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Background and objective

The Industrial Ecology Programme’s ongoing project “The People’s Climate Research” aims to
quantify the carbon footprint (CF) of Norwegian households and assess how it can be reduced
through voluntary household actions. As one of the most important contributing domains of
household carbon footprint, transport will be a core focus area of the project. Public transport by
bus is a mode of travel which has received fairly limited attention in the scientific literature
compared to private car and air travel. The task of the student will hence be to rectify this, by
undertaking an overall assessment of the environmental impacts of transport by bus, taking the
city of Trondheim and surrounding regions as the case study. The main environmental focus of
the assessment should be put on climate impacts. The student should use a life-cycle assessment
type of framework to conduct the analysis, drawing on existing life cycle data for buses to be
modified for the case at hand, in combination with case-specific data on key parameters such as
driving patterns and occupancy rates, etc.

The following tasks are to be considered:

1. Review the literature of environmental assessments of bus transport, including scientific
articles as well as industry reports

2. Construct a life cycle inventory to analyse bus transport in the Trondheim region

3. Assess the carbon footprint of passenger transport by bus in the Trondheim region,
differentiating as far as possible between different bus routes, time of day, etc.

4. Draw on existing studies to evaluate net climate costs/benefits of bus transport compared to
alternative modes in various scenarios/situations, and discuss the considerations that must be
made in such evaluations
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Within 14 days of receiving the written text on the master thesis, the candidate shall submit a
research plan for his project to the department.

When the thesis is evaluated, emphasis is put on processing of the results, and that they are
presented in tabular and/or graphic form in a clear manner, and that they are analyzed carefully.

The thesis should be formulated as a research report with summary both in English and
Norwegian, conclusion, literature references, table of contents etc, During the preparation of the
text, the candidate should make an effort to produce a well-structured and easily readable report.
In order to ease the evaluation of the thesis, it is important that the cross-references are correct. In
the making of the report, strong emphasis should be placed on both a thorough discussion of the
results and an orderly presentation.

The candidate is requested to initiate and keep close contact with his/her academic supervisor(s)
throughout the working period. The candidate must follow the rules and regulations of NTNU as
well as passive directions given by the Department of Energy and Process Engineering.

Risk assessment of the candidate's work shall be carried out according to the department's
procedures. The risk assessment must be documented and included as part of the final report.
Events related to the candidate’s work adversely affecting the health, safety or security, must be
documented and included as part of the final report. If the documentation on risk assessment
represents a large number of pages, the full version is to be submitted electronically to the
supervisor and an excerpt is included in the report.

Pursuant to “Regulations concerning the supplementary provisions to the technology study
program/Master of Science™ at NTNU §20, the Department reserves the permission to utilize ali
the results and data for teaching and research purposes as well as in future publications.

The final report is to be submitted digitally in DAIM. An executive summary of the thesis
including title, student’s name, supervisor's name, year, department name, and NTNU's logo and
name, shall be submitted to the department as a separate pdf file. Based on an agreement with the
supervisor, the final report and other material and documents may be given to the supervisor in
digital format.

[[] Work to be done in lab (Water power lab, Fluids engineering lab, Thermal engineering lab)
[[] Field work

Department of Energy apd|Process Engineering, 14. January 2015
|

Olav Bolland Edgef G. Hertwich
Department Head Academic Supervisor

Research Advisor: Kjartan Steen-Olsen
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Preface

This thesis ends my master studies in Industrial Ecology at department of Energy and Pro-
cess Engeneering at the Norwegian University of Science and Technology (NTNU). The work
has been carried out in collaboration with the transportation agency AtB and Ser-Trendelag
County Council. In addition to providing insight into the environmental impacts of bus
transport to the collaborators, this work also contributes to extending the knowledge base

on bus transport in the ongoing project "The People’s Climate Research".

The scope of the project and the objectives are based on the attached project description.
However, the bus routes could not be differentiated in terms of fuel consumption that arises
from different driving patterns. As this data was not available from AtB, route specific fuel
consumption would require on board measurements, which would be too time consuming
for this thesis. The limited access to data from bus producers imposed some challenges for
the data compilation. While there are several initiatives to provide transparent inventories
of the production of private vehicles, production of transit vehicles is less transparent to-

day.

Overall, this thesis has been a good experience and given me valuable insight in the chal-

lenges associated with sustainable mobility.
Trondheim, June 24, 2015

ﬁg%ﬁ%

Tonje Buo
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Abstract

The overall aim of this thesis is to assess the carbon footprint of transport by bus in the
Trondheim region. Bus transportation is promoted as a strategy both to combat local pollu-
tion problems in urban areas and to mitigate global greenhouse gas emissions from passen-
ger transport. Still, the environmental impacts of bus transport have received fairly limited

attention in research.

The environmental impacts of bus transport are calculated through life cycle assessment.
A model is developed for the bus and fuel technologies included in the bus fleet in Trond-
heim. The analysis is limited to city buses, which in Trondheim comprise hybrid, natural gas
and biodiesel buses. All life cycle phases of bus transport are included. The environmental
impacts are measured by the impact categories climate change, fossil depletion, eutrophica-
tion, acidification, particulate matter formation and land occupation. The thesis draws on
previous LCA studies of cars to compare GHG emissions per passenger kilometer between
different bus routes. A comparison is also made for work travels in Trondheim to investigate

the effect of climate mitigation measures implemented the later years.

The results shows that the hybrid bus performs best in terms of greenhouse gas emissions
and fossil depletion per vehicle kilometer, while the natural gas bus had lower emissions in
the remaining five impact categories. By switching to biogas, it is found that this bus tech-

nology achieved similar impacts to the hybrid bus also in the two former categories.

