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Abstract
This thesis addresses the challenge of road transport electrification using a
systems approach for the particular context of Stockholm’s public
transport system. The objective is to identify the benefits of large-scale bus
electrification on energy efficiency and greenhouse gas emissions, as well
as the cost and planning considerations required for achieving such a shift.
Quantitative and qualitative methods are deployed for answering the
research questions, including the development and use of an optimisation
model, survey research, and interviews.
The results of the optimisation model developed for this thesis show that
an optimal system configuration is obtained with a combination of
electricity and biodiesel. The high energy efficiency of electric buses would
lead to a significant reduction of energy consumption in Stockholm, even
if not all bus routes in the network are electrified. Although larger battery
capacities could support the electrification of more bus routes, this does
not necessarily lead to lower environmental impact. In any case, electricity
from renewable sources should be used to maximise emission reductions.
The results also show that the annual costs necessary to invest in electric
buses can be balanced by lower fuel costs. An effective utilisation of the
charging infrastructure is of high priority in order to justify the costs of the
required investments. The model results confirm the benefits of creating a
dense initial network of charging stations in the inner city’s public
transport hubs, which would facilitate the electrification of multiple routes
and high infrastructure utilisation at lower costs.
The survey and interviews with stakeholders indicate that multiple issues
affect the choice of charging technology, not just costs. Compatibility,
reliability, bus dwell time, as well as weather conditions and visual impact
are some of the additional aspects taken into account. The introduction of
electricity tax exemption for electric buses, the expansion of the electric
bus premium to include private stakeholders, as well as the expansion of
infrastructure investment subsidy programmes are among the policy
instruments suggested for assisting a faster introduction of electric buses
into Stockholm’s public transport system.
Although the focus is on Stockholm, the conclusions of this work can be
applicable to other cities in Sweden and around the world, which also face
the challenge of making public transport a more sustainable option.
Keywords: electric bus; charging infrastructure; optimisation; public
transport; fossil-free; transport planning; Sweden

Sammanfattning
Denna avhandling handlar om utmaningen av elektrifiering av
vägtransporter. Systeminriktade metoder används för att analysera
Stockholms kollektivtrafiksystem. Målet är att identifiera effekterna av
storskalig busselektrifiering i energieffektivitet och växthusgasutsläpp,
samt vilka är kostnaderna och planeringsförutsättningar för att uppnå ett
sådant systemskifte. Kvantitativa och kvalitativa metoder används för att
besvara på forskningsfrågorna, inklusive metoder för optimering och
statistisk analys, enkät och intervjuer.
Elbussarnas energieffektivitet leder till en betydande minskning av
energiförbrukningen, även om inte alla busslinjer elektrifieras. Egentligen
visar optimeringsmodellen att den optimala systemkonfigurationen
erhålls genom en kombination av el och biodiesel. Även om elbussar med
större batterier skulle kunna elektrifiera flera busslinjer miljöeffekterna
skulle inte nödvändigtvis minska. Dessutom bör el från förnybara källor
användas för att begränsa vidare växthusgasutsläpp.
Resultaten visar också att de årliga kostnaderna för investeringar i elbussar
skulle kunna balanseras av de förminskade bränslekostnaderna. Ett
effektivt utnyttjande av laddningsinfrastrukturen är av hög prioritet för att
motivera investeringar. Modellresultaten bekräftar fördelarna med att
skapa ett tätt nätverk av laddplatser i innerstads stora bytespunkter, vilket
skulle underlätta elektrifiering av flera linjer och högt utnyttjande av
infrastrukturen till mindre kostnader.
Enkät och intervjuer med relevanta intressenter tyder på att flera aspekter
än bara kostnader påverkar valet av laddteknik. Kompatibilitet,
tillförlitlighet, uppehållstid samt vädret och visuell påverkan är några av
de ytterligare aspekter som beaktas. Befrielse från elskatt för elbussar,
expansion av elbusspremien för att inkludera privata intressenter samt
fortsättning med infrastrukturinvesteringsprogram är bland de
styrmedlen som föreslås för att främja en snabbare introduktion av
elbussar i Stockholms kollektivtrafik. Busselektrifiering under de
förutsättningar som diskuteras i denna avhandling skulle också kräva att
lösa frågan om elnäts kapacitet som behövs för snabbladdning.
Trots att fokus ligger på Stockholm kan slutsatserna tillämpas på andra
städer i Sverige och runt om i världen, vilka står inför liknande utmaningar
såsom trängsel, buller och lokala luftföroreningar.
Nyckelord: elbuss; laddinfrastruktur; optimering; kollektivtrafik;
fossilfritt; transportplanering; Sverige
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1

Introduction

What are the benefits of electrification in the road
transport sector? And why do we need this transition
in public transport? The general context and
challenges addressed in the thesis are presented in this
introductory chapter, along with the research
objectives and methods.

