulation tool 
predicts the energy use of a vehicle with a discrepancy of 5%-10% compared to measured data 
from real-world vehicle operation. The fuel economy is determined with a discrepancy between 
12%-19%. A further study (Hongrui Ma, Balthasar, Tait, Riera-Palou, & Harrison, 2012) 
validates ADVISOR for four conventional vehicles that are available on the UK market. The 
results show a discrepancy in a range of 3%-8%. 

The aforementioned studies show that ADVISOR is a suitable systems analysis tool for an 
analysis of conventional and advanced vehicles for operation phase, and therefore, it was 
applied in the context of Curitiba. For more information about the conceptual framework with 
application steps and limitations of ADVISOR, see the next section. 

3 .3 .1 .  ADVISOR:  Appl icat ion  s teps  

Figure 9 illustrates the four application steps of ADVISOR, from the beginning, starting with a 
vehicle model and aiming at simulation outputs. 

 

 
Figure 9. Advanced Vehicle Simulator (ADVISOR) application steps. 

1. Vehicle model

•Powertrain model
•Powertrain model 
components

• Input parameters
•see Figure 10

2. Simulation 
setup

•Driving cycle
•Elevation profile
•see Figure 13 

3. Simulation 
approach

•Forward-facing
•Backward-facing
•see Figure 14

4. Simulation 
outputs

•Energy use
•Tailpipe emissions
•Vehicle performance
•see Figure 15
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Step 1: A vehicle model is introduced or created in ADVISOR based on a powertrain model 
which consists of connected powertrain model components and input parameters. In this thesis, 
the term vehicle model is only used to refer to a modelled vehicle in ADVISOR. Step 2: A 
simulation setup is done that consists of a driving cycle and an elevation profile. Step 3: The 
simulation can be run and follows a combined forward-facing and backward-facing simulation 
approach. Step 4: Simulation outputs are obtained. In the following sections, each step is further 
described and explained. 

ADVISOR: Vehicle model 

ADVISOR offers a graphical user interface (GUI) that allows the user to create new or adjust 
empirical vehicle models by changing their powertrain model components and input parameters 
using pull-down menus, highlighted in blue in Figure 10 for an empirical hybrid-electric vehicle 
as parallel configuration. In the upper-left corner of the window, the powertrain is shown 
framed in a silhouette of the vehicle. In the lower-left corner, input parameters of powertrain 
components are plotted. 

 

 
Figure 10. Screenshot of the graphical user interface windows of ADVISOR for a vehicle model. 

 

The powertrain model components are connected via Simulink block diagrams (see Figure 11 
for an empirical conventional vehicle and Figure 12 for an empirical hybrid-electric vehicle). 
During a simulation, the created vehicle model loads the data set with input parameters from 
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the MATLAB workspace. (Markel et al., 2002). A simplified layout for both vehicle models of 
the Simulink block diagrams is presented later in Figure 14. ADVISOR allows to model any 
type of road vehicle by either simple changes of the vehicle models configuration and input 
parameters, or programming and modelling of new vehicle models or powertrain model 
components. 

After creation of a vehicle model together with adjustment of powertrain model components 
and input parameters, the simulation setup must be done. 

 

 
Figure 11. Screenshot of ADVISOR/Simulink block diagram for a conventional vehicle. 

 

 
Figure 12. Screenshot of ADVISOR/Simulink block diagram for a hybrid-electric vehicle as 

parallel configuration. 
 

ADVISOR: Simulation setup 

The simulation setup allows the user to define a driving cycle and its elevation profile via the 
GUI as shown in Figure 13 that can be chosen through a pull-down menu on the right side of 
the windows. As previously mentioned, a driving cycle represents a set of data points that 
contain the speed of a vehicle at a defined time point, whereas an elevation profile represents 
the topology of a driven track as a set of data points of road gradient over distance. Both driving 
cycle and elevation profile are plotted together in the upper-left figure, whereas below, the 
driving cycle’s characteristics are listed, e.g. distance, time, average speed, etc. After the 
simulation setup, the simulation can be run. 
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Figure 13. Screenshot of the graphical user interface window of ADVISOR for the simulation 

setup. 
 

ADVISOR: Simulation approach 

The vehicle model and its powertrain model components interact with a combined forward-
facing and backward-facing simulation approach. 

A forward-facing vehicle simulation approach calculates the demands of fuel and electrical 
energy in the same direction as the physical power flow in the vehicle, i.e. starting with the 
driver by considering the appropriate throttle and brake commands to meet the required speed 
and current speed. Then, the commands of the throttle are further converted into the torque 
demand by the internal combustion engine and/or electric motor and finally, converted into 
required energy use. The torque of the engine is the input to the transmission, forward through 
the powertrain until the axle and wheels. An advantage of a forward-facing vehicle simulation 
approach is that dynamic models can be included. Whereas, a disadvantage is the simulation 
speed due to the dependency of powertrain power calculations on vehicle states and powertrain 
components’ speeds (Markel et al., 2002). 

A backward-facing vehicle simulation approach calculates the force that is required to meet the 
acceleration of the vehicle over a time interval directly from the speed of the driving cycle and 
road gradient of the elevation profile. Then, the force is converted into the required torque that 
must come from the powertrain model components, and is further converted into the required 
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rotational speed. Thus, the calculation is made component by component backwards the 
powertrain of the vehicle, i.e. to the opposite direction of the physical power flow until the fuel 
use and electrical energy use that are required to meet the vehicle demand. An advantage of the 
backward-facing simulation approach is the use of simple integration routines with relatively 
long time intervals of 1 s which gives a quick simulation. Whereas, an disadvantage is the 
assumption that efficiency maps are used to estimate the vehicle’s demand from the driving 
cycle and elevation profile which are in general only retrieved from steady-state testing and 
thus, do not include dynamic effects when estimating energy use of a vehicle (Markel et al., 
2002). 

The combination of a forward-facing and backward-facing simulation approach for a vehicle 
model results in the following two assumptions: 1) No powertrain model component will 
require more power or torque than its next upstream powertrain model component; 2) The 
efficiency of a powertrain model component is the same in both directions of the simulation 
approaches (Markel et al., 2002). 

Figure 14 illustrates a simplified layout of the combined forward-facing and backward-facing 
simulation approach in ADVISOR for conventional vehicle (CONV), hybrid-electric vehicle 
(HEV) and plug-in hybrid-electric vehicle (PHEV) models in both latter cases as parallel 
configuration, together with the respective powertrain model components based on the 
Simulink block diagrams that were presented previously in Figure 11 and Figure 12. Rectangles 
in Figure 14 represent powertrain model components, simulation outputs as well as simulation 
setup inputs for driving cycle and elevation profile. The connecting lines represent data flows 
between the aforementioned rectangles for the combined simulation approach. The colour 
declaration represents the relation to the respective vehicle model. Red dotted lines are logical 
lines that are used to obtain the simulation outputs, but do not represent any data flow for the 
simulation of a vehicle model. For the sake of completeness, the two components charging 
station and power grid are shown, but they were not part of the modelling and simulation 
process. 

Once again: A forward-facing simulation approach starts when the driver decides to supply the 
respective energy to the internal combustion engine and/or electric motor. Thus, the data flows 
with the direction of the physical power until the vehicle drives. A backward-facing simulation 
approach starts with the required speed/torque from the driving cycle and elevation profile and 
flows against the physical power flow up to the energy sources until the fuel use and electrical 
energy use are estimated. 
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Figure 14. Combined forward-facing and backward-facing simulation approach in ADVISOR 

for generic conventional vehicle- (CONV), hybrid-electric vehicle- (HEV) and 
plug-in hybrid-electric vehicle (PHEV) models.  
Note: The latter two generic vehicle models are presented as parallel configuration. 

 

ADVISOR: Simulation outputs 

The ADVISOR simulation outputs window (see Figure 15) provides information about the 
energy use, tailpipe emissions and vehicle performance. On the right side of the simulation 
output window, a summary of the overall results is provided, and on the left side plots of time-
dependent variables are shown. By using the pull-down menu in the upper right corner of the 
window, other time-dependent plots can be chosen and displayed. 

The simulation outputs can differ from reality due to limitations of ADVISOR which are 
presented in the next section. 
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Figure 15. Screenshot of the graphical user interface window of ADVISOR for the simulation 

outputs. 
 

ADVISOR: Limitations 

ADVISOR interpolates linearly data points in the data sets of the driving cycle and elevation 
profile. Thus, a high frequency between the data points is required to obtain short time 
subintervals to approximate linearly a driving cycle in ADVISOR as close as possible to the 
reality. In this study, the data points had an average frequency of 0.08 Hz to 0.12 Hz. 

 

3.4. Field trip to Curitiba 

A field trip was done to the city of Curitiba from the 2nd February to 31st May 2015. This field 
study was important to collect the necessary input parameters for the modelled city buses in 
ADVISOR as well as for the simulation setups to collect Global Positioning System (GPS) data 
for driving cycles and elevation profiles of bus routes. Moreover, the visit was crucial to get an 
impression on-site of the public bus transport system’s operation. During this field trip, several 
interviews were conducted with the bus manufacture Volvo Bus Corporation, the urbanization 
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company of Curitiba URBS, the city hall of Curitiba, the local technical university Federal 
University of Technology – Paraná (UTFPR: Portuguese acronym for Universidade 
Tecnológica Federal do Paraná) and the Curitiba Research and Urban Planning Institute 
(IPPUC: Portuguese acronym for Instituto de Pesquisa e Planejamento Urbano de Curitiba). 
The information from the interviews were used to refine the simulations and assumptions as 
well as to check first results. Section 3.5 provides the simulation input parameters for the city 
buses and simulation setup in ADVISOR.  

The observations of traffic conditions in Curitiba showed that a driving cycle of a bus on the 
same bus route can vary over one day due to different driver behaviours of bus drivers and 
different traffic conditions, viz. traffic densities. The term driver behaviour refers to the driver’s 
characteristics of accelerating, maintaining speed, and braking of the bus while considering the 
traffic condition. Therefore, for representative estimations of energy use and CO2 emissions, 
different driving cycles were collected for the same bus routes for six different operation times 
throughout a day as presented in the next section.  

3 .4 .1 .  Operat ion  t imes  

For the analysis, an usual business day was divided into six operation times to take into 
consideration different traffic conditions that can occur over one day: Morning, Forenoon, 
Noon, Afternoon, Evening and Night. The term operation time refers to a defined timeframe of 
the day within the bus operation occurs. All operation times are within a timeframe from 5:00 
to 23:00, because from 23:00 to 5:00, the public bus transport system is not so much used and 
most of the buses do not operate (Source: Observations in Curitiba by thesis author, February 
to May, 2015). Table 4 presents the operation times and observed traffic conditions in Curitiba, 
as well as start and end for each operation time. A driving cycle for an operation time starts and 
ends within the defined timeframe. The characteristics of the driving cycles from real-world 
data and elevation profiles are provided in appendices A.1 and A.2. 
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Table 4. Operation times and observed traffic conditions in Curitiba. 
Source: Observations in Curitiba by thesis author, February to May, 2015. 
 

Operation 
time 

Observed traffic conditionsa Start time 

(hh:mm:ss)b 

End time 

(hh:mm:ss)b 

Morning - High traffic density 

- Congestion: Inhabitants drive to work to the city 
centre, many of those use private cars 

05:00:00 08:30:00 

Forenoon - Medium traffic density 

- No congestion, inhabitants are at work 

08:31:00 11:30:00 

Noon - Low to medium traffic density 

- Few congestion, inhabitants are at work, some 
inhabitants do visits at public entities, food shops, 
etc during lunch time 

11:31:00 14:00:00 

Afternoon - Low traffic density 

- No congestion, Inhabitants are at work 

14:01:00 16:30:00 

Evening - High traffic density 

- Congestion: Inhabitants drive home from the city 
centre, many of those use private cars 

16:31:00 19:30:00 

Night - Low traffic density 

- No congestion 

- Inhabitants are at home 

19:31:00 23:00:00 

 

a High traffic density: Road vehicles stand for a while due to congestion. Medium traffic density: Stop-and-go 
traffic. Low traffic density: Road vehicles only stop at traffic lights or other occasions when following the 
traffic rules. 
b Unit: hh:mm:ss = hours:minutes:seconds. 

 

3.5. Simulation input parameters 

In this chapter, information on the modelled city buses, their powertrain types (see section 
3.5.1) and input parameters (see section 3.5.2) as well as the simulation setup (see section 3.5.3) 
that includes driving cycles and elevation profiles are provided. 

3 .5 .1 .  Simulat ion:  Overview of  analysed  c i ty  buses  

The modelled city buses in this study represent three city buses that are currently operating in 
Curitiba as well as three city buses investigated as potential alternatives. 

The conventional two-axle city bus Volvo B290R Urban, the conventional biarticulated city bus 
Volvo B340M Biarticulated and the hybrid-electric two-axle city bus Volvo B215RH Hybrid 
Urban are currently operating in Curitiba, as well as the hybrid-electric two-axle city bus Volvo 
7900 Hybrid, the hybrid-electric articulated city bus Volvo 7900 Articulated Hybrid, and the 
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plug-in hybrid-electric two-axle city bus Volvo 7900 Electric Hybrid are investigated as 
potential alternatives for the public bus transport system in Curitiba (A total of 6 city buses). 
For an overview of the analysed city buses and used acronyms, see Figure 16 and Table 5. The 
colour designations correspond to the colours for the result figures in chapter 4. 

Explanations of acronyms for city buses in this thesis: 

Acronym = 1. Powertrain type (Conventional  Conv; Hybrid-electric  Hyb; Plug-in hybrid-
electric  Plug) + 2. Chassis type (Two-axle  Tw; Articulated  Ar; Biarticulated  Bi) + 
3. Operation status (Operating today  O; Alternative  A). 

 Conventional two-axle city bus-Operating in Curitiba (ConvTw-O) 
 Conventional biarticulated city bus-Operating in Curitiba (ConvBi-O) 
 Hybrid-electric two-axle city bus-Operating in Curitiba (HybTw-O) 
 Hybrid-electric two-axle city bus-Alternative for Curitiba (HybTw-A) 
 Hybrid-electric articulated city bus-Alternative for Curitiba (HybAr-A) 
 Plug-in hybrid-electric two-axle city bus-Alternative for Curitiba (PlugTw-A) 
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Figure 16. Overview of analysed city buses. 
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Table 5. Overview of analysed city buses. 
 

City bus 
designationa 

Volvo 
B290R 
Urban 

Volvo 
B340M Bi-
articulated 

Volvo 
B215RH 
Hybrid 
Urban 

Volvo 7900 
Hybrid 

Volvo 7900 
Articulated 
Hybrid 

Volvo 7900 
Electric 
Hybrid 

Acronym ConvTw-O ConvBi-O HybTw-O HybTw-A HybAr-A PlugTw-A 

Manufacture Volvo Bus 
Corporation 

Volvo Bus 
Corporation 

Volvo Bus 
Corporation 

Volvo Bus 
Corporation 

Volvo Bus 
Corporation 

Volvo Bus 
Corporation 

Chassis type Two-axle Biarticulated Two-axle Two-axle Articulated Two-axle 

Chassis length 
(m) 

11.8 25.0 11.5 12.0 18.1 12.0 

Powertrain 
type 

Conventional Conventional Hybrid-
electric 

Hybrid-
electric 

Hybrid-
electric 

Plug-in 
hybrid-
electric 

Hybrid-electric 
configuration 

- - Parallel Parallel Parallel Parallel 

Passenger 
carrying 
capacity 

85b 250b 79b 95c 154 95 

Operating in 
Curitiba (2015) 

Yes Yes Yes No No No 

Picture Figure 17 Figure 18 Figure 19 Figure 20 Figure 21 Figure 22 

Colour 
designation in 
thesis 

      

  

a Data sources: ConvTw-O: (Volvo Bus Corporation, 2015h); ConvBi-O: (Volvo Bus Corporation, 2015i); 
HybTw-O: (Volvo Bus Corporation, 2015j); HybTw-A: (Volvo Bus Corporation, 2015n); HybAr-A: (Volvo Bus 
Corporation, 2015l); PlugTw-A: (Volvo Bus Corporation, 2015m). 
b Seat configuration according to public bus system operator in Curitiba (URBS, 2015b). 
c Mean value of two possible seat configurations (Volvo Bus Corporation, 2015n). 
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City bus 1: Volvo B290R Urban (Acronym: ConvTw-O) 

 

 
Figure 17. City bus 1: Conventional two-axle city bus – Operating in Curitiba Volvo B290R 

Urban. 
Figure source: (URBS, 2015b). 

 

City bus 2: Volvo B340M Biarticulated (Acronym: ConvBi-O) 

 

 
Figure 18. City bus 2: Conventional biarticulated city bus – Operating in Curitiba Volvo B340M 

Biarticulated. 
Figure source: (URBS, 2015b). 

 

City bus 3: Volvo B215RH Hybrid Urban (Acronym: HybTw-O) 

 

 
Figure 19. City bus 3: Hybrid-electric two-axle city bus – Operating in Curitiba Volvo R215RH 

Hybrid Urban. 
Note: This Figure shows the design of the biodiesel version of this city bus in 
Curitiba. For the simulations, a biodiesel blend (B7) was considered. 
Figure source: (Volvo Bus Corporation, 2015e).  
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City bus 4: Volvo 7900 Hybrid (Acronym: HybTw-A) 

 

 
Figure 20. City bus 4: Hybrid-electric two-axle city bus – Alternative for Curitiba Volvo 7900 

Hybrid. 
Figure source: (Volvo Bus Corporation, 2015n). 