Looking at specific bus routes, it is found that buses with 5-10 passengers had lower GHG
emissions than a car with 1-2 persons, depending on the bus technology. Both technol-
ogy advancements and modal shifts are promoted by national authorities as ways to reduce
the overall emissions from passenger transportation. Comparing the carbon footprint of
work travels between 2009 and 2014 shows that the modal shift had the largest mitigation

effect.

The largest reduction potential per vehicle kilometer is identified in the operation phase
of the buses. With the use of biofuels, these emissions can be reduced significantly. The
mitigation potential is however dependent on the type of biofuels, thus policy makers should

be aware of problem shifting.






Sammendrag

Det overordnede malet for denne masteroppgaven er & beregne karbonfotavtrykket av busstrans-
port i Trondheimsregionen. Bade nasjonalt og internasjonalt inngar busstransport som et
viktig tiltak for & redusere de negative miljopavirkningene fra passasjertransport. Pa tross av

dette er miljokonsekvensene fra busstransport lite dokumentert i forskning.

Miljepévirkningene fra busstransport beregnes ved hjelp av en livssyklusanalyse. En modell
utvikles for buss- og drivstoffteknologiene som inngér i bussparken i Trondheim. Analysen
begrenser seg til bybusser, og inkluderer dermed hybrid, naturgass og biodiesel busser. Alle
livssyklusfaser inkluderes i analysen. I tillegg til klimapavirkning beregnes ogsa dannelse
av svevestov, eutrofiering, forsuring, forbruk av fossile ressurser og arealforbruk for & male
total miljopavirkning. Tidligere livssyklusanalyser av biler tas i bruk for 8 sammenligne kar-
bonfotavtrykket per personkilometer fra buss- og biltransport. Til slutt beregnes karbonfo-
tavtrykket til arbeidsreiser for & undersoke effekten av ulike tiltak passasjertransport i Trond-

heim.

Resultatene fra sammenligningen av de ulike bussteknologiene viser at hybridbussene gener-
erer lavest utslipp av drivhusgasser og lavest forbruk av fossile ressurser per kjoretaykilo-
meter. Naturgassbussene har imidlertid lavest miljopédvirkning i de fem andre inkluderte
kategoriene. Ved innblanding av biogass oppnar gassbussene de samme utslippene som hy-

bridbussene ogsé i de ovennevnte kategoriene.

Analysen av ulike bussruter viser at man i gjennomsnitt trenger 5-10 passasjerer pa en buss,
avhengig av bussteknologi, for & oppna samme karbonfotavtrykk som en bil med 1-2 pas-
sasjerer. Bade ny teknologi og overgang til mer effektive transportformer er strategier som
bidrar til & redusere utslipp fra passasjertransport. Resultatene for det totale karbonfotavtrykket
for arbeidsreiser viser at den storste reduksjonen kommer fra overgangen til mer effektive

transportformer.

Det storste forbedringspotensialet for busstransport blir funnet i operasjonsfasen. Gjennom
bruk av biodrivstoff kan utslippene fra denne reduseres signifikant. Forbedringspotensialet
er imidlertid avhengig av type biodrivstoff, og politikere bor veere oppmerksom pd miljekon-

sekvenser som kan oppsta i produksjonen av biodrivstoff.
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1. Introduction

1.1. Background

The transportation sector accounts for around 25% of global carbon dioxide (CO;) emissions
(EEA, 2008). The share is likely to rise in the future with increasing growth in population and
increased affluence in developing countries. Deep cuts are needed in this sector to reach the
emission targets set by the Intergovernmental Panel on Climate Change (IPCC). IPCC states
that a 50% reduction in greenhouse gas (GHG) emissions by 2050 is required to limit global

warming to below 2°C.

Norway has adopted ambitious environmental goals in line with the recommendations from
IPCC, and aim to be carbon-neutral by 2050 (Miljoverndepartementet, 2008). The transport
sector is currently the second largest GHG emitting sector within the country, which means
that there is a strong focus directed towards transport as a mean to achieve the emission
targets (MD2012). This is further elaborated in the National Transport plan for the period
2014 until 2023, which states that transportation policy should contribute to reducing GHG
emissions and hazardous effects from transport, as well as contributing to reach national

targets (Brunvoll and Monsrud, 2013).

The majority of the emissions from transport stems from road traffic, and the use of pri-
vate cars is the main source of emissions.The relative share of private cars has increased
significantly the past ten years, which can be explained by a growth in both population and
affluence. The expansion in car travels must be reversed if Norway is to achieve the deep

emission cuts needed to achieve carbon-neutrality by 2050.

The key to achieve deep emission cuts lies in finding the appropriate combination of mea-

sures (Hermansen, 2011). While individual measures may cause conflicts between goals
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and achieve little public acceptance, a combination of measures is more likely to succeed.
National authorities emphasizes both measures that trigger modal shifts, as well as mea-
sures that initiate investments in more fuel efficient and environmentally friendly vehicles
(Miljodirektoratet, 2015b). A special emphasis is put on urban areas, because of the large re-
duction potential(Nenseth and Nielsen, 2009). Two out of three Norwegians live in cities, and
cities are expected to grow both in size and population until 2050. At the same time, half of
GHG emissions in urban areas stem from road transport. The traffic congestion also causes
local pollution problems, deteriorating air quality and generating noise. In order to develop
a sustainable transport system, the national authorities have targeted a zero-growth in pri-
vate car travels in order to ease pressure on infrastructure and develop sustainable transport
systems (Avinor et al., 2015). The shorter car travels should be shifted towards cycling and
walking, while longer travels should see a shift to public transport. As a consequence of this
strategy, the transportation agencies have estimated that the share of public transport must

increase by 60% until 2030 and more than double until 2050.