1.1

Why do we need to electrify public bus transport?

The Conference of the Parties to the UNFCCC (COP21) that took place in
December 2015 in Paris resulted in a historical agreement in which 195
countries agreed on an action plan to limit global temperature increase to
well below 2°C (European Commission, 2016). In order to turn the Paris
agreement into a success, decarbonisation is needed in all sectors of the
economy. This also means that national targets have to be complemented
by ambitious actions at the local level, especially when it comes to cities.
Cities are responsible for the majority of energy consumption and, as a
result, also for a significant proportion of carbon emissions. Urban regions
accounted for 64% of global primary energy use and 70% of carbon
emissions in 2013 (IEA, 2016). These proportions are likely to grow as the
share of population living in cities continues to grow, unless cities lead the
way towards sustainable energy transition and decarbonisation.
Action towards decarbonisation is needed in the area of transport, for
example. The transport sector emissions represented 23% of the global
emissions in 2013, with road transport emissions accounting for 75% of the
total emissions in the sector (IEA, 2015). In 2013, emissions from road
transport had increased by 68% compared to 1990 (IEA, 2015).
Encouraging walking, cycling and public transport as modes of urban
transport could save USD 1 trillion by 2050 and lead to significant
emissions reduction (IEA, 2016). Such action needs to be immediately
implemented in order to avoid “lock-ins” to emission intensive transport
technologies, but cities need to go further.
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With transport decarbonisation in mind, electric buses have received
increasing attention around the world. Their rapid deployment in recent
years can be largely accredited to stricter environmental requirements for
public transport, particularly when it comes to emissions reductions,
rather than commercial drivers (UITP, 2017).
In addition to the potential reduction of greenhouse gas emissions when
electricity originates from renewable sources, electric buses also offer
significant additional benefits such as reduced energy consumption and
noise, compared to the internal combustion engines traditionally used in
buses (Mahmoud et al., 2016; Mohamed et al., 2017). Thus electric buses
also help to address problems of air and noise pollution (Teoh et al., 2017;
Wang et al., 2017). Although other types of fuels can help in decarbonising
transport, none of them includes such an appealing set of benefits for
addressing the challenges of modern urbanisation as electricity does.
Deployment of electric buses has accelerated quickly in the past five to ten
years, with an estimated global battery electric bus fleet of 345 000 vehicles
in 2016 (double the number in 2015). China has nearly 90% of the electric
bus fleet (IEA, 2017). Europe accounts for 1 273 vehicles of the global stock,
and the USA for only 200 (IEA, 2017). Although the European share in the
global electric bus fleet is small, European industries play a significant role
in the research and development of new solutions for transport
electrification, which can also be exported (UITP, 2017).
Electric vehicle deployment is supported by legally binding legislation in
the European Union (Benz, 2015). A 10% target for renewable fuels in the
transport sector by 2020 has been set in the Renewable Energy Directive
2009/18/EC (RED) (European Commission, 2009). EU sustainable
transport policies are guided by the European Commission’s White Paper
“Roadmap to a Single European Transport Area — Towards a Competitive
and Resource Efficient Transport System”, which includes a target to
reduce greenhouse gas emissions from transport by 60% in 2050
compared to 1990 levels. The White Paper also calls for a mix of policy
instruments to promote the development of more sustainable alternative
fuel strategies and related infrastructure.
In line with the above, the Directive 2014/94/EU on the deployment of
alternative fuels infrastructure addresses common standards and
consumer initiatives for the promotion of alternative fuels in transport.
Electrification receives significant attention, and an interoperability
standard for electro mobility is suggested (European Commission, 2014).
In addition to these, the EU has one of the world’s strictest greenhouse gas
emission standards for vehicles, the EURO VI standard (Benz, 2015), and
guidelines for the reduction of noise levels in urban areas in the Directive
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2002/49/EC (European Parliament and Council of the European Union,
2002).
Although there are no specific targets for electric bus deployment in the
European Union, there is a clear support for clean public transport
solutions. Member States are free to set their own level of ambition in
national strategies. Nevertheless, the EU subsidises demonstration
projects for electric buses under the FP7 and Horizon 2020 programmes.
Under the FP7, the ZeEUS (Zero Emission Urban bUs System) initiative
comprised of over 40 consortium participants and a budget of 22 million
Euros (Benz, 2015; UITP, 2017). Many countries, including France,
Germany, Italy and the UK, are setting national legal frameworks, which
shall further encourage the deployment of electric buses for public
transport (UITP, 2017).
Sweden has set the ambitious goal of having a fossil-fuel independent
vehicle fleet in 2030, a goal which essentially implies a significantly
reduced share of fossil fuels in the transport sector (Regeringskansliet,
2013). This is a key step towards the country’s target to achieve CO2emissions neutrality by 2050 (Regeringskansliet, 2016). The Swedish
Government’s report “SOU 2013:84 – Fossil-freedom on the road”
(“Fossilfrihet på väg” in Swedish) investigates how the country can achieve
the fossil-fuel independent vehicle fleet goal. Actions to achieve the goal
are proposed within the areas of accessibility and transport effectiveness,
modal shift, infrastructure investments, energy efficiency improvement,
and biofuels deployment.
The public transport sector plays an important role in this context, as it
represented 27% of the total amount of passenger-kilometres in road
transport in 2014, even though it only accounted for 2.7% of Swedish
domestic road transport emissions (Naturvårdsverket, 2015; Svensk
Kollektivtrafik, 2015; Trafikanalys, 2015a). An ambitious target has been
set to run 90% of the total vehicle-kilometres of public transport on
renewable fuels by 2020 while at the same time increasing the share of
public transport (SKL, 2014a). The progress so far has been impressive
and, in 2016, the share of vehicle-kilometres with renewable fuels reached
76%. This share was only 6% in 2006 (Svensk Kollektivtrafik, 2017).
Renewable (or fossil-free) fuels are defined as fuels produced from
renewable sources, such as biofuels, hydrogen fuel or electricity originating
from renewable energy sources.
In addition to the above, the electrification of bus services has been greatly
promoted with several ongoing demonstration projects. The electrification
of urban bus services is one of the suggested actions in the “SOU 2013:84
– Fossil-freedom on the road” report. A target of 80% electric city buses
and vans by 2030 and 100% by 2050 has also been set. Despite the
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demonstration projects and political targets, the current penetration of
electric buses in Sweden is not particularly impressive. In 2017, only a 0.3%
of the buses in Swedish public transport services were electric (31 out of 9
970 (Svensk Kollektivtrafik, 2017)).
Thus many challenges lie ahead when it comes to the electrification of
public transport. Taking the level of political ambition into account, how
could bus electrification be introduced at large-scale in Sweden, i.e. in
terms of spatial distribution and requirements for infrastructure? What
would be the costs and environmental benefits of such a transition? How
would electricity and other fuels that are currently used co-exist to achieve
optimal synergies at a systems level?
1.2