 

City bus 5: Volvo 7900 Articulated Hybrid (Acronym: HybAr-A) 

 
Figure 21. City bus 5: Hybrid-electric articulated city bus – Alternative for Curitiba Volvo 7900 

Articulated Hybrid. 
Figure source: (Volvo Bus Corporation, 2015l). 

 

City bus 6: Volvo 7900 Electric Hybrid (Acronym: PlugTw-A) 

 
Figure 22. City bus 6: Plug-in hybrid-electric two-axle city bus – Alternative for Curitiba Volvo 

7900 Electric Hybrid. 
Figure source: (Volvo Bus Corporation, 2015m). 

 

In section 3.5.2, powertrain model components and input parameters are presented that build 
the vehicle models of the city buses in ADVISOR for the simulations. 
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3 .5 .2 .  Simulat ion:  Powertrain  model  components  and input  
parameters  

For determination of the most important input parameters, results of a study (Markel et al., 
2002) with application of ADVISOR were used as shown in Figure 23. It shows the shares of 
energy losses from different vehicle components during operation of vehicles with conventional 
and advanced powertrains (hybrid-electric as parallel configuration). Obviously, the highest 
energy losses are due to the internal combustion engine, followed by aerodynamic drag, rolling 
resistance, driveline (i.e. powertrain without engine) losses, accessory load losses and braking 
losses. The vehicle with the advanced powertrain uses only 33.4% of the energy needed in the 
conventional vehicle (Markel et al., 2002) 

For this thesis, the following input parameter (IP) categories are used that cover all important 
components and technical specifications according to identified energy losses by (Markel et al., 
2002): 

 IP.1: Natural constants, geometries and weights of city buses 
 IP.2: Internal combustion engine 
 IP.3: Transmission 
 IP.4: Accessory loads 
 IP.5: Electric motor 
 IP.6: Energy storage system and energy management 

 

The categories IP.5 and IP.6 are not shown explicitly in Figure 23, but contribute to a lower 
energy use of the internal combustion engine due to higher overall energy efficiency at lower 
vehicle speed when a hybrid-electric powertrain has a parallel configuration (Katrašnik et al., 
2007). 

 

 
Figure 23. Energy use of vehicles with a) conventional and b) advanced (hybrid-electric) 

powertrains. 
Figure source: (Markel et al., 2002). 

a) 
 
 
 
 
 
 
 
b) 
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IP.1: Natural constants, geometries- and weight of city buses 

Natural constants 

The following local physical constants were used in the case of Curitiba: A local (Curitiba: 
Latitude: -25.4277800; Longitude: -49.2730600) gravitational acceleration of 9.788 m/s2 (PTB, 
2007), an air density of 1.098 kg/m3 (ISO 2533, 1975) at 904 m above sea level and an ambient 
temperature of 20 C. 

Geometries of city buses 

Table 6 lists geometries for the city buses. 

 

Table 6. Geometries of city buses for the simulations.  
(Acronyms: Conventional two-axle city bus-Operating (ConvTw-O), Conventional biarticulated city bus-
Operating (ConvBi-O), Hybrid-electric two-axle city bus-Operating (HybTw-O), Hybrid-electric two-axle city 
bus-Alternative (HybTw-A), Hybrid-electric articulated city bus-Alternative (HybAr-A), Plug-in hybrid-electric 
two-axle city bus-Alternative (PlugTw-A)). 

 

City busa ConvTw-O ConvBi-O HybTw-O HybTw-A HybAr-A PlugTw-A 

Chassis length 
(m) 

11.8 25.0 11.5 12.0 18.1 12.0 

Front weight 
fraction 

0.38 0.19 0.39 0.37 0.24 0.37 

Height (m) 2.79 3.16 2.79 2.95 2.95 2.95 

Centre of 
gravity, height 
(m)b 

0.93 1.05 0.93 0.98 0.98 0.98 

Frontal area 
(m2) 

7.09 8.22 7.09 7.52 7.52 7.52 

Drag 
coefficientc 

0.70 0.70 0.70 0.70 0.70 0.70 

 

a Data sources: ConvTw-O: (Volvo Bus Corporation, 2015h); ConvBi-O: (Volvo Bus Corporation, 2015i); 
HybTw-O: (Volvo Bus Corporation, 2015j); HybTw-A: (Volvo Bus Corporation, 2015n); HybAr-A: (Volvo Bus 
Corporation, 2015l); PlugTw-A: (Volvo Bus Corporation, 2015m). 
b Assumption: 1/3 of the height. 
c Data retrieved during an interview with an employee of Volvo Bus Corporation (Volvo Bus Corporation, 
2015e). 

 

The weight of a city bus is an important input parameter, because it influences the required 
torque and power when driving on an upwards as well as downwards oriented street. The 
determination of the weights of the city buses are presented in the next section. 

Total weight of city buses 

For the total weight of city buses for the simulations, the following three mass components 
were considered of which two were assumed to be constant: 1) Kerb weight (Constant), 2) Fuel 
weight (Constant), 3) Total weight of carried passengers (Variable). 
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The weights of city buses can vary over a day in Curitiba due to different occupancy rates at 
different operation times which affects the total weight of carried passengers. The term 
occupancy rate (OR) refers to the ratio of current number of passengers versus the maximal 
possible number of passengers that can be carried in a bus and is expressed as percentage. For 
instance, factors that influence the occupancy rates of city buses and temporal use of the public 
bus transport system are residents’ start and end of work, opening hours of shopping malls, 
public and private institutions, etc. This leads to variations of the occupancy rate, and a further 
distinction to time-specific occupancy rates is required according to the previous introduced 
operation times in section 3.4.1. The occupancy rate is a crucial factor to determine the total 
weight of a city bus, because the passenger carrying capacity (PCC) differs between the 
considered city buses as previous shown in Table 5. This has to be taken into account when 
simulating a city bus in ADVISOR, because a higher weight of a city bus results in an increased 
energy demand. Moreover, it influences the functional unit passenger-kilometre (pkm) as 
presented previously in section 3.2. 

Therefore two cases were considered for the simulations: Time-specific occupancy rates as well 
as an occupancy rate of 100% (OR100). The time-specific occupancy rates were based on 
weight measurements of biarticulated city buses with telematics systems by Volvo Bus 
Corporation (Volvo Bus Corporation, 2015e). To calculate the time-specific occupancy rates, 
a mass balance equation was used as a starting point from which the time-specific occupancy 
rates were derived as shown in equations 10, 11 and 12 (Equations created by thesis author). 
The determined kerb weight was assumed to correspond to the minimal measured weight of a 
biarticulated bus with telematics systems. The term kerb weight mkerb refers to the total weight 
of a chassis together with the body of a bus without the total weight of carried passengers 
mpassenger,total and without weight of fuel mfuel. Therefore, the sum of the mass components gives 
the total weight of a city bus mbus,total (see Eq.10). mpassenger,total is calculated by multiplication 
of the occupancy rate OR times the passenger carrying capacity PCC of the bus times the weight 
of one passenger mpassenger,1. The weight of fuel was calculated by multiplication of fuel level 
in fuel tank ϑfueltank times the fuel tank volume Vfueltank times density of B7 ρB7 (see Eq.11). 
Rearranging of the variables gives the occupancy rate OR (Eq.12). A total of 7369 single 
calculations was done for each measurement in the data set to calculate average values for the 
occupancy rates for different operation times. 
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7,1

, ,

/100%fuel fueltank Bpassenger

bus total kerb passenger total fuel

VOR PCC m

m m m m
ϑ ρ= ⋅ ⋅= ⋅ ⋅

= + +


 (Eq.10) 

 Where:  

mbus,total Total weight of city bus (kg) (from telematics system measurements by Volvo 
Bus Corporation) 

mkerb Kerb weight of a biarticulated city bus (kg) (15 605 kg, from telematics system 
measurements by Volvo Bus Corporation) 

mpassenger,total Total weight of carried passengers (kg) 

mfuel Weight of fuel (kg) 

OR Occupancy rate (%) 

PCC  Passenger carrying capacity (-) (Biarticulated bus: 250 passengers, 
 (URBS, 2015b)) 

mpassenger,1 Weight of one passenger (kg) (Assumption: 67 kg) 

ϑfueltank Fuel level in fuel tank (%) 

Vfueltank Fuel tank volume (L) (Biarticulated bus: 2x270 L) 

ρB7 Density of B7 (kg/L) (Table 3) 

 

 , 7 ,1/100% /100%bus total kerb fuel fueltank B passengerm m V OR PCC mϑ ρ= + ⋅ ⋅ + ⋅ ⋅  (Eq.11) 

 

 
( ), 7

,1

/100% 100%bus total kerb fuel fueltank B

passenger

m m V
OR

PCC m
ϑ ρ− − ⋅ ⋅ ⋅

=
⋅

 (Eq.12) 

 

The highest occupancy rate was determined for operation time Evening with 63%, followed by 
Morning and Noon with 58% and 54%, respectively (Figure 24). The lowest occupancy rate 
was determined for the operation time Night with only 47%. The remaining occupancy rates 
for both operation times Morning and Afternoon amount to 50% and 52%, respectively. The 
occupancy rates are assumed to be a constant for the simulations as an average value from the 
start to end of  the city bus operation on a bus route. 

After this, the total weight of carried passengers in all other city buses were determined 
according to the six operation times by multiplication of OR times PCC times mpassenger,1 (Figure 
24). The conventional biarticulated city buses has by far the highest weight of carried 
passengers due to its large passenger carrying capacity (PCC: 250), followed by the articulated 
hybrid-electric city bus (PCC: 154). The remaining four city buses have roughly the same 
weight due to a similar passenger carrying capacity, i.e. between 79 and 95. 
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Figure 24. Total weight of carried passengers for time-specific occupancy rates (Morning, 

Forenoon, Noon, Afternoon, Evening, Night) and an occupancy rate of 100% 
(OR100) in the city buses for the simulations. 
(Acronyms: Conventional two-axle city bus-Operating (ConvTw-O), Conventional 
biarticulated city bus-Operating (ConvBi-O), Hybrid-electric two-axle city bus-
Operating (HybTw-O), Hybrid-electric two-axle city bus-Alternative (HybTw-A), 
Hybrid-electric articulated city bus-Alternative (HybAr-A), Plug-in hybrid-electric 
two-axle city bus-Alternative (PlugTw-A)). 

 

Figure 25 visualises the input parameters used for the total weight of city buses in ADVISOR 
for each operation time and an occupancy rate of 100% (OR100). The kerb weights of ConvTw-
O, HybTw-O, HybTw-A, HybAr-A and PlugTw-A were derived from the permitted gross 
vehicle weight (GVW) minus the product of the occupancy rate times PCC times mpassenger,1 

minus mfuel. The GVW corresponds to the maximal permitted wehight of a city bus including 
carried passengers. The numbers show that approx. one-third of the total weight of a city bus is 
due to the passengers, and two-third of the total weight due to the kerb weight, while the fuel 
weight has only minor importance. The highest total weight has the conventional biarticulated 
city bus due to its size (Length: 25 m, PCC: 250), followed by the articulated hybrid-electric 
city bus (Length: 18 , PCC: 154). The remaining city buses have approximately the same weight 
due to similar lengths (12m) and passenger carrying capacities (PCC: 79 to 95). 
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Figure 25. Total weight of city buses for time-specific occupancy rates (Morning, Forenoon, 

Noon, Afternoon, Evening, Night) and an occupancy rate of 100% (OR100) for the 
simulations. 
(Acronyms: Conventional two-axle city bus-Operating (ConvTw-O), Conventional 
biarticulated city bus-Operating (ConvBi-O), Hybrid-electric two-axle city bus-
Operating (HybTw-O), Hybrid-electric two-axle city bus-Alternative (HybTw-A), 
Hybrid-electric articulated city bus-Alternative (HybAr-A), Plug-in hybrid-electric 
two-axle city bus-Alternative (PlugTw-A)). OR100: Equal to the permitted gross 
vehicle weight (GVW). 

  

Morning Forenoon Noon Afternoon Evening Night OR100
ConvTw-O 17.2 16.7 16.9 16.8 17.5 16.5 19.5
ConvBi-O 33.6 32.1 32.8 32.6 34.5 31.6 40.5
HybTw-O 16.9 16.5 16.7 16.6 17.2 16.3 19.1
HybTw-A 16.7 16.1 16.3 16.3 17.0 15.8 19.0
HybAr-A 24.8 23.8 24.3 24.2 25.3 23.5 29.0
PlugTw-A 16.7 16.1 16.3 16.3 17.0 15.8 19.0
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IP.2: Internal combustion engine 

Table 7 lists the technical specification of internal combustion engines (ICE) in the city buses 
for the simulations. The engine power and torque curves over the engine speed range of the 
respective ICEs are shown in Figure 26 and Figure 27. All ICEs reach their maximal engine 
torque in the first half of the engine speed range whereas the maximal engine power peaks at 
higher engine speeds. 

 
Table 7. Technical specification of internal combustion engines (ICE) in city buses for the simulations.  
(Acronyms: Conventional two-axle city bus-Operating (ConvTw-O), Conventional biarticulated city bus-
Operating (ConvBi-O), Hybrid-electric two-axle city bus-Operating (HybTw-O), Hybrid-electric two-axle city 
bus-Alternative (HybTw-A), Hybrid-electric articulated city bus-Alternative (HybAr-A), Plug-in hybrid-electric 
two-axle city bus-Alternative (PlugTw-A)). 

 

City bus ConvTw-O ConvBi-O HybTw-O HybTw-A HybAr-A PlugTw-A 

Engine 
designation 

Volvo 
D7E290 

Volvo 
DH12E340  

Volvo 
D5F215 

Volvo 
D5K240 

Volvo 
D5K240 

Volvo 
D5K240 

Max. engine 
power (kW) 

213 250 161 177 177 177 

Max. engine 
power at (rpm) 

2100 1800 2300 2200 2200 2200 

Max. engine 
torque (Nm) 

1200 1700 800 918 918 918 

Max. engine 
torque at 
(rpm) 

1200-1600 950-1400 1200-1700 1200-1600 1200-1600 1200-1600 

Max. engine 
speed (rpm) 

2300 2100 2650 2650 2650 2650 

Idle engine 
speed (rpm) 

600 600 700 500 500 500 

Displacement 
(L) 

7.14 12.1 4.76 5.1 5.1 5.1 

Source (Volvo Bus 
Corporation, 
2015c) 

(Volvo Bus 
Corporation, 
2015d) 

(Volvo Bus 
Corporation, 
2015k) 

(Volvo Bus 
Corporation, 
2015b) 

(Volvo Bus 
Corporation, 
2015b) 

(Volvo Bus 
Corporation, 
2015b) 
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Figure 26. Power curves of internal combustion engines in city buses for the simulations. 

Figure created by thesis author based on data from: (Volvo Bus Corporation, 
2015a), (Volvo Bus Corporation, 2015b), (Volvo Bus Corporation, 2015c), (Volvo 
Bus Corporation, 2015d), (Volvo Bus Corporation, 2015k). 

 

 

 
Figure 27. Torque curves of internal combustion engines in city buses for the simulations. 

Figure created by thesis author based on data from: (Volvo Bus Corporation, 
2015a), (Volvo Bus Corporation, 2015b), (Volvo Bus Corporation, 2015c), (Volvo 
Bus Corporation, 2015d), (Volvo Bus Corporation, 2015k). 
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IP.3: Transmission 

Table 8 gives the technical specifications of the transmission in the city buses for the 
simulations. The gearbox and transmission efficiency (ZF, 2011) was assumed to be 90% for 
all city buses. 

 
Table 8. Technical specifications of transmissions in city buses for the simulations. 
(Acronyms: Conventional two-axle city bus-Operating (ConvTw-O), Conventional biarticulated city bus-
Operating (ConvBi-O), Hybrid-electric two-axle city bus-Operating (HybTw-O), Hybrid-electric two-axle city 
bus-Alternative (HybTw-A), Hybrid-electric articulated city bus-Alternative (HybAr-A), Plug-in hybrid-electric 
two-axle city bus-Alternative (PlugTw-A)). 

 

City bus ConvTw-O ConvBi-O HybTw-O HybTw-A HybAr-A PlugTw-A 

Transmission 
axle 

Rear Front, 2nd 
axle 

Rear Rear Rear Rear 

Gearbox 
designation 

ZF 
ECOLIFE 
6AP1400B 

ZF 
ECOLIFE 
6AP1700B 

Volvo 
AT2412D I-
Shift 

Volvo 
AT2412D I-
Shift 

Volvo 
AT2412D I-
Shift 

Volvo 
AT2412D I-
Shift 

Transmission 
type 

Automatic Automatic Automatic Automatic Automatic Automatic 

Number of 
forward gears 

6 7 12 12 12 12 

Gear ratios 

(1/2/3/4/5/6/7/8
/9/10/11/12) 

3.364/1.909/
1.421/1.000/
0.720/0.615 

7.090/3.364/
1.909/1.421/
1.000/0.720/
0.615 

14.94/11.73/
9.04/7.09/5.
54/4.35/3.44
/2.70/2.08/1.
63/1.27/1.00 

14.94/11.73/
9.04/7.09/5.
54/4.35/3.44
/2.70/2.08/1.
63/1.27/1.00 

14.94/11.73/
9.04/7.09/5.
54/4.35/3.44
/2.70/2.08/1.
63/1.27/1.00 

14.94/11.73/
9.04/7.09/5.
54/4.35/3.44
/2.70/2.08/1.
63/1.27/1.00 

Wheel radius 
(m) 

0.522 0.522 0.522 0.481 0.481 0.481 

Final drive 
ratio 

5.29 7.21 4.63 4.72 4.72 4.72 

1st order rolling 
friction 
coefficient 

0.01 0.01 0.01 0.01 0.01 0.01 

 

Besides torque and power demands, also accessory loads of city buses must be taken into 
account when estimating energy use and CO2 emissions. 