1.2. Gap in research

Public transportation is included in both national and local strategies to reduce urban envi-
ronmental impacts form passenger transportation. Even so, bus transport has received fairly
limited attention in research compared to private cars and air travels (2). Public bodies also
tend to focus on direct emissions in their assessments, ignoring the upstream impacts from
production of vehicles and fuel (Chester et al., 2012). In order to quantify the environmental
benefits of a modal shift and document distance to emission targets, the whole value chain of
bus transport should be considered. Internationally, a few LCA studies of bus transport have
been conducted, but in Norway there are few complete LCA studies. There is thus a need
for an LCA adapted to Norwegian conditions, especially for key parameters such as driving

patterns and occupancy rates.
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1.3. Problem Description

The overall aim of this thesis is to assess the carbon footprint of transport by bus in the
Trondheim region. Within this overarching goal, the thesis will aim at answering the fol-

lowing research questions:

1. What are the life cycle environmental impacts generated by bus transport in Trond-

heim?
* Which life cycle phases are responsible for the majority of emissions?
¢ How are the results influenced by changes in bus and fuel technology?

2. How is the environmental performance per passenger kilometer influenced by differ-

ent occupancy rates and time of travel?

3. What are the net environmental costs/benefits of bus transportation compared to al-

ternative modes of transport?

4. How can this analysis contribute to further decision support in planning of bus trans-

port in Trondheim?

1.4. Scope

In order to assess the environmental impacts resulting from bus transport in Trondheim, a
quantitative model based on life cycle methodology has been developed. The model will
cover life cycle impacts resulting from the production, use and end of life (EOL) treatment of
the buses. Three bus types are included, in line with the characteristics of the AtB bus fleet:
natural gas (CNG) buses, hybrid buses and diesel buses running on a blend of biodiesel and
fossil diesel. The assessment is limited to city buses and the driving pattern thus reflects the
conditions within a city. City buses usually have a higher energy use per kilometer, due to
frequent starts and stops. The results are intended to be used for support in planning of the
future bus service and to build up the knowledge base of bus transportation. The assessment

is carried out in line with the ISO 14040 and 14044 standards.
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1.5. Structure of the Report

The thesis is divided in six chapters. The following chapter includes a literature review, pre-
senting the theoretical framework of LCA, the Norwegian context of this study and the in-
cluded bus and fuel technologies. In the end of the chapter, previous LCA studies are pre-
sented. The third chapter presents the case study and how the life cycle methodology is
applied to this study. The chapter also gives a comprehensive presentation of the important
assumptions and modeling choices. The results are presented in chapter five, and are dis-
cussed in more detail in the following chapter. Chapter six is the final chapter which presents

the conclusions drawn from the previous chapter and final remarks.



2. Literature

This chapter describes the literature that will be used to answer the research questions in
section 1.3. The aim is to provide a theoretical framework for the LCA conducted in this the-
sis. First, the theoretical basis of life cycle methodology will be described, followed by a pre-
sentation of the most important emissions from the operation phase of buses. Furthermoe,
the relevant bus and fuel technologies are discussed in terms of environmental benefits and
drawbacks. Finally, previous LCA studies are reviewed to serve as a state-of-the-art of LCA
studies in passenger transport. It has been chosen to conduct a detailed literature review

since there was no previous project work related to this thesis.

2.1. Life Cycle Assessment

Life cycle assessment (LCA) is a tool used to evaluate the environmental performance of a
system throughout the whole life cycle, from raw material extraction through material pro-
duction and manufacturing, use and finally, end of life (EOL) treatment and disposal(Baumann
and Tillman, 2004). Taking a life cycle perspective can be useful both to identify the most
significant phases of a production process, but also to avoid potential shifting of environ-
mental burden between the different life cycle stages (ISO, 2006b). LCA has a number of ap-
plications: it can be used to compare different alternatives that fulfills the same function,to
improve a production system, or as support for policy decisions (Baumann and Tillman,
2004). The LCA procedure consists of four different phases, which are closely linked to each
other. The different phases can be seen in figure 2.1 and will be presented more in depth
in the following chapters. The methodology has been in use since the 1970s, but was not
coined until 1991. A standardized LCA methodology was developed and published by the

International Organization for Standardization (ISO) in 1997. Today there are two standards
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Life cycle assessment framework

Goal and scope
defintion
Direct applications:
- product
Inventory analysis fievelopmem and
improvement
-strategic planning
Interpretation - public policy making
marketing
- other
Impact
Assessment
- Classification
- Characterization
- Normalization
- Weighting

Figure 2.1.: LCA framework according to ISO14040. Copied from ISO 14040 (ISO, 2006b)

available serving as guidance to perform a standardized LCA: ISO 14040 and ISO 14044 (ISO,
2006b,a).

2.1.1. Goal and Scope Definition

The goal states the motivation behind the study and should clearly inform the readers about
the intended application. In order to define the scope of the study, a number of model-
ing choices have to be made. The modeling choices include deciding on a functional unit,

choosing impact categories to consider, and defining system boundaries.

After the goal is stated and the products of the system are decided, the next step is to de-
termine the functional unit (FU) (Baumann and Tillman, 2004). The functional unit reflects
the function of the product or the system and serves as a reference flow to which all other
modeled flows of the system are related to. An example of a functional unit is one person
kilometer traveled. This functional unit makes it possible to the environmental impacts of
different transportation modes that all fulfill the function of transporting a person from A to

B.