Scope and objectives

This PhD thesis focuses on public bus transport electrification in Sweden,
and the potential upscaling of the technology to achieve system
transformation. The impacts of bus electrification on energy efficiency,
greenhouse gas emissions, and financial costs are investigated together
with planning considerations. The objective is to address the transport
electrification challenge at a systems level in the particular context of
public transport. More specifically, the aim is to offer insights into the
benefits and costs of fast charging technologies as well as the optimal
arrangements for solutions that function without compromising service
quality in real operating conditions.
The research focuses on the city of Stockholm, where renewable fuels
already dominate in the bus fleet. In addition, the regional Public
Transport Authority is interested in a sharp reduction in energy use in
public transport in the coming years, and electrification is being explored
through various demonstration projects (SLL, 2015).
The underlying hypothesis of this thesis is that, under certain conditions,
there are substantial economic and environmental gains to be accrued
from upscaling the electrification of public bus transport. Additionally, it
is assumed that the effects and conditions for the dissemination of electric
buses should be evaluated using different approaches than those currently
applied in small-scale demonstration projects. The difference is mainly
attributed to the infrastructure network that is required for upscaling the
use of electric buses. In other words, to explore the further expansion of
electrification, one needs to address the problem from a systems
perspective. Guided by these principles, systems analysis is used. Systems
analysis is the “analysis of complex systems as a basis for decisions, often
with the help of mathematical tools” (translated from The Swedish
National Encyclopaedia).
The research questions addressed are:
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i. What are the benefits of large-scale bus electrification on energy
efficiency and greenhouse gas emissions reductions?
ii. What are the cost and planning challenges to be addressed when
shifting from demonstration projects to full-scale electric bus
deployment?
The formulation of these research questions indicates the descriptive and
exploratory nature of the research proposed. A descriptive research
question focuses on the particular aspects of a specific social context of
interest. The research, however, may result in an understanding that can
be generalised beyond the actual context of the research (Byrne, 2016).
Here, the research on electrification focuses on the context of public bus
transport in Stockholm, but the conclusions might be of interest to other
cities that are facing the challenge of electrification in transport.
1.3