IP.4: Accessory loads 

Both mechanical (Steering: 0.269 kW, Cooling: 3.511 kW, Compressor: 1.166 kW) and 
electrical (24 V devices: 4.093 kW) accessory loads were based on (Andersson, 2004) without 
any demand for air conditioning. For simplification, it was assumed that both mechanical and 
electrical accessory loads were equal for all city buses. The mechanical accessory loads 
occurred only when the engine was turned on.  
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IP.5: Electric motor 

Table 9 shows input parameters of electric motors in hybrid-electric and plug-in hybrid-electric 
city buses for the simulations. 

 

Table 9. Technical specifications of electric motors in hybrid-electric and plug-in hybrid-electric city buses 
for the simulations. 
(Acronyms: Hybrid-electric two-axle city bus-Operating (HybTw-O), Hybrid-electric two-axle city bus-
Alternative (HybTw-A), Hybrid-electric articulated city bus-Alternative (HybAr-A), Plug-in hybrid-electric 
two-axle city bus-Alternative (PlugTw-A)). 

 

City busa HybTw-O HybTw-A HybAr-A PlugTw-A 

Type designation Volvo I-SAM Volvo I-SAM Volvo I-SAM Volvo I-SAM 

Electric motor/generator Permanent 
magnet 

Permanent 
magnet 

Permanent 
magnet 

Permanent 
magnet 

Max. electric motor power 
(kWp) 

120 120 150 150 

Max. electric motor torque 
(Nm) 

800 800 1200 1200 

Peak efficiency (%)b 93 93 93 93 
 

a Data sources: HybTw-A: (Volvo Bus Corporation, 2015n); HybAr-A: (Volvo Bus Corporation, 2015l); 
PlugTw-A: (Volvo Bus Corporation, 2015m). 
b Assumption is based on electric motor peak efficiencies of ADVISOR default models (Markel et al., 2002). 

 

IP.6: Energy storage system and energy management 

The electrical energy output of the energy storage system in terms of electric current and voltage 
was assumed to be independent from temperature and State-of-Charge (SOC). For protection 
of the ESS, only a certain range of its nominal capacity is used between the lowest (SOClow) 

and highest (SOChigh) State-of-Charge called as usable capacity. SOC is the ratio between the 
level of available electrical energy and nominal capacity of the energy storage system (Empty 
ESS: 0% SOC, Full ESS: 100% SOC), and is expressed as percentage. 

Typical values for SOClow and SOChigh are 30% and 70% of the nominal capacity, respectively 
(Volvo Bus Corporation, 2015e). To avoid a depletion of the energy storage system until 
SOClow, a State-of-Charge limit value (SOClimit) is set at 35% of the nominal capacity when the 
internal combustion engine is turned on and generates with the electric motor electrical energy 
to recharge the energy storage system, viz. charge sustaining control strategy. 

For the functional cooperation between internal combustion engine and electric motor, hybrid 
control strategies are necessary, i.e. energy management. All hybrid-electric and plug-in 
hybrid-electric city buses drive until 20 km/h only with electrical energy (Assumption), viz. 
electric drive (A vehicle uses only electrical energy to meet its propulsion demand). At higher 
vehicle speeds or higher torque demand than what is possible to be provided by the electric 
motor alone, the internal combustion engine is turned on and runs in parallel with the electric 
motor. Moreover, electric drive of the plug-in hybrid-electric city bus (PlugTw-A) lasts for the 
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first 7 km of its operation due to a large energy storage system according to (Volvo Bus 
Corporation, 2015m). After 7 km of electric drive, the internal combustion engine is turned on 
and runs in parallel with the electric motor. The calculations for 7 km of electric drive for plug-
in hybrid-electric city bus (PlugTw-A) were done with the following two equations. Eq.13 
(Created by thesis author) was applied to determine net electrical energy use until the hybrid-
electric operation (electric drive until 20 km/h and parallel operation) starts. 

 

 ,PlugTw A ,PlugTw A 7.5kWhhigh limit
ESSESSne

high l
t

ow

SOC SOC
W

SOC OC
E

S− −

−
= ⋅ =

−
  (Eq.13) 

 Where:  

EESSnet,PlugTw-A Net electrical energy use of plug-in hybrid-electric city bus (PlugTw-A) (kWh) 

SOClimit State-of-Charge limit value (Assumption: 34.5% of the nominal capacity) 

SOChigh Highest State-of-Charge (Assumption: 70% of the nominal capacity) 

SOClow Lowest State-of-Charge (Assumption: 30% of the nominal capacity) 

WESS,PlugTw-A Usable capacity of energy storage system in plug-in hybrid-electric city bus 
(PlugTw-A) (8.5 kWh), Source: (Volvo Group, 2015) 

 

A net electrical energy use for plug-in hybrid-electric city bus (PlugTw-A) of 7.5 kWh over 
7 km is equal to a net electrical energy use of 3.87 MJ/km. The energy use for only electric 
drive of the plug-in hybrid-electric city bus seems to be reasonable when comparing it with the 
results of another study (Lajunen, 2014). The study (Lajunen, 2014) estimated an energy use of 
approx. 3.6 MJ/km for an electric city bus of a slightly smaller size (Gross vehicle weight: 
13 tonnes, Electric motor peak power: 150 kWp, Energy storage system voltage: 622 V). 
Furthermore, the energy use of PlugTw-A was estimated with the following equation (Eq.14), 
i.e. net electrical energy plus energy use during hybrid-electric operation: 
 

 ( ),PlugTw A,hyb
, , ,

,

3.6 / use
use PlugTw A ESSnet PlugTw A Busroute i electric

Busroute i

E
E E MJ kWh x x

x
−

− −= ⋅ + ⋅ −   (Eq.14) 

 Where:  

Euse,PlugTw-A Energy use of plug-in hybrid-electric city bus (PlugTw-A) (MJ) 

EESSnet,PlugTw-A Net electrical energy use of plug-in hybrid-electric city bus (PlugTw-A) (Eq.13) 

3.6MJ/kWh Conversion from kWh to MJ 

Euse,PlugTw-A,hyb Energy use of plug-in hybrid-electric city bus (PlugTw-A) from hybrid-electric 
operation (MJ) (ADVISOR) 

xbusroute,i Driven distance on bus route No. i (km) 

xelectric Distance of electric drive (=7km) 

 

In addition, it was assumed that there is always sufficient available electrical energy from the 
energy storage system for the hybrid-electric operation for all hybrid-electric and plug-in 
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hybrid-electric city buses for the simulations. This assumption is reasonable for the electric-
hybrid operation, because in the reality, electrical energy is almost always available from the 
energy storage system that is recharged with regenerative braking, except for some seldom 
cases due to inadequate driver behaviour, e.g. too fast acceleration and deceleration so that the 
regenerative braking is insufficient to recharge the energy storage system. This information was 
retrieved during an interview with an employee of Volvo Bus Corporation (Volvo Bus 
Corporation, 2015e).  

Table 10 shows inputs parameters of the energy storage system (ESS) and energy management 
for the hybrid-electric and plug-in hybrid-electric city buses 

 
Table 10. Technical specifications of energy storage systems and energy managements in hybrid-electric and 
plug-in hybrid-electric city buses for the simulations. 
(Acronyms: Hybrid-electric two-axle city bus-Operating (HybTw-O), Hybrid-electric two-axle city bus-
Alternative (HybTw-A), Hybrid-electric articulated city bus-Alternative (HybAr-A), Plug-in hybrid-electric two-
axle city bus-Alternative (PlugTw-A)). 

 

City bus HybTw-O HybTw-A HybAr-A PlugTw-A 

Battery type Lithium-Ion Lithium-Ion Lithium-Ion Lithium-Ion 

Battery voltage (V) 600 600 600 600 

Usable capacity for hybrid-
electric operation (kWh) 

1.2 1.2 2.4 8.5 

Usable capacity for electric 
drive with charge sustaining 
control strategy (kWh) 

- - - 7.5b 

Electric drive, internal 
combustion engine is turned 
off 

Until 20 km/h Until 20 km/h Until 20 km/h First 7 km of 
operation and 
until 20 km/h 

Plug-in option for charging 
station 

No No No Yes 

 

a Sources: HybTw-O: (Volvo Bus Corporation, 2015j); HybTw-A: (Volvo Bus Corporation, 2015n); HybAr-A: 
(Volvo Bus Corporation, 2015l); PlugTw-A: (Volvo Bus Corporation, 2015m). 
b Thesis author estimation based on additional information from interview with an employee of Volvo Bus 
Corporation (2015f). 

 

All input parameters for the analysed city buses have been presented until here. In section 3.5.3, 
the simulation setup is presented which includes driving cycles and elevation profiles of the 
considered bus routes. 

3 .5 .3 .  Simulat ion:  S imulat ion  se tup  

Driving cycles and elevation profile: Bus routes 

The selection of bus routes was based on their operation times, i.e. only BRT bus routes that 
are operated the whole day were included in this study as well as on the availability of data 
(March 2015). It is necessary to run the simulations for different bus routes due to different 
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driving cycle characteristics. This difference can result in a significant variation of the results, 
e.g. CO2 emissions (Karabasoglu & Michalek, 2013). In the case that a route was covered by 
two bus routes that operate clockwise and counter-clockwise, only one was chosen due to their 
strong similarities in regards to driving cycle and elevation profile. The driving cycles and 
therefore simulations were only from the start station to the end station, i.e. one direction only. 
Since one aim of this study is to compare city buses in regards to their passenger carrying 
capacities, only BRT bus routes were investigated, because only on those operate biarticulated 
city buses in Curitiba. Table 11 lists the selected bus routes with additional information. In 
addition, a visualisation of the considered bus routes is provided in Figure 28 (Google Maps, 
2015) and elevation profiles in Figure 29. 

 

Table 11. Bus routes of this study. 
 

Bus route 
(Generic 
number) 

Bus route 
(Official 
number)b 

Bus route 
classification 

Start station End station On way 
Distance 
(km) 

Number 
of bus 
stops 

I 500a Super 
express 

Tubo Praça 
Carlos Gomes 

Terminal 
Boqueirão 

10 10 

II 550 Super 
express 

Terminal 
Pinheirinho 

Tubo Carlos 
Gomes 

11 6 

III 203 Express Terminal 
Santa Cândida 

Terminal 
Capão Raso 

16 32 

IV 301 Express Terminal de 
Pinhais 

Tubo Praça 
Rui Barbosa 

18 16 

V 502 Express Terminal 
Boqueirão 

Terminal 
Boqueirão 

24 40 

VI 503a Express Tubo Praça 
Carlos Gomes 

Terminal 
Boqueirão 

10 19 

VII 603 Express Tubo Praça 
Rui Barbosa 

Terminal 
Pinheirinho 

10 21 

 

a Bus routes I (500) and VI (503) share the same route, but differ in the number of bus stops. 
b Official bus route numbers in Curitiba (URBS, 2015b). 
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Bus route  Colour  

I ■ 
II ■ 
III ■ 
IV ■ 
V ■ 
VI ■ 
VII ■ 

Figure 28. Map of analysed bus routes. 
Note: Bus route I and VI share the same route, but differ in the number of bus stops. 
Figure created by thesis author. Plot with Google Maps (2015).  
Data source: (URBS 2015). 

 

 
Figure 29. Elevation profiles of analysed bus routes. 

Figure created by thesis author. Data source: (URBS 2015). 
 

Driving cycles and elevation profile: Summary 

Figure 12 lists the driving cycle designations. The matrix shows in each row the designation of 
the driving cycles for the respective bus route for each of the six operation times. The driving 
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cycles’ and elevation profiles’ characteristics for each bus route are provided in appendices A.1 
and A.2. 

Factors that influence the driving cycle and elevation profile are accuracy of the measurement 
device to collect the data, frequency of the measurements as well as driver behaviours and 
traffic conditions. Moreover, a study (de Abreu e Silva, Moura, Garcia, & Vargas, 2015) finds 
that vehicle type, speed, road gradients over 5% and bus routes influence energy use of vehicles. 
Whereas, sudden longitudinal decelerations and excessive engine rotation have minor impacts. 
Thus, driving cycles from real-world data are strongly dependent on a variety of different 
factors which lead to different results. For an estimation of the impact of variations between 
driving cycles from real-world data on the results, an additional analysis was performed as 
described in section 3.6. 

 
Table 12. Summary of bus routes and operation times designations for driving cycles and elevation profiles. 

 

Bus 
route 

Operation time Input 
para-
meter Morning Forenoon Noon Afternoo

n 
Evening Night 

I Morning   
(I) 

Forenoon 
(I) 

Noon          
(I) 

Afternoon 
(I) 

Evening    
(I) 

Night        
(I) 

Table 
A.1.2 

II Morning 
(II) 

Forenoon 
(II) 

Noon      
(II) 

Afternoon 
(II) 

Evening 
(II) 

Night                 
(II) 

Table 
A.1.3 

III Morning 
(III) 

Forenoon 
(III) 

Noon         
(III) 

Afternoon 
(III) 

Evening 
(III) 

Night           
(III) 

Table 
A.1.4 

IV Morning 
(IV) 

Forenoon 
(IV) 

Noon        
(IV) 

Afternoon 
(IV) 

Evening 
(IV) 

Night           
(IV) 

Table 
A.1.5 

V Morning 
(V) 

Forenoon 
(V) 

Noon        
(V) 

Afternoon 
(V) 

Evening 
(V) 

Night             
(V) 

Table 
A.1.6 

VI Morning 
(VI) 

Forenoon 
(VI) 

Noon       
(VI) 

Afternoon 
(VI) 

Evening 
(VI) 

Night       
(VI) 

Table 
A.1.7 

VII Morning 
(VII) 

Forenoon 
(VII) 

Noon            
(VII) 

Afternoon 
(VII) 

Evening 
(VII) 

Night        
(VII) 

Table 
A.1.8 

 

3.6. Impact of variations between driving cycles 
from real-world data  

Energy use and CO2 emissions of city buses depend on various different factors including not 
only technical input parameters but also driving cycles. Since, the simulations were run for 
different city buses, bus routes and operation times, this also implies that different bus drivers 
drove (driver behaviour) the buses while facing different traffic conditions from that the real-
world data was collected to model driving cycles for simulations in ADVISOR. The term driver 
behaviour refers to the driver’s characteristics of accelerating, maintaining the speed, and 
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braking of the city bus while considering the traffic conditions over time. Thus, driving cycles 
from real-world data contain characteristics from both bus drivers and occured traffic 
conditions. A study (Sullman, Dorn, & Niemi, 2015) investigated the driver behaviour of many 
bus drivers and found a significant improvement in reduction of energy use for those who 
attended an eco-drive training. The term eco-driving refers to an efficient operation of a road 
vehicle by the driver to reduce energy use. Another study (Jamson, Hibberd, & Jamson, 2015) 
confirms that eco-driving advices for drivers improves the vehicle performance. In the case of 
Curitiba, there might be bus drivers who pay more attention on eco-driving than others, which 
can result in energy use variations. Even when the same city bus on the same bus route at same 
operation time is analysed but considering different bus drivers and traffic conditions, it may 
affect the results. 

Since one aim of thesis is to estimate representative average values for energy use and CO2 
emissions for city bus operation in Curitiba, the variations between driving cycles can have a 
significant impact on the estimations. An estimation of this factor from the overall results 
cannot be obtained explicitly, and therefore, an additional analysis was performed to estimate 
a meaningful range of this factor. 

The analysis consists of eleven simulations in ADVISOR for each city bus, simulated on 
express bus route VI for operation time Morning with real-world data from the 13th March 2015. 
The express line VI was chosen due to its straight exclusive lane, and the operation time 
Morning was chosen to consider a traffic condition that has a high traffic density that crosses 
the bus route on other streets (see chapter 3.5.3 for further information regarding bus route VI 
and operation time Morning). The total weights of the city buses were according to the 
operation time Morning. 

The results are expressed as relative standard deviation also called coefficient of variation cv 
from the population mean. The term population refers in statistics to a complete set of values. 
The coefficient of variation cv (Eq.17) is the ratio between the population standard deviation σ 
(Eq.16) to the population mean x  (Eq.15). It is a standardised measure to express the precision 
of a test and is expressed as percentage. 

Moreover, the upper limit of relative deviation RDUL (Eq.18) and lower limit of relative 
deviation RDLL (Eq.19) were calculated to determine the range of the variation of results for 
energy use for each simulated city bus. The results of this analysis are presented in chapter 4.3. 
The characteristics of the eleven driving cycles are provided in appendix A.2. 
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 Where:  

x  Population mean 

N Population size 

xi Result from simulation i, i = 1…11 
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 Where:  

σ Population standard deviation 

 

 100%vc
x
σ

= ⋅   (Eq.17) 

 Where:  

cv Coefficient of variation (%) 

 

 max(x x) 100%i
ULRD

x
−

= ⋅   (Eq.18) 

 Where:  

RDUL Upper limit of the relative deviation (%) 

 

 min(x x) 100%i
LLRD

x
−

= ⋅   (Eq.19) 

 Where:  

RDLL Lower limit of relative deviation (%) 

 

3.7. Progression of energy and fuel savings over 
distance of hybrid-electric and plug-in hybrid 
electric city buses  

According to official statements of the vehicle manufacture Volvo Bus Corporation, a hybrid-
electric city bus can save between 35% (Volvo Bus Corporation, 2015g) and 39% (Volvo Bus 
Corporation 2015h) energy compared to a conventional city bus. Moreover, a plug-in hybrid-
electric city bus can save up to 60% energy and 75% of CO2 emissions when driving 70% with 
electric drive on a 10 km distance (Volvo Bus Corporation 2015h). However, statements about 
technical specifications of the reference city bus, considered route and methodology are not 
given though. However, one occurring question is: 

What will happen with the energy and fuel savings when the driven distance is longer than 
10 km? 