System boundaries are defined after the determination of the FU. The system boundaries
determine which unit processes to be included in the study, and needs to be defined in sev-

eral dimensions: boundaries in relation to natural systems, geographical boundaries, time
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boundaries and boundaries within the technical systems. Which processes to include de-
pends on the goal and scope of the system, but in general several life cycle stages should
be considered, from materials production to end of life treatment. While setting the system
boundaries it is important to document the assumptions made, as well as the limitations
resulting from these assumptions. The last part of the goal and scope definition is to select
the impact categories that will be investigated, which together with the system boundaries

is guiding the data collection.

2.1.2. Inventory Analysis

In the inventory analysis, the life cycle inventory (LCI) of the system is created through data
collection and calculations. The aim is to quantify the inputs and outputs of the system in
relation to the functional unit. The inventory analysis is an iterative process, and adjust-
ments in the data collection processes are often needed after gaining more insight into the
study. Inputs to the system are materials, energy or other physical requirements. Outputs,
on the other hand, can be classified as by-products, co-products or waste. They also include
environmental aspects caused by the system, such as emissions to air and discharges to wa-
ter. Baumann and Tillman (2004) emphasizes that only the environmentally relevant flows
should be included. At this life cycle stage, the need for allocation is also decided upon (ISO,
2006b). Allocation is needed if we are dealing with a system producing multiple outputs. An
allocation procedure can then be used to distribute the environmental burdens between the
products. ISO (2006a) states that allocation can be avoided by dividing the unit processes
into smaller sub processes and collecting the inputs and outputs associated with these. An-
other alternative is systems expansion where the system boundaries are expanded to include
additional functions of the co-products. If allocation cannot be avoided, partitioning based

on the physical characteristics of the products should be used.

2.1.3. Impact Assessment

The goal of the life cycle impact assessment phase is to convert the inventory data (emis-
sions and resource use) to environmental impacts, often presented as category indicators

(Baumann and Tillman, 2004). This is done in order to present more understandable re-
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sults.

The impact assessment phase of LCA consists of four steps: Classification, characterization,
normalization and weighting, whereby the two latter are optional and will not be described
here (ISO, 2006b). In classification the LCI results are sorted according to the type of envi-
ronmental impact they contribute to. CO, and CH4 emissions, for instance, contribute to
global warming potential. After the results have been classified, they can be merged into one
common indicator for each impact category. The characterization factors of the emissions or
resource use are based on scientific models from chemistry, toxicology etc. The indicator for
global warming is CO, equivalents (CO»-eq), which means that all emissions contributing to

global warming must be converted to this unit.

A widely used impact assessment method is ReCiPe, developed by Goedkoop et al. (2009).
ReCiPe offers quantification methods for both midpoint and endpoint LCA indicators. These
are described as two separate environmental mechanisms: The first mechanism describes
the midpoint level, where LCI results are converted into category indicators, and the sec-
ond mechanism quantifies their effect on the three endpoint indicators: damage to human
health, damage to ecosystems and resource loss. Goedkoop et al. (2009)emphasize that the
first step has a relatively low uncertainty because it is based on scientific models and data
published by IPCC. The second step, however, involves more uncertainty, as it is based on

their own models and data from WHO.

2.1.4. Interpretation

In the last step of LCA, the results are interpreted in order to make conclusions. The inter-
pretation part of an LCA should also include an evaluation of the methodology used, i.e. the
limitations posed by choosing the system boundaries and impact assessment methods in
the study, or those resulting from potential gaps in data. Recommendations for future work

should also be mentioned here (ISO, 2006b).
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2.1.5. LCA tools used in the analysis
Arda

Arda is a LCA software developed by the Industrial Ecology research group at NTNU. It is
used for both educational and professional purposes. Arda allows the user to construct their
own foreground matrix, and couples this with the background database ecoinvent v.2.2. The
software is also integrated with the ReCiPE impact assessment methodology, as discussed in

chapter 2.1.3.

ecoinventv. 2.2

LCA is a very data intensive framework (Stromman, 2010). In order to construct a complete
life cycle inventory, it is therefore necessary to build on accumulated knowledge from pre-
vious LCA studies. This can be done by linking the foreground system with a commercially
available LCA database comprising all the relevant background processes. There are five
commercially available LCA databases today, where the ecoinvent database is considered the

most comprehensive and best quality general LCA database for European purposes.

The ecoinvent database builds on over 20 years of experience of compiling LCI data and per-
forming LCA studies (Ecoinvent Centre, 2015). The ecoinvent Centre states on their websites
that their aim is to provide transparent international LCA data to their users, whether it is
consultancies or research institutions. The only drawback of the database is the construc-
tion that can appear somewhat fragmented (Stremman, 2010). This is because the emissions
and requirements matrices can be split across several different sub-processes, making it dif-

ficult to assess the input/output tables.

2.2. Direct Emissions from Vehicle Operation

The direct emissions from vehicle operation are well documented in the literature. In or-
der to reduce emissions from vehicle operation,it is important to know which pollutants are
generated and their respecitve source. This section will focus on the direct emissions from

vehicle operation, what environmental impacts they cause and how they are regulated.
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Direct emissions can be split into exhaust emissions from combustion of fuel in the engine
(tailpipe), and non-exhaust emissions from tire, brake and road wear, caused by the vehicle’s
motion (Sundvor, 2013). Exhaust emissions constitute the major part of direct emissions.
The exception is for particulate matter, where the share of non-exhaust emissions can be as
high as 50% (Cooper et al., 2012). Some of the non-exhaust emissions are not airborne, but
their heavy metal content is accounted for as emissions to water and soil (Spielmann et al.,

2007).