Methods, limitations and delimitations

As previously mentioned, the research design is descriptive and
exploratory. In this type of research, observations and case studies lead to
an increased understanding of the nature of the studied problem (Byrne,
2016).
The research here is inspired by traditional systems theory approaches.
Systems theory is an interdisciplinary form of systems research. The
system is defined by boundaries (i.e. system delimitation), and it
represents more than the sum of its parts (the subsystems). The behaviour
of the system is the result of the interaction of the subsystems. The goal of
systems theory is to systematically discover the dynamics of a system, by
identifying its constraints, conditions, and elucidating principles (i.e.
purpose, methods, measures, tools, etc.) (Miser and Quade, 1985).
The research questions are explored using a combination of quantitative
and qualitative methods. To answer the research question on the
environmental benefits from bus electrification, quantitative simulation
results from an optimisation model are used. In this way, causal statements
on the implications are produced, and these even allow generalisations
beyond the particular problem studied, i.e. generalisations of the potential
implications of large-scale public bus transport beyond Stockholm’s case.
The various components and methodological tools used for the
development of this model are explained and discussed in more detail in
Chapter 3.
The second research question addresses the political, economic, and social
context of transport electrification, and explains how things currently are.
This defines a starting point for exploring the large-scale deployment of
electric buses in public transport. For this, descriptive statistics are used
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for mapping the progress of Swedish public transport with the
decarbonisation and energy efficiency of the bus fleets. Additionally,
surveys, interviews, and thematic synthesis are among the methods used
for identifying the barriers to electrification, and the motivation of
stakeholders for participating in this technological transition.
Limitations of case studies include the extent of causal inferences, and the
ruling out of alternative explanations (Simon and Goes, 2013). However,
case studies can be suggestive of trends that can be generalised beyond the
specific subject of the study.
Moreover, limitations of qualitative methods, such as surveys or
interviews, include the possibility that subjective views are expressed by
respondents that should not be considered as “fact” or ultimate
conclusions (Sapsford, 2007). However, the qualitative input used in this
thesis originates from expert insights, which are critically assessed in the
analysis and validated where applicable using relevant data and facts.
The analysis is delimited to the specific sector chosen (public bus
transport) and to the regional context chosen (Stockholm). Indirect
impacts on electrification trends from public transport to private transport
might exist, but their explicit mapping is outside the scope of this research.
The term “electric buses” throughout this manuscript refers to battery
electric buses and not hybrid models that possess both an electric and
internal combustion engine.
The energy density and emission factors of various fuels used in road
transport (including electricity) are specific to the Swedish case. When
discussing lifecycle emissions, carbon dioxide equivalent (CO2eq) is used
as the measurement unit.
Additionally, a set of simplifications are made in order to develop the
optimisation model. For example, elevation is not taken into account in the
energy consumption profiles of the various bus routes due to the lack of
available data. Nevertheless, it is expected that in the particular case of
Stockholm, the impact of elevation on energy consumption at system level
is not very large, as the city is generally quite flat. The impact of the weather
conditions (e.g. cold temperatures, snow) are not taken into account in the
model either. Such impact may mostly affect the operation of charging
systems.
At present, the model only assumes the operation of 12-metre buses, due
to the lack of available data on the number of different bus models (12metre, 18-metre, double-decker etc.) in Stockholm’s fleet. However, should
data become available, different types of buses and their respective energy
consumption can be computed in the model.
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The bus network data (spatial and temporal) may include discrepancies in
the reporting of timetables and routes. These discrepancies have been
corrected were possible, but some uncertainties still remain. Nevertheless,
it should be pointed out that the data obtained for Stockholm’s bus network
is generally of such good quality so as to enable a quite detailed model
representation.
The impact of charging occasions on the electricity grid, as well as available
grid capacity for charging are not explicitly quantified, though the issue is
addressed qualitatively in Chapter 5. The analysis is delimited to fast
chargers and their placement, therefore slow charging in the depot is not
modelled. Opportunity charging (dynamic charging using electric road
systems) is not included in the model as a charging option, since the
technology is at an early stage of development. However, the model could
be adapted to include such technologies once they become commercial.
1.4