It was assumed that plug-in hybrid-electric city bus (PlugTw-A) always starts its operation with 
a fully charged energy storage system. However, depending on the bus route, the next charging 
station can be further afar than 10 km and, as a result, PlugTw-A has to run a long distance in 
the hybrid-electric operation instead of only electric drive, i.e. the longer the driven distance, 
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the larger the contribution of the internal combustion engine. For visualising the progression of 
the energy and fuel savings over distance of hybrid-electric and plug-in hybrid-electric city 
buses compared to a conventional city bus, comparable city buses were taken into account in 
terms of permitted gross vehicle weight and passenger carrying capacity, i.e. the conventional 
two-axle city bus (ConvTw-O), the hybrid-electric two-axle city bus (HybTw-O) and as an 
alternative the plug-in hybrid-electric two-axle city bus (PlugTw-A). Two different distances 
were analysed 10 km and 30 km. The energy use of ConvTw-O, HybTw-O and PlugTw-A were 
estimated by multiplying the estimated energy use per distance (MJ/km) from the 
aforementioned additional analysis with the driven distance to obtain absolute values. The 
results of the analysis were used to consider an average value for possible variations of energy 
use due to different driving cycles from real-world data (Eq.20). The results are presented as 
relative difference (Eq.21) in chapter 4.4. 

 

 , ,use total use kmE DistE ance= ⋅   (Eq.20) 

 Where:  

Euse,total Total energy use (MJ) 

Euse,km Energy use per distance (MJ/km) (Eq.2) 

Distance Driven distance (10 km, 30 km) 

 

 
, , ,

, ,

100%use total use total reference
relative

use total reference

E E
d

E
−

= ⋅   (Eq.21) 

 Where:  

drelative Relative difference (%) 

Euse,total Total energy use (MJ) 

Euse,total,reference Total energy use of reference city bus (MJ) 

 

3.8. Summarised overview of simulations 

The simulations include six different city buses including three chassis types as well as three 
powertrain types: The conventional two-axle city bus Volvo B290R Urban, the conventional 
biarticulated city bus Volvo B340M Biarticulated and the hybrid-electric two-axle city bus 
Volvo B215RH Hybrid Urban are currently operating in Curitiba, as well as the hybrid-electric 
two-axle city bus Volvo 7900 Hybrid, the hybrid-electric articulated city bus Volvo 7900 Hybrid 
Articulated, and the plug-in hybrid-electric two-axle city bus Volvo 7900 Electric Hybrid are 
investigated as potential alternatives for the public bus transport system in Curitiba. The 
systems analysis tool – Advanced Vehicle Simulator (ADVISOR) was applied to estimate 
energy use of city buses. Furthermore, only biodiesel blend B7 was considered as a fuel, 
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because it is mainly consumed in Curitiba. Seven different bus routes (I, II, III, IV, V, VI and 
VII) and six different operation times for each (Morning, Forenoon, Noon, Afternoon, Evening 
and Night) were considered, i.e. a total of 42 driving cycles, together with their time-specific 
occupancy rates as well as for the case of maximal possible occupancy of 100% (OR100). In 
addition, an analysis for the impact of variations between driving cycles from real-world data 
on energy use estimations was performed which includes another eleven driving cycles. 
Figure 30 provides an overview of the simulations made in ADVISOR in the scope of this 
thesis. The total number of simulations amounts to 570 (504 Simulations for all possible 
combinations for city buses and bus routes, plus 66 simulations for the additional analysis in 
regards to the impact of variation between driving cycles from real-world data). The results for 
energy use, and CO2 emissions are presented and discussed in chapter 4. 

 

 
Figure 30. Overview of run simulations in ADVISOR.  

Note: For information on city buses, see section 3.5.1.  
(Acronyms: Conventional two-axle city bus-Operating (ConvTw-O), Conventional 
biarticulated city bus-Operating (ConvBi-O), Hybrid-electric two-axle city bus-Operating 
(HybTw-O), Hybrid-electric two-axle city bus-Alternative (HybTw-A), Hybrid-electric 
articulated city bus-Alternative (HybAr-A), Plug-in hybrid-electric two-axle city bus-
Alternative (PlugTw-A)). For information on bus routes, see section 3.5.3.  
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4. Results and Discussion 

This chapter presents the results of the Tank-to-Wheel (TTW) analysis performed 
to evaluate energy use and CO2 emissions of six city buses. For this, the systems 
analysis tool – Advanced Vehicle Simulator (ADVISOR) and a carbon balance 
method were applied. The TTW analysis considered seven bus routes and six 
operation times for each based on real-world data, i.e. 42 driving cycles. In 
addition, an analysis is presented to quantify the impact of variations between 
driving cycles from real-world GPS data. Lastly, the progression of energy and fuel 
savings over distance of hybrid-electric and plug-in hybrid-electric city buses is 
shown. 

4.1. Energy use 

In the following, the results for the estimated energy use of the analysed city buses are presented 
separately in regards to operation times (results in section 4.1.1), bus routes (results in section 
4.1.2) and theoretical potential for energy savings per passenger-distance (results in section 
4.1.3) in Curitiba. The Tank-to-Wheel (TTW) analysis focus is on the operation phase of city 
buses. Therefore, other energy use for electrical energy generation as well as fuel production 
disposal and recycling were not taken into account. Moreover, maintenance of city buses is not 
considered. 

Acronyms: Conventional two-axle city bus-Operating (ConvTw-O), Conventional biarticulated 
city bus-Operating (ConvBi-O), Hybrid-electric two-axle city bus-Operating (HybTw-O), 
Hybrid-electric two-axle city bus-Alternative (HybTw-A), Hybrid-electric articulated city bus-
Alternative (HybAr-A), Plug-in hybrid-electric two-axle city bus-Alternative (PlugTw-A). The 
first three city buses are currently operating in Curitiba (2015), whereas the last three city bus 
are investigated as potential alternatives. 

4 .1 .1 .  Energy  use  o f  c i ty  buses  for  d i f ferent  operat ion  t imes  

The energy use was estimated with the systems analysis tool – Advanced Vehicle Simulator 
(ADVISOR) in combination with additional calculations as presented in chapter 2. The 
obtained detailed results for the city buses are provided in appendices A.3 to A. 8. 

Figure 31 shows that the energy use per distance varies over a usual business day depending on 
the operation time. In the morning, the energy use for all city buses is highest compared to the 
other operation times, because of a high traffic density due to commuting to work of the 
inhabitants which results in congestion. Even though, the city bus operation is on exclusive 
lanes in BRT systems and therefore no direct congestion on those streets, other streets cross 
BRT bus routes. Therefore, the traffic flow on BRT bus routes is indirectly influenced by high 
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traffic densities, because more road vehicle must pass them which is regulated through traffic 
light control. During high traffic densities, city buses stop and accelerate more often and as a 
result, they combust more fuel which increases enormously the energy use per distance. After 
the morning, in general the energy use of all city buses decreases slightly until it increases again 
during the evening due to higher traffic densities (see Table 4 in section 3.4.1).  

 

 
Figure 31. Energy use per distance of analysed city buses for six operation times. 

Note: The results are based on estimated average values of seven bus routes. 
(Acronyms: Conventional two-axle city bus-Operating (ConvTw-O), Conventional 
biarticulated city bus-Operating (ConvBi-O), Hybrid-electric two-axle city bus-
Operating (HybTw-O), Hybrid-electric two-axle city bus-Alternative (HybTw-A), 
Hybrid-electric articulated city bus-Alternative (HybAr-A), Plug-in hybrid-electric 
two-axle city bus-Alternative (PlugTw-A)). 

 

In the night, both conventional city buses (ConvTw-O, ConvBi-O) use less energy compared 
to the evening, whereas the hybrid-electric two-axle city buses (HybTw-O, HybTw-A), hybrid-
electric articulated city bus (HybAr-A) and plug-in hybrid-electric two-axle city bus (PlugTw-
A) use more energy. This contradiction occurs due to the different capabilities of the respective 
powertrains (see section 2.1). Hybrid-electric city buses drive until 20 km/h only with electrical 
energy, which saves a significant amount of energy at low speeds compared to conventional 
city buses (Katrašnik et al., 2007). At higher speeds (above 20 km/h), parallel operation starts 
of the internal combustion engine and electric motor, which results in an increase of energy use 
per distance. In contrast, since conventional city buses operate over the entire speed range only 
with the internal combustion engine, energy use differences between low and high speeds are 
not as distinct as for hybrid-electric city buses. Furthermore, during the night, the traffic density 
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is lower which enables a smooth traffic flow and faster acceleration. The internal combustion 
engines of the conventional city buses reach their optimal operation range quicker, whereas 
hybrid-electric and plug-in hybrid-electric city buses turn quickly on the internal combustion 
engine (ICE) to run in parallel with the electric motor.  

Noticeable is that both conventional city buses (ConvTw-O, ConvBi-O) have similar energy 
use trends over one day. However, the conventional biarticulated city bus (ConvBi-O) uses 
significant more energy during all operation times than any other city buses because of its 
weight due to its large passenger carrying capacity (PCC) (PCC: 250 Passengers) as well as 
larger sized internal combustion engine. Moreover, due to changing occupancy rates and 
therefore, varying weight of carried passengers, energy use per distance varies strongly over 
one day for both city buses with large passenger carrying capacities (ConVi-O: 250 Passengers; 
HybAr-A: 154 Passengers). 

The energy use of the two-axle city buses (ConvTw-O, HybTw-O, HybTw-A, PlugTw-A) are 
roughly constant over the day, because their total weight does not change significantly between 
different operation times due to lower passenger carrying capacities than for the articulated and 
biarticulated city buses. 

Comparison with other studies 

Results from another study (Zhang et al., 2014) confirm that energy use is dependent on the 
operation time during a day and corresponds to the findings in this thesis. The study (Zhang et 
al., 2014) analysed conventional and hybrid-electric city buses in Beijing in China in regards 
to energy use and CO2 emissions by measurement of carbonaceous emissions in the tailpipe 
emission. The measurements were done 5 to 6 times per day including rush hours times in the 
morning and evening. The investigated city buses had a gross vehicle weight (GVW) of 15-18 
tonnes that is slightly lighter than of the considered two-axle city buses in this thesis (see section 
3.5.2 IP.1). The study finds that the energy use is 13% higher in the evening than the average 
value over one day. 

Interim results of energy use per distance for operation times 

 The operation time with its time-specific driving cycle and occupancy rate have a 
measureable impact on energy use per distance of city buses in Curitiba. 

 Conventional city buses use less energy during low traffic densities compared to high 
traffic densities, because they reach quicker the optimal operation range of the internal 
combustion engine, whereas city buses with advanced powertrains follow an opposite 
trend due to more parallel operation. Nevertheless, hybrid-electric city buses use less 
energy than conventional city buses. 

 The plug-in hybrid-electric city bus is the most efficient city buses in terms of energy 
use per distance due to its relatively long operation with electrical energy. 
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4 .1 .2 .  Energy  use  o f  c i ty  buses  for  d i f ferent  bus  routes  

Energy use per distance 

Figure 32 shows the energy use per distance of city buses for the considered bus routes. The 
ranges at the top and at the bottom of the bars represents the highest and lowest estimated energy 
use of a city bus among all operation times for the respective bus route. The very right column 
shows the overall average values based on estimated average values of six operation times and 
seven bus routes. 

 

 
Figure 32. Energy use per distance of analysed city buses for seven bus routes and as overall 

average. 
(Acronyms: Conventional two-axle city bus-Operating (ConvTw-O), Conventional 
biarticulated city bus-Operating (ConvBi-O), Hybrid-electric two-axle city bus-
Operating (HybTw-O), Hybrid-electric two-axle city bus-Alternative (HybTw-A), 
Hybrid-electric articulated city bus-Alternative (HybAr-A), Plug-in hybrid-electric 
two-axle city bus-Alternative (PlugTw-A)). 
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average

ConvTw-O 13.43 13.11 19.51 19.53 18.10 18.04 20.48 17.46
ConvBi-O 22.57 22.40 33.63 33.77 31.22 30.67 35.16 29.92
HybTw-O 10.16 10.38 11.97 13.77 13.03 12.01 13.74 12.15
HybTw-A 10.17 10.45 11.98 13.92 13.12 12.19 13.82 12.23
HybAr-A 12.23 12.63 14.71 16.56 15.66 14.51 16.75 14.72
PlugTw-A 5.78 6.23 8.50 7.40 10.42 6.40 6.76 7.35
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The energy use per distance estimations vary between the bus routes due to different driving 
cycle characteristics and length (see appendix A.1). For both super express bus routes (I and 
II), the energy use per distance is significant lower than for the other express bus routes. This 
is due to the lower number of bus stops which results in less energy losses during acceleration 
and braking, especially for conventional city buses (ConvTw-O, ConvBi-O). A direct 
comparison between bus route I (10 bus stops) and bus route VI (19 bus stops), that share the 
same route in Curitiba, gives an increase of energy use by 10%-26% for bus route VI. The 
highest value is valid for the conventional biarticulated city bus due to many acceleration and 
braking losses for each bus stop on its route.  

In contrast, the hybrid-electric city buses are more efficient at lower speeds (Katrašnik et al., 
2007) due to electric drive and regenerative braking and therefore are not much affected by the 
number of bus stops on their bus route. This argument is strengthen through the estimations of 
the plug-in hybrid-electric two axle city bus (PlugTw-A), with the lowest difference between 
bus route I and VI (10%). 

The overall average results show that the conventional biarticulated city buses (ConvBi-O) 
(29.92 MJ/km) uses most energy followed by the smaller conventional two-axle city bus 
(ConvTw-O) (17.46 MJ/km) on every considered bus route. The third highest energy use is 
observed for the hybrid-electric articulated city bus (HybAr-A) (14.72 MJ/km) that has a 
roughly 50% higher passenger carrying capacity than the two-axle city buses in this thesis. Still, 
it uses less energy than ConvTw-O due to its hybrid-electric powertrain. The hybrid-electric 
city buses (HybTw-O and HybTw-A) (12.15. MJ/km and 12.23 MJ/km) use compared to each 
other approximately the same amount of energy (MJ/km). These city buses are comparable with 
ConvTw-O in terms of gross vehicle weight and passenger carrying capacity. However, both 
city buses use significant less energy (MJ/km) than ConvTw-O due to their higher energy 
efficient hybrid-electric powertrains. Lastly, the plug-in hybrid-electric city bus (PlugTw-A) 
(7.35 MJ/km) uses the least amount of energy, because it drives 7 km only with electrical 
energy and does not combust any fuel in an internal combustion engine during that distance. 
This is possible due to a larger energy storage system than in the hybrid-electric city buses. 

Comparison with other studies 

A study (Zhang et al., 2014) estimated energy use in city buses in Beijing, China. The results 
show an energy use for conventional city bus of (11.8±2.6) MJ/km and for hybrid-electric city 
buses of (8.8±0.1) MJ/km. The estimations of this thesis are a bit higher due to different driving 
cycles, and other considered city buses, i.e. different inputs parameters. 

A study (Lajunen, 2014) analysed six driving cycles including cases from Finland, Germany 
and the USA. The study used the systems analysis tool – Advanced Vehicle Simulator 
(ADVISOR). The author finds an energy use of approx. 14-37 MJ/km for conventional city 
buses and approx. 11-28 MJ/km for hybrid-electric city buses as parallel configuration. This 
study shows that different driving cycles result in a very wide range of possible results and that, 
in general, hybrid-electric city buses use less energy than conventional city buses according to 
the upper and lower limits of the obtained results. However, the results also show that a 
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conventional city bus can operate with less energy than a hybrid-electric city bus depending on 
the considered driving cycle. 

According to the public bus transport company in Curitiba (URBS, 2015b), an average of 
0.748 L/km of biodiesel was consumed in Curitiba in the year 2014 as an average of 
26 conventional biarticulated (same as ConvBi-O) and six conventional articulated city buses 
as well as two hybrid-electric two-axle city buses (same as HybTw-O). This energy use amounts 
to 24.65 MJ/km by using the fuel properties given in Table 3 in section 3.2.1. Since this average 
value also includes different city buses, the rough estimation based on URBS (2015) is in-
between the estimated energy use of the conventional two-axle city bus (ConvTw-O) (i.e. 
17.46 MJ/km) and the conventional biarticulated city bus (ConvBi-O) (i.e. 29.92 MJ/km) of 
this thesis. 

Comparison of energy use per distance between city buses 

Figure 33 shows the relative difference of energy use per distance of the analysed city buses 
compared with the conventional two-axle city bus that is currently operating in Curitiba 
(ConvTw-O) as a reference based on the overall average estimations. 

 

 
Figure 33. Relative difference of energy use per distance of analysed city buses. 