Vehicle operation cause both global and local environmental impacts (Cooper et al., 2012).
Emissions of (CO, contributes to global warming, while pollutants such as particulate matter
(PM), dinotrogen oxides (N,0O), sulfur dioxides (SO») and ozone (O3) cause local air pollution
problems and affect human health. Norway monitors emissions of the latter pollutants in
urban areas and have imposed targets for their concentration levels (Luftkvalitet.info, 2015).
The Norwegian government have also introduced taxes on fossil fuels as a mean to to reduce

the emissions of CO, (Miljodirektoratet, 2015a).

2.2.1. Euro Standards

The Euro standards are implemented emission regulations for heavy-duty and light vehicles
in the European Union. The standards are an important measure to regulate emissions of
harmful substances from road transportation. Pollutants included in the Euro standards are
well tested for their health and environmental impact (Cooper et al., 2012). The first Euro
standards regulating emissions from heavy-duty vehicles came in 1988 (Lindqvist, 2012).
The first three standards applied only to diesel engines, but as positive ignition engines (gas
and petrol) have been introduced to the market, they have been included in the latest stan-
dards. The new Euro Standard, Euro VI, introduces stricter regulations for nitrogen oxides (
NO,) and particulate matter (PM) emissions. As can be seen in table 2.1, NO, emissions are
reduced by 2,88grams per km and PM emissions have been halved. The regulated emissions
for heavy-duty engines can be seen in table 2.1. CO, THC, NMHC and CH, are abbreviations

for carbon monoxide, total hydrocarbons, non-methane hydrocarbons and methane.

Emissions of CO, have just recently been included in EU regulations (Lindqvist, 2012). How-
ever, the binding limits for CO, emissions from road vehicles covers only passenger cars and

vans. No current technology can help reduce tailpipe CO, emissions, which means that re-
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Table 2.1.: Euro Emission Standards for Transit Vehicles (g/km) (Cooper et al
(2012)Lindqvist (2012), Dieselnet (2012))

Emission Standards Date CO THC* NMHC** NO, PM CH**

Eurol 1992 8,1 1,98 14,4 0,648

Euro II 1998 7,2 1,98 12,6 0,27
Euro III 2000 3,78 1,188 1,404 9 0,18 2,88
Euro IV 2005 2,7 0,828 0,99 6,3 0,036 1,98
EuroV 2008 2,7 0,828 0,99 3,6 0,036 1,98
Euro VI 2013 2,7 0,234 0,288 0,72 0,018 0,9

*Only diesel engines **Only gas engines

duction in these emissions can only be obtained by improved fuel economy. Factors that
have proven to affect the fuel consumption in vehicles will be discussed in the next sec-

tion.

2.2.2. Factors affecting fuel consumption

The driving cycle has been identified as the most important factor for the fuel consumption
and thus emissions of the vehicle (Cooper et al., 2012; Barth and Boriboonsomsin, 2010; Pelk-
mans et al., 2001). Research has also found a correlation between a low average speed and
fuel consumption (Barth and Boriboonsomsin, 2010). Low average speed is usually linked
to traffic congestion, which causes more frequent starts and stops and a net negative im-
pact on CO, emissions because the vehicles spend longer time on the road. A driving cycle
with frequent starts and stops is characteristic for urban traffic (Cooper et al., 2012). When
comparing urban and more rural driving cycles, there is a significant difference in fuel con-
sumption. Urban drive cycles can have as much as 30% higher fuel consumption compared

to steady-state cycles.

A real-world driving cycle from Belgium showed that a bus in real-city operation had a driv-
ing cycle consisting of 40% acceleration, 21% standstill, 33% deceleration and 7% cruising
(Pelkmans et al., 2001). Even though the time-share of acceleration was only 33%, it is re-
sponsible for 70% of the fuel consumption. Pelkmans et al. (2001) also found that an increase
of standstill would increase total fuel consumption, due to the additional need for accelera-

tion.

The mileage of buses can also affect the exhaust emissions significantly (Cooper et al., 2012).

11
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With increased mileage, there is an increase in emission values for NO, and CO».

2.3. Bus and Fuel Technologies

The development of a more environmentally-friendly passenger transport in Norway must
also aim to reduce the emissions from each individual vehicle (Miljedirektoratet, 2015b).
This can be achieved by technology advancements. The following section will describe the
fuel and bus technologies that are included in the LCA modeling, in terms of technological

characteristics, and their environmental benefits and drawbacks.

2.3.1. Hybrid Electric Buses

Any vehicle with two or more different energy sources can in principal be defined as a hybrid
vehicle (TCRP, 2009). The most common hybrid vehicle for transit purposes is an electric
propulsion system combined with a conventional internal combustion engine (ICE) (FTA,

2005). The engine can be fuelled by diesel, gasoline, propane or natural gas.

The main components of an electric hybrid vehicle are a conventional ICE coupled to an
electric generator (the power unit), electric motor, and battery package for energy storage.
Most hybrid buses in use today have either lead-acid or nickel metal hydride batteries, which
are recharged during driving or by the electrical grid. The recharging during driving is either
provided by the ICE or by regenerative breaking. Regenerative breaking stores the energy
from deceleration of the vehicle in the battery and can be used for additional propulsion
power in acceleration phases. The electric motor provides extra power for acceleration and
hill climbing, which allows for a smaller and more efficient ICE. This leads to decreased en-
ergy use, both due to the reduced weight of the vehicle, and the more balanced and efficient

use of the engine.