State-of-the-art

Sweden
Bramstoft and Skytte (2017) use the energy system model STREAM to
estimate the socioeconomic system costs for decarbonising Sweden’s
transport sector by 2050. The lowest system costs are obtained when high
proportions of Sweden’s road transport are electrified. Borén et al. (2016)
also explore how electrification can assist Sweden’s transition to fossil-free
transport by 2030. The authors developed a model incorporating the
Framework of Strategic Sustainable Development to assist stakeholders in
developing and testing various visions for future sustainable systems.
Nurhadi et al., (2014a) and Nurhadi et al. (2014b) rely on the same
Framework of Strategic Sustainable Development as well as Social LCA to
address various aspects of bus electrification in Swedish medium-sized
cities. The results indicate strong benefits from bus electrification, such as
reduced Total Cost of Ownership (TCO) in comparison to traditional bus
technologies.
Aldenius and Khan (2017) investigate how green public procurement has
assisted the diffusion of green technologies in public bus transport. They
carry out case studies in two Swedish regions – Skåne and Jämtland – to
understand how they use procurement for introducing renewable fuels in
bus fleets. Each region is analysed based on the following five factors:
strategies, requirements, costs, size and knowledge. The study highlights
the importance of the local context, which should be taken into account
when designing strategies and/or analysing procurement instruments in
public transport.
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Magnusson and Berggren (2018) compare two competing Technological
Innovation Systems (TIS) for heavy transport, namely based on biogas and
electricity, for the case of Sweden. They conclude that there is a
contradiction in policy instruments as the two alternatives are at different
level of maturity. The authors propose differentiating the policy
instruments for each alternative. This could include niche nurturing for the
more immature electrification technology and focus on new market
segments for expansion of the more mature biogas technologies, e.g. longer
interregional routes.
Europe
Miles and Potter (2014) were among the first who documented and
analysed an electric bus demonstration project in Milton Keynes, UK. The
authors highlight the environmental benefits of electric buses, but also the
challenges that their deployment might entail for urban public transport
systems. Such challenges include the scheduling adjustments needed for
charging, which will in turn lead to increased operational costs. The
demonstration project in Milton Keynes aimed to design a system where
such challenges are alleviated. The use of smaller batteries, for example,
and chargers at multiple locations allowed significant cost reductions. The
study also addresses strategic aspects regarding organisational structures
and business models required for transitioning to electric buses for public
transport.
Corazza et al. (2014) use survey methods to evaluate a set of Key
Performance Indicators (KPIs) for three major EU-funded electric bus
demonstration projects, i.e. EBSF (European Bus System of the Future),
3iBS (Intelligent, Innovative Integrated Bus Systems), and ZeEUS (Zero
Emission bUs Systems). The main KPI categories include customer
satisfaction, urban environment and integration, system productivity, and
quality of the bus services, which are evaluated by stakeholders and
passengers.
Bakker and Konings (2017) offer a detailed analysis on the need for
institutional innovation when discussing a transition to zero-emission
buses (electric and hydrogen buses) in public transport. Although their
study is focused on the Netherlands, for which a detailed overview of
current demonstration projects is presented, the authors also discuss the
institutional frameworks of other EU countries (i.e. Austria, Belgium,
Denmark, Finland, France, Germany, Sweden, and the UK). The authors
indicate that although differences do exist, the major institutional barriers
are generic and similar to other EU countries. Such barriers include limited
procurement periods, bilateral business models, and scheduling practices
that facilitate the deployment of diesel buses. The main barriers for zeroemission buses are the high investment costs and limited driving range.
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The study also identifies additional barriers related to the regulatory
frameworks, which provide limited incentive for innovation and long-term
investments (Bakker and Konings, 2017).
World
IEA (2017) presents the global outlook for electric vehicles. Gathering
knowledge from around the world, the report concludes that municipalities
and local public actors are important stakeholders in the efforts to
accelerate the penetration of electric vehicles. In particular, good examples
with the use of public Light Duty Vehicles (LDVs) and electric buses are
very important.
In the case of China, there are ambitious policy instruments for promoting
electric vehicles and achieving the target of peak road transport emissions
by 2030. Zheng et al. (2015) highlight that energy efficiency is key for
reducing road transport emissions, but point out that fuel economy
standards for Heavy Duty Vehicles (HDVS – trucks and buses) are lagging
behind compared to regulations in Europe and Japan.
Wan et al. (2015) show that public stakeholder involvement in the Chinese
electric bus and truck market has been beneficial for building a strong
manufacturing base in China. This includes sales, maintenance and
charging infrastructure deployment. Despite the success of the electric bus
and truck market, the authors argue that a wider private electric vehicle
market has not yet been built.
In another study dealing with the barriers to bus electrification, Mohamed
et al. (2017) points to the contradiction between the increasing advocacy
for electric buses and their still very small market share in Canada. The
authors use grounded theory analysis to identify the main factors that
hinder electric bus deployment from the transport operator’s perspective.
Factors such as risk mitigation, operational capabilities, and cost
reductions, as well as political support, the lack of operational data,
standardisation, and demonstration projects are identified as the most
important barriers.
Thesis contribution
Looking at the state-of-art in Sweden, Europe, and around the world, some
similar patterns regarding bus electrification emerge. Previous research
highlights the importance of public stakeholder involvement in
accelerating the transition towards electrification, as well as the need for
contextualisation when discussing strategic planning to implement the
transition. Nevertheless, there are obviously common challenges to be
faced, which may be of institutional, regulatory, operational and
technological nature whether discussing Sweden or any other country.
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In this context, it is not sufficient to only understand the barriers to
upscaling electrification, but also to develop a set of tools for addressing
transport electrification in real conditions and real transportation
networks. For example, the issue of locating charging infrastructure has
been lately debated in literature. Various studies have addressed this
problem, offering different modelling approaches. Such studies are
presented in more detail in Chapter 3, where the state-of-the-art of
optimisation models for charging infrastructure is discussed.
The contribution of this thesis is the development of an optimisation model
including large public transport systems, while addressing the benefits and
drawbacks of electrification at a systems level. While the majority of
literature focuses on either qualitative or quantitative aspects, this thesis
addresses both dimensions for the case of Stockholm. Thus, not only a
mathematically robust tool for upscaling electrification is developed, but it
is also informed and investigated together with the qualitative aspects
related to planning in the context of the city.
1.5