Note: The differences are compared to the conventional two-axle city bus that 
operates in Curitiba (2015). The results are based on the overall average 
estimations of seven bus routes and six operation times for each. 
(Acronyms: Conventional two-axle city bus-Operating (ConvTw-O), Conventional 
biarticulated city bus-Operating (ConvBi-O), Hybrid-electric two-axle city bus-
Operating (HybTw-O), Hybrid-electric two-axle city bus-Alternative (HybTw-A), 
Hybrid-electric articulated city bus-Alternative (HybAr-A), Plug-in hybrid-electric 
two-axle city bus-Alternative (PlugTw-A)). 
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As mentioned previously, the conventional biarticulated city buses uses more energy (+71%) 
due to its weight and larger internal combustion engine, whereas the hybrid-electric city buses 
can save significant energy (-30%). Moreover, the plug-in hybrid-electric city bus saves an 
enormous amount of energy due to its capability to drive 7 km only with electrical energy from 
its large energy storage system (-58%). 

A more sizeable unit to understand the energetic benefits of city buses with advanced 
powertrains compared to conventional city buses is the fuel economy (see section 3.2). The fuel 
economy is an important presentation of the results for decision makers due to its 
straightforward message for choosing a city bus in regards to energy use by expressing the 
driven distance per amount of consumed fuel. Figure 34 shows the fuel economy of the city 
buses. The ranges at the top and at the bottom of the bars represents the highest and lowest 
estimated fuel economy of a city bus based on the overall average estimation. For the fuel 
economy, energy from consumed fuel and net electrical energy were converted into litre of B7 
equivalent (LB7eq) (see section 3.2.1). 

 
Figure 34. Fuel economy of analysed city buses. 

Note: Results based on overall average estimations for seven bus routes and six 
operation times for each. 
(Acronyms: Conventional two-axle city bus-Operating (ConvTw-O), Conventional 
biarticulated city bus-Operating (ConvBi-O), Hybrid-electric two-axle city bus-
Operating (HybTw-O), Hybrid-electric two-axle city bus-Alternative (HybTw-A), 
Hybrid-electric articulated city bus-Alternative (HybAr-A), Plug-in hybrid-electric 
two-axle city bus-Alternative (PlugTw-A)). 

 

The figure shows that both hybrid-electric two-axle city buses (HybTw-O, HybTw-A) and the 
plug-in hybrid-electric city bus (PlugTw-A) can drive 42% and 139% longer distances with the 
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same amount of fuel than the conventional two-axle city bus (ConvTw-O). This range extension 
is the result of the hybrid-electric and plug-in hybrid-electric powertrains and their capabilities 
to drive only with electrical energy as well as to use regenerative braking. In addition, PlugTw-
A can recharge its large energy storage system with electrical energy from the power grid and 
is able to drive 7 km with electrical energy independent of the required speed (Assumption). 

Comparison with other studies 

According to official statements of the vehicle manufacture Volvo Bus Corporation, a hybrid-
electric city bus can save between 35% (Volvo Bus Corporation, 2015g) and 39% Volvo Bus 
Corporation (2015h) energy compared to a conventional city bus. Moreover, a plug-in hybrid-
electric city bus can save up to 60% energy and 75% of CO2 emissions when driving 70% with 
electrical energy on a 10 km distance (Volvo Bus Corporation 2015h). However, statements 
about technical specifications of the reference city bus, considered route and methodology are 
not given though. 

The estimation of this thesis are slightly below the statements from Volvo Bus Corporation for 
hybrid-electric city buses as parallel configuration. However, the estimation of the thesis 
confirm that hybrid-electric city buses (HybTw-O, HybTw-A) can save a significant amount of 
energy with 30% compared to a similar sized conventional city bus. In contrast, a plug-in 
hybrid-electric city bus (PlugTw-A) can save 58% of energy (MJ/km) which is very close to 
the estimations  by (Volvo Bus Corporation 2015h) with 60% energy savings. This is valid for 
city buses with a similar size in terms of passenger carrying capacity and total weight. Another 
study (Zhang et al., 2014) states an advantage of 18-29% for hybrid-electric city buses 
compared to conventional city buses in the case of Beijing, China. The thesis estimations 
correspond to the highest estimations of that study (Zhang et al., 2014). Another study 
(Bottiglione, Contursi, Gentile, & Mantriota, 2014) analysed the energy use of conventional 
and hybrid-electric city buses as parallel configuration in Taranto, Italy. Their results show 
energy savings of 35% for a hybrid-electric city bus compared to a conventional city bus due 
to its capability of energy recovery through regenerative braking. 

Interim results for energy use per distance 

 Energy use per distance estimations can vary strongly between the bus routes due to 
different numbers of bus stops and driving cycle characteristics. 

 In general, city bus operation on bus routes with fewer bus stops can save significant 
energy. Moreover, conventional city buses are more influenced by the number of bus 
stops than city buses with advanced powertrains. 

 Hybrid-electric city buses and the plug-in hybrid electric city bus use, 30%, and 58% 
less energy (MJ/km) compared to a similar sized conventional city bus. 

 The plug-in hybrid-electric city bus is the most efficient of all considered city buses in 
terms of energy use per distance due to its capability to drive a relatively long distance 
only with electrical energy. It can drive a 139% long distance with the same amount of 
fuel compared to a conventional two-axle city bus. 
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Energy use per passenger-distance 

Figure 35 shows the energy use per passenger-distance of the city buses for the considered bus 
routes. The ranges at the top and at the bottom of the bars represents the highest and lowest 
estimated energy use of a city bus among all operation times for the respective bus route. The 
very right columns shows the overall average values based on estimated average values of six 
operation times and seven bus routes. 

 

 
Figure 35. Energy use per passenger-distance of analysed city buses for seven bus routes and as 

overall average. 
(Acronyms: Conventional two-axle city bus-Operating (ConvTw-O), Conventional 
biarticulated city bus-Operating (ConvBi-O), Hybrid-electric two-axle city bus-
Operating (HybTw-O), Hybrid-electric two-axle city bus-Alternative (HybTw-A), 
Hybrid-electric articulated city bus-Alternative (HybAr-A), Plug-in hybrid-electric 
two-axle city bus-Alternative (PlugTw-A)). 

 

When taking into account the number of carried passengers, the conventional biarticulated city 
bus that is currently operating in Curitiba (ConvBi-O) (0.22 MJ/pkm) is more energy efficient 
than the conventional two-axle city bus (ConvTw-O) (0.38 MJ/pkm) and both hybrid-electric 
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two-axle city buses (HybTw-O and HybTw-A) (0.29 MJ/pkm and 0.24 MJ/pkm) in term of 
energy use per passenger-distance (MJ/pkm). This is valid for the assumption that all simulated 
city buses operate on BRT bus routes. Only the hybrid-electric articulated city bus (HybAr-A) 
(0.18 MJ/pkm) and plug-in hybrid-electric two-axle city bus (PlugTw-A) (0.14 MJ/pkm) are 
more energy efficient. Thus, besides the powertrain type, also the amount of carried passenger 
has a strong impact on the energy use per passenger-distance. 

Comparison of energy use per passenger-distance between city buses 

Figure 36 shows the relative difference of energy use per passenger-distance of the analysed 
city buses compared with the conventional two-axle city bus that is currently operating in 
Curitiba (ConvTw-O) as a reference based on the overall average estimations. 

 

 
Figure 36. Relative difference of energy use per passenger-distance of analysed city buses. 

Note: The differences are compared to the conventional two-axle city bus that 
operates in Curitiba today (2015). The results are based on the overall average 
estimations of seven bus routes and six operation times for each. 
(Acronyms: Conventional two-axle city bus-Operating (ConvTw-O), Conventional 
biarticulated city bus-Operating (ConvBi-O), Hybrid-electric two-axle city bus-
Operating (HybTw-O), Hybrid-electric two-axle city bus-Alternative (HybTw-A), 
Hybrid-electric articulated city bus-Alternative (HybAr-A), Plug-in hybrid-electric 
two-axle city bus-Alternative (PlugTw-A)). 

 

The figure illustrates that the conventional biarticulated city bus (ConvBi-O) can use even less 
energy (MJ/pkm) than both hybrid-electric city buses (HybTw-O, HybTw-A) compared as 
relative differences if its occupancy rate is sufficient high. Nevertheless, the hybrid-electric 
articulated city bus (HybAr-A) and plug-in hybrid-electric city bus (PlugTw-A) use still less 
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energy per passenger-distance compared to ConvBi-O. HybAr-A has a high passenger carrying 
capacity while also having a hybrid-electric powertrain. PlugTw-A uses the least energy 
(MJ/pkm) due to its capability to drive 7 km only with electrical energy. 

Figure 37 shows the passenger fuel economy of the city buses. The ranges at the top and at the 
bottom of the bars represents the highest and lowest estimated passenger fuel economy of a city 
bus based on the overall average estimation. For the passenger fuel economy, energy from 
consumed fuel and net electrical energy were converted into litre of B7 equivalent (LB7eq) (see 
section 3.2.1). 

 

 
Figure 37. Passenger fuel economy of analysed city buses. 

Note: Results based on overall average estimations for seven bus routes and six 
operation times for each. 
(Acronyms: Conventional two-axle city bus-Operating (ConvTw-O), Conventional 
biarticulated city bus-Operating (ConvBi-O), Hybrid-electric two-axle city bus-
Operating (HybTw-O), Hybrid-electric two-axle city bus-Alternative (HybTw-A), 
Hybrid-electric articulated city bus-Alternative (HybAr-A), Plug-in hybrid-electric 
two-axle city bus-Alternative (PlugTw-A)). 

 

Once again, city buses with large passenger carrying capacity, hybrid-electric- and plug-in 
hybrid-electric powertrains improve their energy use which results in an improved passenger 
fuel economy. Noticeable is that due to the larger passenger carrying capacity of hybrid-electric 
two-axle city bus that is investigated as an alternative for Curitiba (HybTw-A), it has a better 
passenger fuel economy than the hybrid-electric city bus that is currently operating in Curitiba 
(HybTw-O), even though as previous shown in Figure 34 they have the same fuel economy 
estimations. Otherwise, the ranking corresponds to the previous figure. 
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Interim results for energy use per passenger-distance 

 The conventional biarticulated city bus uses less energy per passenger-distance than 
both hybrid-electric city buses (HybTw-O, HybTw-A) due to its large passenger 
carrying capacity and has therefore, also an improved passenger fuel economy. 

 Comparing the current operating hybrid-electric two-axle city with its alternative for 
Curitiba show that the latter has a better energy use per passenger-distance as well as 
passenger fuel economy due to a larger passenger carrying capacity. 

 The plug-in hybrid-electric city bus is the most efficient city bus due to its relatively 
long driven distance only with electrical energy in regards to all functional units. 

4 .1 .3 .  Theoret ical  potent ia l  for  energy  savings  per  passenger -
dis tance 

It has been shown so far that the number of passengers is crucial for a comparative evaluation 
between city buses in regards to energy use per passenger-kilometre and passenger fuel 
economy. The occupancy rate has a strong influence on energy use due to variations of total 
weight of city buses (see section 3.5.2 IP.2) as well as on the functional unit per passenger-
distance (see section 3.2.1). Therefore, this section presents how the theoretical potential for 
energy savings per passenger-distance are when having an occupancy rate of 100% (OR100) 
for the analysed city buses in the public bus transport system in Curitiba. The energy use for 
both the time-specific occupancy rate and OR100 were estimated with the systems analysis tool 
Advanced Vehicle Simulator (ADVISOR) in combination with additional calculations as 
presented in chapter 2.The detailed results obtained for the different city buses are provided in 
appendices A.3 to A.8. 

Figure 38 shows the energy use per passenger-distance of the city buses for time-specific 
occupancy rates and an occupancy rate of 100% (OR100) as overall average estimations. The 
ranges at the top and at the bottom of the bars represents the highest and lowest estimated energy 
use of a city bus based on the overall average estimation. 

The figures indicates a large theoretical potential for optimisation, when reaching an occupancy 
rate (OR) of 100% instead of the current state that has an occupancy rate between 47% (Lowest 
OR: Night) and 64% (Highest OR: Evening). Of course, this represents only a theoretical 
scenario, because reaching an average occupancy rate of 100% would mean that with operation 
start of a city bus, it is completely occupied. Nevertheless, this considerations can stimulate a 
potential change in operation. For instance, instead of operating the large biarticulated city bus 
over the whole bus route, a division of the bus route in sections with operation of smaller city 
buses at start and end sections. Then, the operation of biarticulated city buses could be decrease 
for those sections where its large passenger carrying capacities are not needed to meet a low 
ridership and as a result, a reduction of energy use could be achieved. 
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Figure 38. Energy use per passenger-distance of analysed city buses for time-specific and 100% 

(OR100) occupancy rates. 
Note: The results are based on the overall average estimations of seven bus routes 
and six operation times for each. 
(Acronyms: Conventional two-axle city bus-Operating (ConvTw-O), Conventional 
biarticulated city bus-Operating (ConvBi-O), Hybrid-electric two-axle city bus-
Operating (HybTw-O), Hybrid-electric two-axle city bus-Alternative (HybTw-A), 
Hybrid-electric articulated city bus-Alternative (HybAr-A), Plug-in hybrid-electric 
two-axle city bus-Alternative (PlugTw-A)). 

 

Interim results for the theoretical potential of energy savings per passenger-distance 

 A theoretical potential for energy savings per passenger-distance of approx. 40% exists 
for all city buses in the case of reaching an average occupancy rate of 100% compared 
to the current situation. 

4.2. CO2 emissions 

As previous mentioned, most of the city buses in Curitiba drive on a biodiesel blend B7 due to 
the legal framework in Brazil (MPV 647/2014, 2014) that regulates by law a volumetric share 
of 7% biodiesel in diesel (B7: 93 vol.% diesel, 7 vol.% biodiesel). Therefore, in this thesis, CO2 
emissions from fuel combustion that leave the tailpipe are distinguished between CO2 

(Fossil+Biogenic)-, fossil CO2- and biogenic CO2 emissions (see section 3.2.2). The results for 
carbon dioxide emissions estimations are linearly proportional to the energy use estimations 
due to the applied carbon balance method (IPCC, 1996, 2000, 2006). The Tank-to-Wheel 
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(TTW) analysis focuses on the operation phase of the city buses. Therefore, CO2 emissions 
from vehicle production, electrical energy generation as well as fuel production, disposal and 
recycling are not taken into account. Moreover, maintenance of the city buses was not 
considered. 

Figure 39 shows the CO2 emissions per distance- and Figure 40 shows the CO2 emissions per 
passenger-distance of the city buses. The ranges at the top and at the bottom of the bars 
represents the highest and lowest estimated CO2 emissions per distance of a city bus based on 
the overall average estimation. 

 

 
Figure 39. CO2 emissions per distance of analysed city buses. 

Note: Results are based on overall average estimations. 
(Acronyms: Conventional two-axle city bus-Operating (ConvTw-O), Conventional 
biarticulated city bus-Operating (ConvBi-O), Hybrid-electric two-axle city bus-
Operating (HybTw-O), Hybrid-electric two-axle city bus-Alternative (HybTw-A), 
Hybrid-electric articulated city bus-Alternative (HybAr-A), Plug-in hybrid-electric 
two-axle city bus-Alternative (PlugTw-A)). 

 

First of all, the figures show that the main contributor to the emitted CO2 emissions from the 
tailpipe is fossil fuel (diesel) due to its large share in the biodiesel blend B7. Secondly, since 
only tailpipe emissions are considered, the plug-in hybrid-electric city bus emits even less CO2 

emissions than any other bus due to its electric drive over a distance of 7 km before the hybrid-
electric operation starts, i.e. during electric drive no emissions from tailpipe. The estimated 
reduction in CO2 emissions of the plug-in hybrid-electric two-axle city bus (PlugTw-A) 
compared to the conventional two-axle city bus (ConvTw-O) amounts to 71%. 
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Otherwise, the difference between the city buses in regards to CO2 emissions corresponds to 
the results of the energy use estimations due to the energy-based carbon balance method. 
Therefore, for further explanations of the differences between the city buses and estimations, 
see the previous section 4.1. 

 

 
Figure 40. CO2 emissions per passenger-distance of analysed city buses. 

Note: Results are based on overall average estimations. 
(Acronyms: Conventional two-axle city bus-Operating (ConvTw-O), Conventional 
biarticulated city bus-Operating (ConvBi-O), Hybrid-electric two-axle city bus-
Operating (HybTw-O), Hybrid-electric two-axle city bus-Alternative (HybTw-A), 
Hybrid-electric articulated city bus-Alternative (HybAr-A), Plug-in hybrid-electric 
two-axle city bus-Alternative (PlugTw-A)). 

 

Comparison with other studies 

The results found for the conventional two-axle city bus (ConvTw-O) in this thesis are between 
the results obtained in estimations made by two other studies (Cooper, Arioli, Carrigan, & 
Antonio, 2014; Zhang et al., 2014). The estimated CO2 emissions per distance for conventional 
and hybrid-electric city buses as parallel configuration amount to (871±198) g/km in the case 
of Beijing, China (Zhang et al., 2014). The highest estimated value of that study (Zhang et al., 
2014) amounts to 1069 g/km which is lower than the results of ConvTw-O in this thesis. The 
other study (Cooper et al., 2014) estimated the CO2 emissions per distance for conventional 
city buses with an Analysis of Variance of experimental data in the contexts of Brazil and India. 
The estimated CO2 emissions amount to 1206 g/km which is slightly lower than the estimated 
CO2 emissions per distance for ConvTw-O in this thesis (Cooper et al., 2014). Both 
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comparisons show that, depending on the context with the respective driving cycles and applied 
methodology, the results can vary significantly. 