Hybrid vehicles can be classified according to the division of power between the two energy
sources. The two sources can either operate in parallel to provide motive power, or they can
be coupled in a series. In a parallel hybrid vehicle, both the electric drive system and the
ICE is coupled to the drivetrain. With this configuration the vehicle may be powered by both

electricity and fuel combustion combined, or either source separately (FTA, 2005). Usually,
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The hybrid bus’s main components
1. Diesel engine 2. Clutch 3. Electric motor/generator 4. Transmission

5. Electronic control unit 6. Energy converter DC/AC 7. Batteries

Figure 2.2.: Driveline of the VOLVO 7000 hybrid parallel bus (Volvo Bus Corporation, 2008)

the ICE provides power at high, constant speeds, while the electric motor provides power
during stops and at low speeds. For acceleration of the vehicle, the motive power comes

from a combination of the two sources.

When the ICE and electric drive system are coupled in series, the ICE is completely me-
chanically decoupled from the drive wheels. All energy needed for operating is electrical
power generated by the ICE. This configuration allows the ICE to be switched off for exclu-
sively electric operation. Series hybrid can also be configured for recharging of the batteries

through the electric grid, allowing for an extension of the electric driving range.

Most of the hybrid buses in operation in Norway today are parallel hybrid buses, running on
diesel in addition to electricity. They are continuously recharged during driving and do not
require recharging. Plug-in hybrid buses have however been considered for city transporta-
tion, as they would offer further reductions in emissions and noise, in addition to reduced
dependency on fossil fuels. The drawback of these buses is of course the need for construc-

tion of new infrastructure for charging.

13
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Environmental considerations

The composition of the exhaust emissions is the same as from diesel buses, but the amount
may be lower due to reduced fuel consumption obtained by regenerative braking and an
improved power system (Cooper et al., 2012). Improvements in emissions is therefore mainly
in the form of reduced CO, emissions (TransLink, 2006). Significant reductions in regulated
emissions have also been reported, especially in CO and NO, (FTA, 2005). The PM emissions

are comparable to a diesel bus with particulate filter.

The electric drive components can however increase the emissions associated with the pro-
duction phase, compared to a conventional diesel bus (TransLink, 2006). The hybrid buses

also comes at a higher purchase costs.

2.3.2. Natural Gas Buses

Buses running on natural gas are similar to conventional diesel buses in construction. The
engine is composed of 90% of the same materials as a diesel engine, as most natural gas
buses have diesel engines converted to gas operation (Nylund et al., 2004; Sundvor, 2013).
There are two types of natural gas engines in the marked today: spark-ignited engines with
stoichiometric combustion or lean-burn combustion. The stoichiometric combustion en-
gines can be efficient to reduce local air pollution problems because they allow for use of
3-way catalysators. These catalysators are known to remove pollutants from exhaust gas ef-
ficiently, in some cases an efficiency of 99% is documented(Hagman, 2002). A lean-burn
combustion engine is however more fuel efficient. This engine also reduces emissions of

NOy, due to a higher air volume and lower temperatures in the combustion chamber.

The fuel-air ratio is decisive for complete combustion of natural gas. Incomplete combus-
tion generates emissions of methane (CH4), a GHG which has a global warming potential
about 20 times larger than CO». This is usually not a problem in modern natural gas buses
because of newly developed electronically controlled fuel injection systems (Nylund et al.,

2004).

The natural gas is stored and distributed in containers on top of the bus. The compression
tanks used to store the natural gas require 4-5 times more space than the same volume of

diesel fuel (Hagman, 2002). Natural gas engines are configured for operation on both com-
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pressed natural gas (CNG), and liquefied natural gas (LNG). According to Selfors et al. (2004),
the Norwegian natural gas consists of 90% methane. Natural gas can be transformed to ei-
ther compressed natural gas (CNG) or liquefied natural gas (LNG) for transportation pur-
poses. CNG is natural gas stored under a pressure of minimum 150 bars. LNG is liquefied,
cooled natural gas. The gas is usually cooled down to -163°C to keep liquid at normal pres-

sure.

Environmental considerations

The combustion of methane emits 25% less CO, than equivalent energy use from diesel in
engines with the same coefficient of performance (Hagman, 2002). In addition, vehicles
running on natural gas reduce emissions of particles because of soot-free combustion. Us-
ing natural gas is also beneficial due to the abundance in natural gas reserves compared to

oil.

The main drawbacks of natural gas buses is the higher energy use and the higher purchase
cost compared to conventional diesel buses. The higher energy use is a result of higher tem-
perature in combustion, in addition to the required energy for regulation of air volumes in
the engine (by throttling). An empirical study of natural gas buses in Bergen showed a 30%
higher energy use than diesel buses of similar size. As a result, CO, emissions are the same,

or even higher than conventional diesel buses.

Including CNG buses in the bus fleet is beneficial to reduce local air pollution in urban ar-
eas. Compared to a diesel bus complying to a Euro 3 emission standard, PM emission are
reduced by 90% (Nylund et al., 2004). There is a significant increase in CH4 emissions due to
unburned fuel in the exhaust, but studies have shown that the increase is not sufficient to in-
crease total GHGs compared to a diesel bus (Cooper et al., 2012; Nylund et al., 2004). There is
alarge variation in NO, emissions, depending on the exhaust treatment technology applied.

Improvements ranges from 20 to 80%. CO emissions follows the same pattern.