Thesis structure

This cover thesis (kappa) is based on five papers. Following this
introductory chapter, the next chapter presents the structure of the
Swedish public transport sector and the progress achieved in terms of
decarbonisation targets. The main challenges faced and the role that
electrification could play are also presented. In Chapter 3, available
technologies and strategies for electrification are presented. The
optimisation model for locating bus charging infrastructure in Stockholm
is discussed in detail and related to the literature in the field.
In Chapter 4, results from the model that are related to the first research
question on the environmental impacts from large-scale bus electrification
are presented. Chapter 5 deals with the second research question on cost
and planning considerations for the transition to electrified bus systems.
The thesis closes with Chapter 6, with main conclusions, policy
recommendations and suggestions for future research on the topic.
The order of the appended papers moves from a presentation of the
background of Swedish public transport and the challenges it faces towards
decarbonisation (PAPER I) to a discussion on the main themes likely to
affect technological choices for bus electrification, with focus on charging
infrastructure (PAPER II). With this knowledge, the focus shifts to the
quantitative part of the analysis and the results of the three papers based
on the optimisation model (PAPER III, IV &V). These three papers address
environmental aspects (energy efficiency, lifecycle emissions), financial
aspects (infrastructure and fuel costs, operational costs), as well as
scheduling aspects (charging time constraints). All five papers equally
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contribute to fulfilling the research objective and to answering the specific
research questions, as illustrated in Figure 1.