According to the public bus transport company in Curitiba (URBS, 2015b), an average of 
0.748 L/km of biodiesel was consumed in Curitiba in the year 2014 as an average of 
26  conventional biarticulated (same as ConvBi-O), six conventional articulated city buses, and 
two hybrid-electric two-axle city buses (same as HybTw-O). This energy use amounts to 
24.65 MJ/km by using the fuel properties given in Table 3 in section 3.2.1 and corresponds to 
1821 g/km. Since this average value also includes different city buses, the rough estimation 
based on URBS (2015) is in-between the estimated energy use of the conventional two-axle 
city bus (ConvTw-O) (i.e. 1299 g/km) and the conventional biarticulated city bus (ConvBi-O) 
(i.e. 2226 g/km) of this thesis. 

Interim results for CO2 emissions 

 The conventional biarticulated city bus (ConvBi-O) has the highest CO2 emissions per 
distance. However, it is more environmental friendly in terms of CO2 emissions per 
passenger-distance than the conventional two-axle city bus (ConvTw-O) and both 
hybrid-electric two axle city buses (HybTw-O, HybTw-A) if its occupancy rate is 
sufficient high. 

 The plug-in hybrid-electric city bus (PlugTw-A) has the lowest CO2 emissions per 
distance and per passenger-distance. It does not emit any CO2 emissions on the first 
7 km of operation due to electric drive without any fuel combustion. 

 

Many factors can influence the estimations which leads to variations of the estimations between 
studies. In section 4.3, an additional analysis is presented to estimate the impact of variations 
between driving cycles from real-world data on energy use estimations in the case of Curitiba. 

4.3. Impact of variations between driving cycles 
from real-world data  

Energy use and CO2 emissions of city buses depend on various different factors that include 
not only technical input parameters but also driving cycles. Since, the simulations were run for 
different city buses, bus routes and operation times, this also implies that different bus drivers 
drove (driver behaviour) the city buses while facing different traffic conditions from that the 
real-world data was collected to model driving cycles for the simulations in ADVISOR. Since 
an estimation of this factor from the overall simulation results cannot be obtained explicitly, 
this additional analysis was performed to estimate a meaningful range of the impact of 
variations between driving cycles from real-world data (see section 3.6). For this, eleven 
additional driving cycles were modelled based on real-world data of express bus route VI for 
operation time Morning. The detailed results for the analysed city buses are provided in 
appendix A.9.  
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Figure 41 shows the relative differences (%) of energy use estimations (MJ/km) of the city 
buses. The results are expressed as relative standard deviation also called coefficient of 
variation cv from the population mean. The term population refers in statistics to a complete set 
of values. cv is the ratio between the population standard deviation σ to the population mean x
. It is a standardised measure to express the precision of a test and is expressed as percentage. 
Moreover, the upper limit of relative deviation RDUL and lower limit of relative deviation RDLL 
were calculated to determine the range of the variations. 

 

 

Figure 41. Relative differences of energy use estimations of analysed city buses.  
Note: Results are based on average estimations for eleven driving cycles for bus 
route VI and operation time Morning cv: Coefficient of variation, RDUL: Upper limit 
of relative deviation; RDLL: Lower limit of relative deviation. 
(Acronyms: Conventional two-axle city bus-Operating (ConvTw-O), Conventional 
biarticulated city bus-Operating (ConvBi-O), Hybrid-electric two-axle city bus-
Operating (HybTw-O), Hybrid-electric two-axle city bus-Alternative (HybTw-A), 
Hybrid-electric articulated city bus-Alternative (HybAr-A), Plug-in hybrid-electric 
two-axle city bus-Alternative (PlugTw-A)). 

 

The results show that hybrid-electric city buses (HybTw-A, HybTw-A, HybAr-A) have a wider 
energy use range due to the fact that faster accelerations and higher speeds have a stronger 
impact on their energy use estimations in the simulations. This occurs because of their energy 
management that consider parallel operation of internal combustion engine and electric motor 
at a speed above 20 km/h. So, if a city bus accelerates very quickly, a speed of 20 km/h is sooner 
reached than with a slower acceleration, which results in an earlier operation of the internal 
combustion engine. The impact of this operation on the energy use for the plug-in hybrid-
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electric city bus (PlugTw-A) is lower than for the hybrid-electric city buses due to its large 
share of only electric drive during its operation on a bus route (7 km electric drive, then hybrid-
electric operation). 

Based on the observed results and ranges of energy use estimations, the study identified also 
potential for improvements of the city bus operation independent from the powertrain type or 
passenger carrying capacity. Although reasons for these ranges cannot be derived explicitly 
from the simulations results, it can be used as an indicator for improvements of city bus 
operation through eco-driving trainings for bus drivers as well as improvements in the traffic 
light control to enable a more energy efficient operation of all city buses. 

Interim results of analysis 

 Energy use estimations with ADVISOR can vary significantly depending on the used 
driving cycle from real-world data. 

 Simulations of hybrid-electric city buses are more influenced by variations between the 
driving cycles than the conventional (ConvTw-O, ConvBi-O) and plug-in hybrid-
electric (PlugTw-A) city buses. 

 Eco-driving training and improvements in traffic light control are suggested measures 
to be investigated further and to improve the city bus operation in Curitiba in regards to 
energy use. 

4.4. Progression of energy and fuel savings over 
distance of hybrid-electric and plug-in hybrid-
electric city buses 

According to official statements of the vehicle manufacture Volvo Bus Corporation, a hybrid-
electric city bus can save between 35% (Volvo Bus Corporation, 2015g) and 39% (Volvo Bus 
Corporation 2015h) energy compared to a conventional city bus. Moreover, a plug-in hybrid-
electric city bus can save up to 60% energy and 75% of CO2 emissions when driving 70% with 
electric drive on a 10 km distance (Volvo Bus Corporation 2015h). However, statements about 
technical specifications of the reference city bus, considered route and methodology are not 
given though.  

For a visualisation of the progression of energy and fuel savings over distance of hybrid-electric 
and plug-in hybrid-electric city buses compared to conventional city buses, comparable buses 
were taken into account in terms of gross vehicle weight, and passenger carrying capacity, i.e. 
the conventional two-axle city bus (ConvTw-O), the hybrid-electric two-axle city bus (HybTw-
O) and the plug-in hybrid-electric two-axle city bus (PlugTw-A) (see section 3.5.1).  

The energy use of ConvTw-O, HybTw-O and PlugTw-A were estimated by multiplying the 
estimated average energy use per distance (MJ/km) from the additional analysis in the previous 
section 4.3 with the driven distance to obtain absolute values. The results of the aforementioned 
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analysis were used to consider an average value for possible variations of energy use due to 
different driving cycles from real-world data on the same bus route during the same operation 
time. 

Figure 42 shows the progression of total energy use over a distance of 10 km for ConvTw-O, 
HybTw-O and PlugTw-A. Moreover, the energy use of PlugTw-A is shown partitioned for net 
electrical energy and consumed fuel (B7) to show how hybrid-electric operation increases the 
energy use compared to only electric drive. The total energy use of PlugTw-A increases 
significantly after 7 km when the only electric drive ends and the internal combustion engine is 
turned on to run in parallel operation (at a speed above 20 km/h). After a driven distance of 
10 km, the total energy use for PlugTw-A amounts to 71 MJ. It is obvious that the driven 
distance of PlugTw-A with partly fuel combustion instead of only electric drive has a significant 
impact on the total energy use. The energy use per distance change from 3.87 MJ/km for electric 
drive (see section 3.5.2 IP.6) to 7.35 MJ/km for hybrid-electric operation (see section 4.1.2) 
corresponds to an increase of energy use per distance by 90%. In comparison to PlugTw-A, 
HybTw-O uses significant more energy with 146 MJ which has not the capability to run only 
with electrical energy over the whole speed range. Furthermore, an even higher total energy use 
is estimated for ConvTw-O with 205 MJ due to only fuel combustion. 

 

 
Figure 42. Progression of energy use over a driven distance of 10 km of three analysed city 

buses. 
Note: Results are based on results of analysis impact of variations between driving 
cycles from real-world data. 
(Acronyms: Conventional two-axle city bus-Operating (ConvTw-O), Hybrid-
electric two-axle city bus-Operating (HybTw-O), Plug-in hybrid-electric two-axle 
city bus-Alternative (PlugTw-A)). 

 

Figure 43 shows the progression of energy and fuel savings over a distance of 30 km of hybrid-
electric and plug-in hybrid-electric city buses. The energy and fuel saving advantages of the 
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plug-in hybrid-electric city bus (PlugTw-A) decrease on a diminishing scale after 7 km only 
with electric drive when the internal combustion engine runs, too. Its energy and fuel savings 
decrease from 65% and 78% at 10 km to 40% and 45% at 30 km, respectively. Thus, the plug-
in hybrid-electric city bus approaches the energy use of the hybrid-electric city bus, which has 
constantly energy and fuel savings for both of 29%. The figure implies that a periodically 
recharging of the energy storage system after 7 km is necessary to benefit as much as possible 
from the electric drive capabilities of plug-in hybrid-electric city bus and to save both energy 
and fuel. 

 

 
Figure 43. Progression of energy and fuel savings over a driven distance of 30 km of two 

analysed city buses. 
Note: Results are based on results of analysis impact of variations between driving 
cycles from real-world data. 
(Acronyms: Conventional two-axle city bus-operating (ConvTw-O), Hybrid-electric 
two-axle city bus-operating (HybTw-O), Plug-in hybrid-electric two-axle city bus-
alternative (PlugTw-A)). 

 

Comparison with official statements by Volvo Bus Corporation 

A comparison of energy and fuel savings estimations with the official statements of the vehicle 
manufacture Volvo Bus Corporation (2015a) (Energy savings of 35% (Volvo Bus Corporation, 
2015g) to 39% (Volvo Bus Corporation, 2015h) for hybrid-electric and 60% energy and 75% 
of CO2 emissions for plug-in hybrid-electric city buses for a distance of 10 km (Volvo Bus 
Corporation 2015j)) shows that this analysis is close to the official statements and its city buses. 
However, under which circumstances the stated reductions of 35% to 39% are possible to reach 
was not further explained by (Volvo Bus Corporation, 2015g) and (Volvo Bus Corporation, 
2015h), respectively. The plug-in hybrid-electric city bus (PlugTw-A) can save up to 78% fuel 
on a distance of 10 km which is converted to CO2 78% less emissions based on the applied 
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carbon balance method. Furthermore, it is very close to the stated CO2 emissions reduction of 
75% by Volvo Bus Corporation (2015a). 

Interim results of progression of energy and fuel savings over distance 

 The energy use of the plug-in hybrid-electric city bus approaches the energy use of the 
hybrid-electric city bus over distance if no recharging of the energy storage system is 
done to extent its electric drive distance. 
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5. Conclusions 

This chapter gives final conclusions with regards to policy implications that are suggested 
based on the obtained results for energy use and CO2 emissions of city bus operation analysed 
in the context of Curitiba, Brazil. An outlook for future work is also given. 

5.1. Conclusions 

This thesis shows that advanced powertrain in city buses are overall beneficial in terms of 
energy and CO2 emissions reductions compared to conventional powertrains in city buses 
during operation in Curitiba, Brazil. Various factors are identified that affect energy use and 
CO2 emissions as well as potential for improvements to promote continuation of work on 
sustainability.  

The analysis finds that the energy use of city buses can vary strongly over one day, because 
city buses operation comes along with varying traffic conditions and occupancy rates. For 
instance, congestion results in low average speeds which leads to an inefficient operation of 
internal combustion engines in conventional city buses. In comparison, city buses with 
advanced powertrains drive at low speeds only with electrical energy. Thus, no fuel combustion 
occurs which comes along, with an enormous reduction in energy use. Therefore, city buses 
with advanced powertrains could drive on BRT bus routes where the operation is strongly 
influenced by other road traffic and the average speed is relatively low. 

Every bus route differs in its driving cycle characteristics, e.g. due to the number of bus stops 
on the bus route. The results show that bus routes with fewer bus stops require less energy use 
of city buses due to fewer energy losses from acceleration and braking. Advanced powertrains 
can recover partly energy through regenerative braking that gives them a strong advantage in 
contrast to conventional city buses. Especially for conventional city bus, a strategic disposition 
of bus stops is required to avoid unnecessary stops during operation. For instance, bus routes I 
and VI share the same route and have partly common bus stops, e.g. bus route I stops at 10 bus 
stops that are also served by bus route VI. A measure for improvement could be to exclude 
those bus stops of bus route VI that are already served with bus route I. As a result, both bus 
routes would have only 9 or 10 bus stops and city buses could operate with less stop-and-go, 
i.e. less energy losses while serving still all bus stops. Moreover, hybrid-electric and plug-in 
hybrid-electric city buses are not so affected by low average speeds in regards to energy use 
and therefore, could operate on bus routes with many bus stops. 

Overall results show that advanced powertrains (hybrid-electric and plug-in hybrid-electric) in 
city buses can contribute to significant reductions of energy use and CO2 emissions on all 
considered bus routes in Curitiba. Hybrid-electric and plug-in hybrid-electric city buses 
consume 30% and 58% less energy (MJ/km) respectively, in comparison with a similar sized 
conventional city bus in terms of passenger carrying capacity and permitted gross vehicle 
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weight. Furthermore, this means that hybrid-electric and plug-in hybrid-electric city buses can 
drive 42% and 139% longer distances with the same amount of fuel, i.e. those have an improved 
fuel efficiency. Thus, an increase of these city buses in the public bus transport system could 
lead to much more operation and cover a larger area for public transport, while consuming the 
same amount of fuel. Nevertheless, to maintain the distinct energetic advantage of plug-in 
hybrid-electric city buses it is important to operate them as much as possible only with electrical 
energy which means that a frequent recharging of the energy storage system is necessary. 

The conventional biarticulated city bus has the highest energy demand (MJ/km) due to its 
conventional powertrain and weight. However, it can be beneficial in terms of reduction in 
energy use per passenger-distance (MJ/pkm) when a high occupancy rate is given. Then, it can 
even use less energy (MJ/pkm) than hybrid-electric city buses. Nevertheless, at operation times 
or sections of a bus route, where a lower ridership occurs, this bus type could be substituted 
partly by hybrid-electric city buses. Moreover, the analysed plug-in hybrid-electric city bus is 
still more energy efficient than the conventional biarticulated city bus, even at high occupancy 
rates of the latter. If the passenger carrying capacity of the plug-in hybrid-electric city bus is 
not sufficient enough to meet the ridership, the analysed hybrid-electric articulated city bus 
could be operated which has roughly a 50% larger passenger carrying capacity. 

The emitted CO2 emissions come mainly from fossil fuel (93%). Taking into consideration the 
environmental advantage of hybrid-electric and plug-in hybrid-electric city buses with potential 
emissions reductions of 30% and 71% respectively compared to a similar sized conventional 
city bus, shows that a switch in powertrain technologies can have a much larger contribution to 
the sustainability in regards to energy use and CO2 emissions of Curitiba’s public bus transport 
system than efforts and regulations to increase the volumetric share of biofuels in biodiesel 
blends. 

Based on the results of the simulations, it is shown that potential for improvements exists in the 
public bus transport system, even without any technology changes or fuel substitutions. The 
additional analysis to quantify the impact of variations between driving cycles from real-world 
data shows wide ranges of energy use estimations between city bus operations, even though the 
city buses were simulated with collected driving cycles from the same bus route, operation time 
and day. Thus, this thesis also identified potential for improvements of the city bus operation 
independent from the powertrain type or passenger carrying capacity. Although reasons for 
these ranges cannot explicitly be derived from the simulations results, it can be used as an 
indicator for improvements of city bus operation through eco-driving trainings for bus drivers 
as well as improvements of traffic light control to enable a more energy efficient operation of 
all city buses. The widest ranges were estimated for the hybrid-electric city buses. These city 
buses are very sensible regarding fast acceleration, because then the parallel operation of 
internal combustion engine and electric starts quicker which leads to a significant increase of 
energy use. Thus, eco-driving and traffic light control are especially important for operation of 
hybrid-electric city buses. 

The study concludes that city buses with advanced powertrain can contributes to sustainability 
in Curitiba’s public bus transport system. Large passenger carrying capacity can be beneficial 
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in terms of energy use and CO2 emissions per passenger-distance, but only if occupancy rates 
of city buses are sufficient high. Moreover, for Curitiba as well as on a global scale, the thesis 
supports the purpose of the C40 City Clean Bus Declaration of Intent with the commitment to 
reduce emissions from the transport sector and to improve air quality through the introduction 
of low or zero emission buses. Furthermore, investments in city buses with advanced 
powertrains can be considered as one measure to contribute to set CO2 emissions reduction 
targets in the scope of C40 Cities Climate Leadership Group. 

5.2. Future work 

The estimations of benefits from advanced powertrains compared to conventional powertrains 
in city buses are important to promote further a shift from fossil fuel based bus transport systems 
towards more sustainable systems.  

This thesis focused on the operation phase of city buses in Curitiba in regards to energy use and 
CO2 emissions. Putting the different advanced powertrains in a broader perspective by 
performing a complete life cycle assessment with consideration of vehicle production, fuel 
production and electricity generation as well as disposal and recycling of city buses could 
provide further insights of how the environmental and energetic benefits are in respect to the 
entire ecosystem in and around Curitiba.  

The impact of hybrid-electric- and plug-in hybrid-electric city buses on a city-wide public bus 
transport system would be interesting to investigate in respect to C40 targets. 