2.3.3. Biodiesel

Biodiesel refers to fatty acid methyl esters prepared from biological feedstock (Verhé et al.,

2004). The biological feedstock can be vegetable oil, animal fat, single cells oil or waste ma-
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terial. Today, there is an extensive use of rape crops, also called rapeseed oil methyl esters
(RME). We often distinguish between first generation biodiesel, produced from food crops,
and second generation biodiesel produced from biomass, biomass residuals or other waste

materials.

First generation biodiesel can be produced from different types of vegetable oil. The fuel has
similar properties as mineral diesel oil, and can therefore be used in conventional diesel en-
gines. Similar properties also means that biodiesel and conventional diesel can be blended
together in any ratio. Biodiesel has a lower calorific value than mineral fuel, which means
that the fuel consumption is slightly higher. Verhé et al. (2004) estimates the difference to
5-6%.

The vegetable oil undergoes a trans-esterification process in order to be used as fuel in con-
ventional diesel vehicles. In this process, the vegetable oil is reacted with an alcohol, usually
methanol, in order to produce glycerol and ester (Lujan et al., 2009).The trans-esterification
process generates a number of co-products, mainly residue after pressing, which can be used

as animal feed, or in biogas production.

Environmental considerations

The use of biodiesel in transportation is beneficial for two reasons (Lujan et al., 2009). First
of all, the production of fuels from crops help reducing the dependency on fossil fuels in the
transportation sector. SenterNovem (2008) found that the biodiesel fuel chain results in a
57% improvement of fossil depletion compared to mineral diesel oil. The other advantage
of introducing biodiesel is reduction in tailpipe emissions, especially in CO,. Combustion
of biodiesel is considered carbon-neutral because the growing of new biomass captures CO»

emissions resulting from combustion of fuel in the engine (SenterNovem, 2008).

The reduction in fossil depletion does however not translate directly into reduced CO, emis-
sions for first generation biodiesel, becuase of the indirect emissions from production of the
fuel (SenterNovem, 2008). Food crops used in biodiesel are produced by intensive farming,
which emits considerable amounts of dinotrogen oxides (N,O). N»O is a greenhouse gas
with a global warming potential around 300 times larger than CO,. In total, the production
and cultivation of rape seeds and conversion to biofuel generates GHGs four times higher

than the production of fossil diesel.
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Other tailpipe emissions have proved to be reduced to a varying degree, depending on the
quality of the fuel, type of engine and exhaust treatment technology (Verhé et al., 2004). Sig-
nificant reductions have been observed in CO and HC emissions, which can be explained by
a more complete combustion due to a higher oxygen content in the fuel. For PM, reductions
up to 70% have been observed. Emissions of sulfur oxides are also completely eliminated
due to the low sulfur content (Camobreco et al., 1998). Studies have however documented
an increase in NO, emissions (Verhé et al., 2004). In some vehicles an increase of 20% have
been observed. The reason for the increase mightbe a higher combustion temperature in the

engine when biodiesel is used.

2.4. Previous LCA studies

There have been conducted numerous LCA studies of car transportation, which means that
there are detailed inventories available different types of cars. There are however very few
LCA studies of bus transport, at least with transparent life cycle inventories for the produc-
tion phase of the bus. This literature review aims to compile scientific articles and non-
scientific reports to provide context and give a starting point for this LCA study. The studies
have been selected due to their relevance for this thesis. Since the overall goal is to quantify
the carbon footprint of bus transport, the literature review mostly focuses on GHG emis-

sions.
The objectives of the literature review can be more explicitly stated as follows:
* Identify previous LCA studies on bus transport.
- Which bus and fuel technologies are covered?
— Which life cycle phases are the main contributors to emissions?

- What does the literature say about the environmental performance of buses, com-

pared to other transport forms?
* Provide specific data for the modeling of the LCI.

e Compile results that can serve as comparison for this study.
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2.4.1. LCA of bus transport

Life-cycle environmental inventory of passenger transportation modes in the US is a doctoral
thesis conducted by Mikhal V.Chester at the University of California (Chester, 2008). The
thesis includes a comprehensive life cycle inventory for passenger transportation by bus, air,
rail, ferry, automobile and metro. Both operational and non-operational components were
included in the analysis. To construct the life cycle inventory, a hybrid LCA approach was
used. The non-operational components were mostly modeled by the use of environmental
input-output LCA (EIO-LCA) based on purchases of fuel, vehicle components etc. in the US

economy. Both energy use and emissions were considered.

Several journal articles are published based on Chester’s doctoral thesis. Two of them have
been reviewed here to compile specific data for bus transport. When evaluating the literature

in the next chapter, it will be referred to the doctoral thesis by Chester (2008).

The article Environmental assessment of passenger transportation should include infrastruc-
ture and supply chains(Chester and Horvath, 2009) presents the results for life cycle energy
use and emissions from different transport modes in urban areas. Chester and Horvath
(2009) found that including the whole life cycle of different transport modes changes the en-
ergy use and emissions significantly. For on road transport modes, the contribution amount
to 63% over vehicle tailpipe operation. The authors also found that the relative performance
of modes is sensitive to passenger occupancy. For an urban diesel bus the difference in in
energy use between the peak and off-peak times was 4,6 MJ per passenger km (pkm). Corre-

spondingly for GHG emissions, the difference was estimated to 370g CO»- equivalents (CO-

eq).

The thesis also included a case study of three metropolitan regions in the US (Chester et al.,
2010). The distribution of passengers between the different transport modes was obtained
by the use of travel surveys, containing the travel characteristics of each region. They found
that the operation phase is the largest contributor to GHG emissions for on road modes (bus
and automobile). For the other emission categories, however, the non-operational compo-
nents constitute the highest share. Private vehicles were found to dominate both energy use
and emissions in the total regional performance. Automobiles accounted for as much as 86-
96% of energy use and emissions. New York performed best of the three regions due to a

larger share of transit ridership.

18



2. Literature

Sundvor (2013)assessed the environmental impacts of three bus types commonly used in the
Trondheim region. Over the lifetime of the vehicles, he found that the transit vehicles by far
exceeded the private vehicles in CO2- eq. When the results were normalized to passenger
kilometers traveled, the transit vehicles however proved to have a better performance than
the private vehicles. Comparing different passenger loads, the emission break-even points
between private and public transportation were found. With a passenger load higher than
23 passengers, the transit vehicles outperformed the private vehicles regardless of bus tech-

nology.

The scientific report Bus is a comprehensive study of life-cycle energy use and emissions as-
sociated with bus transport in Norway, published by the Western Norway Research Institute
(Simonsen, 2012a). The author draws on existing literature and historical figures in order
to quantify and compare environmental performance of different bus technologies. The re-
port includes both diesel, biodiesel, hydrogen and natural gas buses, and is thus the most
comprehensive study in terms of technologies. The carbon footprint (CF) per vkm and pkm
was found to be lowest for the hybrid bus modeled in the study, while the estimate for hy-
drogen city buses showed the highest CO, emissions and energy use. Passenger loads were
based on historical figures for average passenger occupancy in Norwegian city and express

buses.

2.4.2. LCA of different bus and fuel technologies

In his master thesis, Cooney applied life cycle assessment to compare a conventional diesel
bus to an electric powered bus (Cooney, 2011). The results from the study showed that the
use phase dominates most of the impact categories for both buses. For the electric pow-
ered bus, however, the battery production generated significant emissions in several impact
categories. Cooney emphasized that the performance of the electric bus depends on the
power generation technology. With electricity mixes on the state level, the electric bus out-

performed the diesel bus in only eight states.

Ally and Pryor (2007) applied life cycle assessment to compare the environmental perfor-
mance of diesel, natural gas and hydrogen fuel cell bus transport systems in an Australian
case study. Their results showed that the hydrogen fuel cell buses were competitive with

the natural gas bus and the diesel bus systems in terms of global warming potential and eu-
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trophication. The natural gas bus had the highest global warming potential, due to lower
fuel efficiency observed in the buses included in the case study, in addition to the emissions

of methane from unburned natural gas.

Ou et al. (2010) quantified the life cycle fossil energy use and GHG emissions of conventional
diesel and gasoline buses and a number of alternative bus technologies in a case study of
bus transport in China. Alternative bus technologies included in this study was CNG, LPG,
diesel-hybrid and electric. Electrical buses were found to give a 20% reduction in fossil en-
ergy use and 13% reduction in GHG emissions compared to diesel buses. The CNG buses

showed similar fossil depletion results, but emitted 26% less GHGs.

2.4.3. Summary of LCA studies

Table 2.2 summarizes the results from the studies included in the literature review. Impor-
tant assumptions about passenger load and lifetime km traveled are also included. The num-

bers presented apply to intercity buses when possible.

Table 2.2.: Summary of results from literature

Bus technology g CO,-eq/vkm gCO,-eq/pkm Type of study Reference

Diesel 2001* 439 Case s. Chester (2008)
Diesel 1377,2%* 114%* Generic Simonsen (2012a)
Diesel 1202 81 Case s. Sundvor(2013)
Diesel 2860** - Generic Cooney (2012)
Diesel 1171,2%** - Case s. Ouetal (2010)
B20 1381,7 109,7 Generic Simonsen (2012a)
Hybrid 957,3 78,7 Generic Simonsen (2012a)
CNG 1123 76 Cases. Sundvor (2013)
CNG 840*** - Case s. Ou et al (2010)
CNG 957 79 Generic Simonsen (2012a)

*Excluded infrastructure construction and maintenance
**Only CO, emissions
***Not included bus manufacture and maintenance

As seen in table 2.2, the results from the literature ranges from 1202 to 2860 g CO»-eq per ve-
hicle km for diesel buses. The two studies that included natural gas fuelled buses generated
quite different results. Differences occur due to different system boundaries and assump-
tions about key parameters. When only considering operation, most of the studies that eval-

uated diesel are more consistent and in the range of 900-1700g CO> eq. per vkm. One excep-
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tion is the study by Cooney (2011), which gave 50% higher emissions than the average. The
fuel consumption in this study is however twice as high as in the study by Sundvor (2013).
The methodology applied ranges from the conventional LCA study by Sundvor (2013), fol-
lowing the ISO 14000 standards for LCA, to hybrid LCAs. From the literature reviewed, there
is no single approach that stands out as the most appropriate to assess the environmental

impact of bus transport.

Most of the studies focused on different fuel technologies. In fact, four studies explicitly
stated that the goal of the study was to compare different fuel technologies (Cooney (2011),Ally
and Pryor (2007),Simonsen (2012a),0u et al. (2010)). Two of the studies aimed to develop

complete life cycle inventories for passenger transportation (Sundvor (2013),Chester (2008)).

While Ou et al. (2010)and Simonsen (2012a) only evaluated energy use and GHG emissions,
other studies have extended their scope to evaluate other pollutants and impacts such as
NOx, SO2, VOC, PM10, ozone depletion, eutrophication and acidification 1 2 found that it
was important to include other pollutants than those contributing to global warming to im-
prove the whole transportation system. When only considering GHG emissions, operation
of the buses contributed with the highest share of emissions, but when looking at the other

impacts, non-operational processes comprised the major part of emissions.

The differing resul