Other future analyses could investigate logistics and economic aspects related to the 
introduction of plug-in hybrid-electric city buses in Curitiba.  
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Appendix 

A.1 .  Simulat ion  input  parameters :  Driv ing  cycles  and e levat ion  
prof i l es  

Table A.1.1. Explanations of driving cycle characteristics. 
 

Characteristic Explanation 

Average measurement 
frequency of GPS data (Hz) 

Average measurement frequency of GPS data collection. 

Date (dd/mm/yy) Date of the GPS data collection measurement. 

Start time (hh:mm:ss) Start time of the GPS data collection measurement. 

End time (hh:mm:ss) End time of the GPS data collection measurement. 

Duration (s) Duration of the driving cycle. 

Idle time (s) Duration of the bus with running engine in idle. 

GPS distance (km) Driven distance of the bus. 

Maximum speed (km/h) Maximal driven speed of the bus. 

GPS average speed (km/h) Average speed of the bus. 

Acceleration (% of total 
cycle) 

Share of used time compared to total time for acceleration of the bus. 

Deceleration (% of total 
cycle) 

Share of used time compared to total time for deceleration of the bus. 

Maximum acceleration (m/s2) Maximal acceleration of the bus. 

Maximum deceleration 
(m/s2) 

Maximal deceleration of the bus. 

Average acceleration (m/s2) Average acceleration of the bus. 

Average deceleration (m/s2) Average deceleration of the bus. 

Maximum up gradient (%) Maximal road gradient up of the driven track. 

Average up gradient (%) Average road gradient up of the driven track. 

Maximum down gradient (%)  Maximal road gradient down of the driven track. 

Average down gradient (%) Average road gradient up down the driven track. 

Number of stops Number of stops of the bus, i.e. number of no movements of the bus. 
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Table A.1.2. Bus route I: Driving cycles and elevation profile characteristics. 
 

Operation time Morning Forenoon Noon Afternoon Evening Night 

Average measurement 
frequency of GPS data (Hz) 

0.09 0.08 0.08 0.07 0.06 0.08 

Date (dd/mm/yy) 13/03/15 13/03/15 13/03/15 13/03/15 27/04/15 27/04/15 

Start time (hh:mm:ss) 07:24:28 10:31:35 13:03:51 14:44:47 18:05:51 21:33:15 

End time (hh:mm:ss) 07:46:50 10:55:00 13:27:26 15:07:59 18:32:47 21:56:06 

Duration (s) 1342 1405 1415 1392 1616 1371 

Idle time (s) 2 8 7 2 2 2 

GPS distance (km) 10.02 10.10 10.04 9.99 10.01 10.03 

Maximum speed (km/h) 59.06 57.94 56.97 56.01 56.01 56.01 

GPS average speed (km/h) 26.88 25.88 25.54 25.84 22.30 26.34 

Acceleration (% of total cycle) 67.96 61.21 68.13 46.70 67.39 65.43 

Deceleration (% of total cycle) 31.59 29.68 31.73 53.16 29.39 28.01 

Maximum acceleration (m/s2) 0.98 0.85 0.83 1.03 0.80 1.12 

Maximum deceleration (m/s2) -2.04 -1.67 -1.85 -1.48 -1.76 -1.76 

Average acceleration (m/s2) 0.22 0.20 0.20 0.20 0.14 0.18 

Average deceleration (m/s2) -0.47 -0.4 -0.41 -0.18 -0.33 -0.41 

Maximum up gradient (%) 4.2 4.2 4.2 4.3 4.2 4.2 

Average up gradient (%) 1.0 1.1 0.9 0.9 1.1 1.1 

Maximum down gradient (%)  4.8 4.9 5.4 5.1 4.4 5.3 

Average down gradient (%) 1.3 1.2 1.3 1.2 1.2 1.2 

Number of stops 2 3 6 2 2 2 

 

 
Figure A.1.1. Bus route I: Elevation profile.  
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Figure A.1.2. Bus route I: Driving cycles for each operation time.  

0

20

40

60

0 500 1000 1500

Sp
ee

d 
(k

m
/h

)

Morning (I)

0

20

40

60

0 500 1000 1500

Sp
ee

d 
(k

m
/h

)

Forenoon (I)

0

20

40

60

0 500 1000 1500

Sp
ee

d 
(k

m
/h

)

Noon (I)

0

20

40

60

0 500 1000 1500

Sp
ee

d 
(k

m
/h

)

Afternoon (I)

0

20

40

60

0 500 1000 1500

Sp
ee

d 
(k

m
/h

)

Evening (I)

0

20

40

60

0 500 1000 1500

Sp
ee

d 
(k

m
/h

)

Time (s)

Night (I)



 

 

 

 
– 83 – 

Table A.1.3. Bus route II: Driving cycles and elevation profile characteristics. 
 

Operation time Morning Forenoon Noon Afternoon Evening Night 

Average measurement 
frequency of GPS data (Hz) 

0.07 0.07 0.08 0.09 0.08 0.08 

Date (dd/mm/yy) 27/04/15 27/04/15 27/04/15 27/04/15 27/04/15 27/04/15 

Start time (hh:mm:ss) 07:23:41 10:16:06 12:44:13 15:45:29 18:41:57 21:45:00 

End time (hh:mm:ss) 07:47:36 10:41:36 13:05:24 16:08:32 19:05:29 22:08:58 

Duration (s) 1435 1530 1271 1383 1412 1438 

Idle time (s) 2 18 4 3 0 3 

GPS distance (km) 10.92 10.92 10.95 10.92 10.93 10.92 

Maximum speed (km/h) 59.06 57.94 59.06 57.94 54.07 56.01 

GPS average speed (km/h) 27.40 25.69 30.93 28.43 27.87 27.34 

Acceleration (% of total cycle) 63.41 63.33 68.61 61.17 67.49 58.97 

Deceleration (% of total cycle) 34.36 31.76 27.07 31.67 21.74 33.52 

Maximum acceleration (m/s2) 0.69 1.00 0.80 0.94 1.12 1.11 

Maximum deceleration (m/s2) -1.76 -1.67 -2.64 -2.21 -2.04 -1.77 

Average acceleration (m/s2) 0.17 0.19 0.18 0.21 0.19 0.22 

Average deceleration (m/s2) -0.31 -0.37 -0.45 -0.41 -0.60 -0.38 

Maximum up gradient (%) 5.9 5.9 5.1 5.6 6.0 5.1 

Average up gradient (%) 1.2 1.2 1.4 1.2 1.2 1.2 

Maximum down gradient (%)  5.6 6.2 4.7 7.0 6.2 5.7 

Average down gradient (%) 1.6 1.5 1.3 1.5 1.6 1.6 

Number of stops 2 3 4 3 0 2 

 

 
Figure A.1.3. Bus route II: Elevation profile.  

880
890
900
910
920
930
940
950
960
970
980
990

1000

0 1 2 3 4 5 6 7 8 9 10

E
le

va
tio

n 
(m

)

Distance (km)



 

 

 

 
– 84 – 

 

 

 

 

 

 
Figure A.1.4. Bus route II: Driving cycles for each operation time.  
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Table A.1.4. Bus route III: Driving cycles and elevation profile characteristics. 
 

Time category Morning Forenoon Noon Afternoon Evening Night 

Average measurement 
frequency of GPS data (Hz) 

0.06 0.09 0.08 0.8 0.07 0.09 

Date (dd/mm/yy) 27/04/15 27/04/15 27/04/15 27/04/15 27/04/15 27/04/15 

Start time (hh:mm:ss) 07:04:11 09:58:47 11:46:35 14:00:30 18:08:54 22:05:50 

End time (hh:mm:ss) 08:14:22 10:54:10 12:43:48 14:57:24 19:11:24 22:59:29 

Duration (s) 4211 3323 3433 3414 3750 3219 

Idle time (s) 8 10 6 3 51 8 

GPS distance (km) 16.10 16.13 16.17 16.23 16.18 16.28 

Maximum speed (km/h) 57.94 59.06 52.95 56.97 51.98 56.97 

GPS average speed (km/h) 13.76 17.47 16.96 17.11 15.53 18.21 

Acceleration (% of total cycle) 60.75 70.45 66.18 72.17 67.09 71.23 

Deceleration (% of total cycle) 38.04 22.69 29.54 27.27 30.99 27.31 

Maximum acceleration (m/s2) 0.98 1.10 1.65 2.50 0.89 1.21 

Maximum deceleration (m/s2) -2.21 -2.50 -1.67 -1.60 -1.58 -2.24 

Average acceleration (m/s2) 0.14 0.20 0.17 0.16 0.16 0.19 

Average deceleration (m/s2) -0.23 -0.59 -0.38 -0.44 -0.34 -0.49 

Maximum up gradient (%) 6.5 8.3 9.0 6.1 8.0 8.1 

Average up gradient (%) 2.1 2.2 2.2 2.1 2.1 2.1 

Maximum down gradient (%)  10.7 10.2 9.8 10.0 10.0 10.0 

Average down gradient (%) 2.4 2.3 2.4 2.3 2.3 2.4 

Number of stops 8 10 6 3 12 7 

 

 
Figure A.1.5. Bus route III: Elevation profile.  
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Figure A.1.6. Bus route III: Driving cycles for each operation time.  
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Table A.1.5. Bus route IV: Driving cycles and elevation profile characteristics. 
 

Operation time Morning Forenoon Noon Afternoon Evening Night 

Distance (km) 11.99 12.47 11.81 11.88 13.25 12.73 

Average measurement 
frequency of GPS data (Hz) 

0.09 0.09 0.10 0.10 0.09 0.09 

Date (dd/mm/yy) 27/04/15 27/04/15 27/04/15 27/04/15 27/04/15 27/04/15 

Start time (hh:mm:ss) 06:59:48 09:51:55 12:13:00 14:50:59 18:20:21 21:41:27 

End time (hh:mm:ss) 07:31:20 10:25:13 12:40:18 15:19:18 18:55:41 22:11:49 

Duration (s) 1892 1998 1638 1699 2120 1822 

Idle time (s) 5 5 5 6 2 5 

GPS distance (km) 10.80 10.80 10.76 10.70 11.01 10.69 

Maximum speed (km/h) 62.93 55.04 55.04 55.04 56.01 56.01 

GPS average speed (km/h) 20.54 19.46 23.65 22.67 18.70 21.12 

Acceleration (% of total cycle) 66.60 62.16 70.57 68.22 74.43 67.56 

Deceleration (% of total cycle) 32.66 31.23 28.33 30.90 25.57 28.49 

Maximum acceleration (m/s2) 0.92 1.01 1.07 1.00 0.92 1.12 

Maximum deceleration (m/s2) -1.77 -2.04 -2.37 -2.37 -2.37 -2.50 

Average acceleration (m/s2) 0.19 0.21 0.21 0.24 0.19 0.21 

Average deceleration (m/s2) -0.40 -0.42 -0.54 -0.54 -0.55 -0.50 

Maximum up gradient (%) 6.6 5.5 5.5 5.7 5.5 5.4 

Average up gradient (%) 1.3 1.3 1.3 1.3 1.3 1.4 

Maximum down gradient (%)  9.5 9.2 8.7 9.5 8.7 9.0 

Average down gradient (%) 1.5 1.6 1.5 1.3 1.5 1.3 

Number of stops 5 5 5 6 1 5 

 

 

Figure A.1.7. Bus route IV: Elevation profile.  
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Figure A.1.8. Bus route IV: Driving cycles for each operation time.  

0

20

40

60

0 500 1000 1500 2000

Sp
ee

d 
(k

m
/h

)

Morning (IV)

0

20

40

60

0 500 1000 1500 2000

Sp
ee

d 
(k

m
/h

)

Forenoon (IV)

0

20

40

60

0 500 1000 1500 2000

Sp
ee

d 
(k

m
/h

)

Noon (IV)

0

20

40

60

0 500 1000 1500 2000

Sp
ee

d 
(k

m
/h

)

Afternoon (IV)

0

20

40

60

0 500 1000 1500 2000

Sp
ee

d 
(k

m
/h

)

Evening (IV)

0

20

40

60

0 500 1000 1500 2000

Sp
ee

d 
(k

m
/h

)

Time (s)

Night (IV)



 

 

 

 
– 89 – 

Table A.1.6. Bus route V: Driving cycles and elevation profile characteristics. 
 

Operation time Morning Forenoon Noon Afternoon Evening Night 

Average measurement 
frequency of GPS data (Hz) 

0.08 0.08 0.08 0.08 0.09 0.09 

Date (dd/mm/yy) 27/04/15 27/04/15 27/04/15 27/04/15 27/04/15 27/04/15 

Start time (hh:mm:ss) 06:02:15 09:46:51 12:18:48 14:51:31 17:22:55 21:10:18 

End time (hh:mm:ss) 07:13:43 11:01:31 13:31:42 16:05:25 18:37:35 22:21:14 

Duration (s) 4288 4480 4374 4434 4480 4256 

Idle time (s) 8 27 5 7 8 10 

GPS distance (km) 23.97 23.98 23.93 24.03 23.95 23.95 

Maximum speed (km/h) 60.03 56.01 60.99 55.04 55.04 56.01 

GPS average speed (km/h) 20.12 19.27 19.70 19.51 19.25 20.26 

Acceleration (% of total cycle) 70.36 73.13 71.70 68.27 72.43 66.16 

Deceleration (% of total cycle) 28.99 23.62 25.63 29.82 27.08 32.78 

Maximum acceleration (m/s2) 1.25 1.48 0.98 1.17 1.48 1.30 

Maximum deceleration (m/s2) -19,5 -2.37 -2.13 -2.04 -2.37 -2.13 

Average acceleration (m/s2) 0.19 0.18 0.16 0.19 0.20 0.22 

Average deceleration (m/s2) -0.47 -0.56 -0.46 -0.43 -0.54 -0.46 

Maximum up gradient (%) 6.1 7.0 6.1 5.4 6.6 5.2 

Average up gradient (%) 1.5 1.5 1.5 1.5 1.5 1.5 

Maximum down gradient (%)  8.3 6.6 8.1 6.5 6.5 6.5 

Average down gradient (%) 1.5 1.6 1.5 1.6 1.4 1.5 

Number of stops 8 6 5 7 8 10 

 

 
Figure A.1.9. Bus route V: Elevation profile.  
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Figure A.1.10. Bus route V: Driving cycles for each operation time.  
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Table A.1.7. Bus route VI: Driving cycles and elevation profile characteristics. 
 

Operation time Morning Forenoon Noon Afternoon Evening Night 

Average measurement 
frequency of GPS data (Hz) 

0.10 0.10 0.09 0.08 0.08 0.09 

Date (dd/mm/yy) 13/03/15 13/03/15 13/03/15 13/03/15 27/04/15 27/04/15 

Start time (hh:mm:ss) 07:04:37 10:12:06 12:20:08 14:35:37 17:30:08 20:49:42 

End time (hh:mm:ss) 07:35:55 10:41:04 12:52:48 15:12:26 18:03:52 21:19:08 

Duration (s) 1878 1738 1960 2209 2024 1766 

Idle time (s) 5 3 4 5 3 2 

GPS distance (km) 10.04 10.02 10.12 10.09 10.04 10.02 

Maximum speed (km/h) 60.99 59.06 56.97 57.94 54.07 55.04 

GPS average speed (km/h) 19.24 20.75 18.59 16.44 17.86 20.43 

Acceleration (% of total cycle) 65.76 64.96 67.45 71.71 67.44 68.74 

Deceleration (% of total cycle) 33.92 32.74 30.31 27.61 32.56 30.35 

Maximum acceleration (m/s2) 1.12 1.25 1.10 1.12 1.12 0.94 

Maximum deceleration (m/s2) -2.08 -2.5 -1.94 -2.13 -1.76 -1.67 

Average acceleration (m/s2) 0.25 0.26 0.22 0.18 0.20 0.21 

Average deceleration (m/s2) -0.47 -0.52 -0.47 -0.46 -0.41 -0.46 

Maximum up gradient (%) 4.4 4.4 5.0 4.4 4.5 4.2 

Average up gradient (%) 1.2 1.2 1.1 1.3 1.2 1.2 

Maximum down gradient (%)  5.7 5.5 5.6 6 5.4 5.5 

Average down gradient (%) 1.2 1.3 1.4 1.5 1.4 1.3 

Number of stops 5 3 4 5 3 1 

 

 
Figure A.1.11. Bus route VI: Elevation profile.  
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Figure A.1.12. Bus route VI: Driving cycles for each operation time.  
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Table A.1.8. Bus route VII: Driving cycles and elevation profile characteristics. 
 

Operation time Morning Forenoon Noon Afternoon Evening Night 

Average measurement 
frequency of GPS data (Hz) 

0.10 0.10 0.10 0.09 0.09 0.10 

Date (dd/mm/yy) 27/04/15 27/04/15 27/04/15 27/04/15 27/04/15 27/04/15 

Start time (hh:mm:ss) 06:54:05 08:44:36 12:26:56 14:23:49 12:03:47 22:22:51 

End time (hh:mm:ss) 07:26:01 09:16:51 13:01:07 14:58:58 12:37:20 22:56:27 

Duration (s) 1916 1935 2051 2109 2013 2016 

Idle time (s) 6 5 5 5 7 6 

GPS distance (km) 9.86 9.88 9.88 9.81 9.85 9.89 

Maximum speed (km/h) 60.03 51.98 56.01 45.06 46.03 57.94 

GPS average speed (km/h) 18.53 18.38 17.34 16.75 17.62 17.66 

Acceleration (% of total cycle) 76.98 71.94 73.48 66.52 72.78 77.33 

Deceleration (% of total cycle) 20.82 27.70 25.55 31.91 25.58 21.73 

Maximum acceleration (m/s2) 0.97 1.39 2.24 0.76 0.95 1.12 

Maximum deceleration (m/s2) -2.77 -2.4 -2.41 -2.08 -1.86 -2.93 

Average acceleration (m/s2) 0.22 0.21 0.20 0.18 0.18 0.20 

Average deceleration (m/s2) -0.80 -0.53 -0.57 -0.37 -0.50 -0.72 

Maximum up gradient (%) 7.1 8.5 6.3 7.3 4.2 7.7 

Average up gradient (%) 1.5 1.6 1.6 1.5 1.6 1.4 

Maximum down gradient (%)  7.7 8.2 8.3 8.0 7.5 7.2 

Average down gradient (%) 1.3 1.4 1.6 1.5 1.3 1.4 

Number of stops 6 5 5 5 6 6 

 

 
Figure A.1.13. Bus route VII: Elevation profile.  
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Figure A.1.14. Bus route VII: Driving cycles for each operation time.  
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A.2 .  Simulat ion  input  parameters :  Impact  of  var ia t ions  between 
dr iv ing  cycles  f rom real -world  data  

Table A.2.1. Analysis for impact of variations between driving cycles from real-world data: Driving 
cycle characteristics for bus route VI (Morning). 

 

Simulation designation SA1 SA2 SA3 SA4 SA5 SA6 SA7 

Average measurement 
frequency of GPS data (Hz) 

0.10 0.09 0.10 0.09 0.10 0.10 0.09 

Date (dd/mm/yy) 13/03/15 13/03/15 13/03/15 13/03/15 13/03/15 13/03/15 13/03/15 

Start time (hh:mm:ss) 07:04:37 07:56:08 07:16:39 07:43:26 08:01:20 07:36:01 07:09:26 

End time (hh:mm:ss) 07:35:55 08:28:48 07:45:10 08:14:55 08:29:45 08:03:31 07:39:44 

Duration (s) 1878 1960 1711 1889 1705 1650 1818 

Idle time (s) 5 5 6 3 9 1 3 

GPS distance (km) 10.04 10.06 10.15 10.03 10.00 10.04 10.05 

Maximum speed (km/h) 60.99 57.94 60.03 55.04 59.06 60.99 59.06 

GPS average speed (km/h) 19.24 18.48 21.36 19.11 21.11 21.91 19.90 

Acceleration (% of total cycle) 65.76 64.69 66.10 65.43 68.74 69.33 70.52 

Deceleration (% of total cycle) 33.92 31.94 31.97 34.46 29.09 29.45 27.78 

Maximum acceleration (m/s2) 1.12 0.89 1.25 0.97 1.12 0.98 1.12 

Maximum deceleration (m/s2) -2.08 -2.5 -2.37 -2.22 -3.06 -2.50 -2.48 

Average acceleration (m/s2) 0.25 0.22 0.24 0.23 0.26 0.24 0.22 

Average deceleration (m/s2) -0.47 -0.44 -0.50 -0.43 -0.61 -0.56 -0.54 

Maximum up gradient (%) 4.4 4.4 4.2 4.5 4.5 4.5 4.3 

Average up gradient (%) 1.2 1.2 1.1 1.1 1.2 1.1 1 

Maximum down gradient (%)  5.7 6.3 5.9 5.5 5.4 5.5 8.1 

Average down gradient (%) 1.2 1.5 1.5 1.4 1.4 1.3 1.4 

Number of stops 5 5 6 3 8 1 3 
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(continued). 
 

Simulation designation SA8 SA9 SA10 SA11 

Average measurement 
frequency of GPS data (Hz) 

0.11 0.11 0.09 0.10 

Date (dd/mm/yy) 13/03/15 13/03/15 13/03/15 13/03/15 

Start time (hh:mm:ss) 07:39:08 07:49:22 07:28:23 07:18:44 

End time (hh:mm:ss) 08:07:45 08:16:40 08:00:00 07:46:58 

Duration (s) 1717 1638 1897 1694 

Idle time (s) 9 2 6 9 

GPS distance (km) 10.01 10.04 10.02 10.06 

Maximum speed (km/h) 60.03 57.94 57.94 65.02 

GPS average speed (km/h) 20.99 22.07 19.02 21.38 

Acceleration (% of total cycle) 75.54 68.22 72.75 69.66 

Deceleration (% of total cycle) 24.23 31.44 26.25 29.81 

Maximum acceleration (m/s2) 1.12 1.12 1.12 1.12 

Maximum deceleration (m/s2) -3.06 -2.93 -2.37 -2.91 

Average acceleration (m/s2) 0.26 0.28 0.21 0.26 

Average deceleration (m/s2) -0.78 -0.59 -0.57 -0.59 

Maximum up gradient (%) 8.9 4.2 4.6 4.5 

Average up gradient (%) 1.1 1.2 1.1 1.1 

Maximum down gradient (%)  5.6 5.4 5.3 4.9 

Average down gradient (%) 1.4 1.4 1.3 1.4 

Number of stops 8 2 5 9 
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Figure A.2.1. Analysis for impact of variations: Driving cycle characteristics for bus route VI 

(Morning). 
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(continued). 
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A.3 .  Simulat ion  resul t s :  Convent ional  two-axle  c i ty  bus  –  
Operat ing  in  Curi t iba  

 
Table A.3.1. City bus ConvTw-O: Energy use per distance (MJ/km) for each bus route and operation 

time for time-specific occupancy rates. 
 

Bus route Operation time Average 

Morning Forenoon Noon Afternoon Evening Night 

I 14.55 13.88 13.64 11.50 14.28 12.74 13.43 

II 13.00 13.12 12.76 13.23 13.53 13.00 13.11 

III 19.38 21.37 19.07 19.88 19.58 17.76 19.51 

IV 18.63 19.80 17.91 20.12 21.25 19.49 19.53 

V 18.30 18.52 17.23 17.35 19.49 17.73 18.10 

VI 19.37 18.57 17.82 18.51 17.93 16.02 18.04 

VII 23.22 19.84 20.58 18.19 19.00 22.06 20.48 

Overall average 17.46 

 

 

Table A.3.2. City bus ConvTw-O: Energy use per distance (MJ/km) for each bus route and operation 
time for an occupancy rate of 100%. 

 

Bus route Operation time Average 

Morning Forenoon Noon Afternoon Evening Night 

I 15.89 15.42 15.02 12.56 15.23 14.20 14.72 

II 14.14 14.53 14.05 14.67 14.64 14.57 14.43 

III 21.05 24.00 21.10 22.07 21.12 20.01 21.56 

IV 20.35 22.18 19.95 21.33 23.09 22.21 21.52 

V 20.09 20.71 19.06 19.29 21.22 20.04 20.07 

VI 21.26 21.03 19.71 20.44 19.31 17.95 19.95 

VII 25.48 22.32 22.81 20.03 20.49 24.75 22.65 

Overall average 19.27 
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A.4 .  Simulat ion  resul t s :  Convent ional  b iar t i cula ted  c i ty bus  –  
Operat ing  in  Curi t iba  

 

Table A.4.1. City bus ConvBi-O: Energy use per distance (MJ/km) for each bus route and operation time 
for time-specific occupancy rates. 

 

Bus route Operation time Average 

Morning Forenoon Noon Afternoon Evening Night 

I 25.23 23.69 23.16 18.55 23.78 21.03 22.57 

II 22.24 22.12 21.76 22.62 23.48 22.20 22.40 

III 32.40 37.22 33.23 34.55 33.91 30.44 33.63 

IV 32.64 34.52 32.05 33.17 36.07 34.17 33.77 

V 31.50 32.22 29.80 29.35 34.22 30.24 31.22 

VI 33.24 31.63 29.97 31.30 30.98 26.87 30.67 

VII 40.50 33.53 35.17 30.62 33.28 37.87 35.16 

Overall average 29.92 

 

 

Table A.4.2. City bus ConvBi-O: Energy use per distance (MJ/km) for each bus route and operation time 
for an occupancy rate of 100%. 

 

Bus route Operation time Average 

Morning Forenoon Noon Afternoon Evening Night 

I 28.38 27.45 27.36 22.14 26.61 26.09 26.34 

II 25.80 26.48 25.58 26.61 26.31 26.75 26.25 

III 37.13 43.46 38.65 41.02 38.55 36.39 39.20 

IV 37.64 40.35 35.94 38.04 40.57 40.69 38.87 

V 35.58 37.21 35.19 34.72 37.87 35.63 36.03 

VI 37.48 36.40 34.74 36.58 35.19 32.18 35.43 

VII 44.41 38.52 40.03 35.72 37.53 44.70 40.15 

Overall average 34.61 
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A.5 .  Simulat ion  resul t s :  Hybrid-elect r ic  two-axle  c i ty  bus  –  
Operat ing  in  Curi t iba  

 
Table A.5.1. City bus HybTw-O: Energy use per distance (MJ/km) for each bus route and operation time 

for time-specific occupancy rates. 
 

Bus route Operation time Average 

Morning Forenoon Noon Afternoon Evening Night 

I 11.86 10.18 10.86 8.21 10.16 9.67 10.16 

II 10.26 9.81 10.86 10.69 10.68 9.97 10.38 

III 10.34 14.65 11.64 12.79 10.64 11.80 11.97 

IV 12.85 13.02 14.26 13.83 14.30 14.33 13.77 

V 13.32 13.63 12.31 12.52 13.57 12.81 13.03 

VI 13.73 12.97 11.60 11.76 10.94 11.04 12.01 

VII 16.87 13.58 13.81 10.85 11.94 15.38 13.74 

Overall average 12.15 

 

 

Table A.5.2. City bus HybTw-O: Energy use per distance (MJ/km) for each bus route and operation time 
for an occupancy rate of 100%. 

 

Bus route Operation time Average 

Morning Forenoon Noon Afternoon Evening Night 

I 12.67 11.16 12.03 9.16 10.93 10.81 11.13 

II 11.27 10.93 12.10 11.62 11.47 11.09 11.41 

III 11.40 16.20 13.13 14.12 11.49 13.25 13.27 

IV 14.38 14.46 15.74 15.08 15.26 15.84 15.13 

V 14.50 15.06 13.62 13.76 14.63 13.98 14.26 

VI 14.60 14.04 12.57 12.91 11.72 12.21 13.01 

VII 18.57 14.92 15.20 12.04 13.13 17.25 15.18 

Overall average 13.34 
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A.6 .  Simulat ion  resul t s :  Hybrid-elect r ic  two-axle  c i ty  bus  –  
Al ternat ive  fo r  Curi t iba 

 
Table A.7.1. City bus HybTw-A: Energy use per distance (MJ/km) for each bus route and operation time 

for time-specific occupancy rates. 
 

Bus route Operation time Average 

Morning Forenoon Noon Afternoon Evening Night 

I 12.03 10.21 10.81 8.21 10.23 9.55 10.17 

II 10.20 9.74 10.98 10.88 10.88 10.02 10.45 

III 10.40 14.80 11.58 12.79 10.67 11.62 11.98 

IV 12.83 13.02 14.22 14.10 14.81 14.52 13.92 

V 13.54 13.61 12.32 12.54 13.77 12.91 13.12 

VI 14.13 13.20 11.85 11.86 11.12 10.96 12.19 

VII 17.12 13.64 13.86 10.84 11.99 15.47 13.82 

Overall average 12.34 

 

 

Table A.7.2. City bus HybTw-A: Energy use per distance (MJ/km) for each bus route and operation time 
for an occupancy rate of 100%. 

 

Bus route Operation time Average 

Morning Forenoon Noon Afternoon Evening Night 

I 13.21 11.50 12.21 9.29 11.13 10.98 11.39 

II 11.32 11.08 12.31 12.30 11.80 11.44 11.71 

III 11.57 16.81 13.19 14.56 11.68 13.56 13.56 

IV 14.34 14.95 16.14 15.74 15.95 16.58 15.62 

V 14.93 15.55 13.96 14.17 15.02 14.63 14.71 

VI 15.41 14.81 13.10 13.45 12.09 12.59 13.58 

VII 19.14 15.46 15.68 12.27 13.18 17.82 15.59 

Overall average 13.74 
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A.7 .  Simulat ion  resul t s :  Hybrid-elect r ic  a r t icula ted  c i ty bus  –  
Al ternat ive  fo r  Curi t iba 

 
Table A.6.1. City bus HybAr-A: Energy use per distance (MJ/km) for each bus route and operation time 

for time-specific occupancy rates. 
 

Bus route Operation time Average 

Morning Forenoon Noon Afternoon Evening Night 

I 14.01 12.21 13.22 10.13 12.29 11.54 12.23 

II 12.62 11.97 13.42 12.86 12.87 12.01 12.63 

III 12.93 17.59 14.59 15.58 13.24 14.33 14.71 

IV 16.02 15.80 17.35 16.42 16.73 17.03 16.56 

V 16.04 16.36 14.94 15.01 16.37 15.24 15.66 

VI 16.23 15.41 14.01 14.30 13.60 13.50 14.51 

VII 20.43 15.84 16.74 13.60 15.16 18.76 16.75 

Overall average 14.72 

 

 

Table A.6.2. City bus HybAr-A: Energy use per distance (MJ/km) for each bus route and operation time 
for an occupancy rate of 100%. 

 

Bus route Operation time Average 

Morning Forenoon Noon Afternoon Evening Night 

I 15.11 13.38 14.53 11.41 13.17 12.89 13.41 

II 13.99 13.44 14.86 14.25 13.72 13.40 13.94 

III 14.19 19.37 16.51 17.23 14.59 16.40 16.38 

IV 17.83 17.64 19.15 17.88 17.92 18.97 18.23 

V 17.30 18.06 16.48 16.42 17.68 16.63 17.09 

VI 17.19 16.75 15.24 15.98 14.69 15.11 15.83 

VII 22.03 17.60 18.57 15.34 16.73 21.16 18.57 

Overall average 16.21 
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A.8 .  Simulat ion  resul t s :  Plug- in  hybr id-elect r i c  two-axle  c i ty  
bus  –  Al ternat ive  for  Curi t iba 

 
Table A.8.1. City bus PlugTw-A: Energy use per distance (MJ/km) for each bus route and operation time 

for time-specific occupancy rates. 
 

Bus route Operation time Average 

Morning Forenoon Noon Afternoon Evening Night 

I 6.33 5.82 5.97 5.17 5.78 5.59 5.78 

II 6.14 5.98 6.43 6.39 6.39 6.08 6.23 

III 7.56 10.05 8.24 8.94 7.73 8.48 8.50 

IV 7.02 7.09 7.49 7.41 7.86 7.55 7.40 

V 10.72 10.77 9.85 10.01 10.87 10.27 10.42 

VI 6.98 6.68 6.33 6.32 6.07 6.01 6.40 

VII 7.71 6.72 6.78 5.87 6.22 7.26 6.76 

Overall average 7.35 

 

 

Table A.8.2. City bus PlugTw-A: Energy use per distance (MJ/km) for each bus route and operation time 
for an occupancy rate of 100%. 

 

Bus route Operation time Average 

Morning Forenoon Noon Afternoon Evening Night 

I 6.68 6.21 6.40 5.49 6.05 6.02 6.14 

II 6.55 6.46 6.91 6.90 6.72 6.59 6.69 

III 8.22 11.20 9.16 9.95 8.30 9.63 9.41 

IV 7.56 7.77 8.16 7.97 8.27 8.26 8.00 

V 11.70 12.14 11.01 11.17 11.76 11.49 11.55 

VI 7.36 7.17 6.71 6.80 6.36 6.50 6.82 

VII 8.30 7.25 7.31 6.28 6.56 7.95 7.27 

Overall average 7.98 
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A.9 .  Simulat ion  resul t s :  Impact  of  var ia t ions  between dr iv ing  
cycles  f rom real -world  data  

 
Table A.9.1. Analysis for impact of variations: Energy use per distance (MJ/km) for bus route VI and 

operation time: Morning. 
 

Driving 
cycle 

ConvTw-O ConvBi-O HybTw-O HybTw-A HybAr-A PlugTw-A 

SA1 (VI) 21.26 37.48 14.60 15.41 17.19 7.36 

SA2 (VI) 19.71 35.21 12.80 13.37 15.42 6.75 

SA3 (VI) 19.33 34.07 13.20 13.90 15.84 6.91 

SA4 (VI) 19.70 34.91 12.28 12.83 14.80 6.58 

SA5 (VI) 20.56 37.03 13.67 14.14 16.32 6.98 

SA6 (VI) 19.70 35.51 14.79 15.09 17.62 7.27 

SA7 (VI) 21.23 37.40 15.09 15.84 17.76 7.49 

SA8 (VI) 21.74 39.23 16.08 16.66 19.13 7.74 

SA9 (VI) 22.08 38.74 16.29 16.82 19.03 7.79 

SA10 (VI) 20.19 35.63 13.40 14.06 15.97 6.96 

SA11 (VI) 19.92 36.28 13.98 14.68 16.90 7.14 

Overall 
average 

20.49 36.50 14.20 14.80 16.91 7.18 

Standard 
deviation 

0.90 1.55 1.24 1.24 1.34 0.37 

 
a (Acronyms: Conventional two-axle city bus-Operating (ConvTw-O), Conventional biarticulated city 
bus-Operating (ConvBi-O), Hybrid-electric two-axle city bus-Operating (HybTw-O), Hybrid-electric 
two-axle city bus-Alternative (HybTw-A), Hybrid-electric articulated city bus-Alternative (HybAr-A), 
Plug-in hybrid-electric two-axle city bus-Alternative (PlugTw-A)). 
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