Figure 1: Thesis structure.
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2

Fuel outlook for the Swedish public bus fleet
The Swedish public transport sector has shown
impressive progress in the past ten years regarding
the deployment of fossil-free fuels and testing of new
bus technologies. In this chapter, the achievements as
well as challenges ahead are presented.

The transition to fossil-free fuels in the Swedish public transport sector has
been a result of effective strategic planning of the regional public transport
authorities (PTAs) and stricter environmental standards in the
procurement of services. In addition to favourable fuel tax exemptions, the
above brought these fuels to the forefront in a period of just ten years. It
can be assumed that Stockholm, for example, is currently almost 100%
fossil-free for the operation of its public buses, with a share of 95% fossilfree fuels (Svensk Kollektivtrafik, 2017). This is significantly higher than
the 23% renewables for all Swedish buses in traffic (Trafikanalys, 2015b)
and the 18% of renewables in Swedish road transport overall (Swedish
Energy Agency, 2016a). However, strong regional variations can be
observed when it comes to the share of fossil-free fuels in public buses (see,
for example, the detailed mapping at regional level in PAPER I).
As mentioned earlier, the PTAs play an important role in the planning and
implementation of strategies that promote renewable fuels in bus fleets. In
the late 1970s, PTAs were established to coordinate public transport at
either regional or municipal level and provide transport services
themselves or through concessions. In the late 1980s, competitive
tendering of public transport services was introduced and became
increasingly spread (Vigren, 2015). In 2013, 96% of public transport
volume was subsidised by the PTAs in 350 tendered contracts comprising
of 92 commercial operators (Trafikanalys, 2015c).
Under the new Public Transport Act (Lag 2010:1065 om kollektivtrafik)
that came into force on 1 January 2012, PTAs were organised into regional
agencies, in line with the EU Regulation (EC) 1370/2007, which also
opened up the market to commercial operations. Moreover, the PTAs were
made responsible for regularly updating “regional transport provision
programmes” that specify long-term goals for public transport at regional

FUEL OUTLOOK FOR THE SWEDISH PUBLIC BUS FLEET| 13

level, and guarantee public transport services to
(Partnersamverkan för en förbättrad Kollektivtrafik, 2015).

citizens

Figure 2: Stakeholders in the Swedish public transport sector categorised
at local, regional, national and international levels of governance and as per
type of involvement.

As a result of this arrangement, the PTAs remain mainly responsible for
large-scale infrastructure investments, and in some cases (e.g. Stockholm)
own and operate the bus depots, while the operators own the vehicles in
operation. As discussed in PAPER I and also later in Chapter 5, this
institutional arrangement can be problematic when it comes to
investments in electrification. It should also be mentioned that the
municipalities in general contribute much less than the PTAs in public
transport subsidies, however strong regional variations exist. For the case
of Stockholm, the municipalities’ contributions are almost negligible
(Trafikanalys, 2015c). However, it should be noted, that the municipalities
own the land and properties where bus stops and other infrastructure for
public transport is placed.
Although the PTAs make the ultimate decisions when it comes to strategic
planning, they are not alone when working with strategies. In line with the
importance of public transport for improving urban environments, the key
stakeholders of the sector formed a cooperation (named “Partnership for
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improved public transport”) in 2008. The partnership set the goals to (i)
double the market share of public transport and (ii) increase the share of
renewables in public transport to 90% (Partnersamverkan för en
förbättrad Kollektivtrafik, 2015). The stakeholders participating are the
Swedish Public Transport Association (SK), the Swedish Bus and Coach
Federation, the Swedish Taxi Association, the Association of Swedish Train
Operating Companies, the Swedish Association of Local Authorities and
Regions (SKL), the Swedish Transport Administration (Trafikverket) and
the state owned train infrastructure company Jernhusen (see Figure 2).
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In addition to setting the goals for increased market shares and use of
renewables, the partnership helps to develop support tools. This includes
the aforementioned procurement standards for buses. SK adopted the
Partnership’s recommendations and set detailed environmental
requirements for bus transport in a separate sector standard, first issued
in 2010 and updated in 2014. The varying levels of ambition and
technology and fuel neutrality of these standards, give the PTAs the
flexibility to choose where they want to place their strategic focus.

2007 2008 2009 2010 2011 2012 2013

CO2 emissions (gr/vehicle km)

CO2 emissions (gr/passenger km)

energy efficiency (kWh/vehicle km)

energy efficiency (kWh/passenger km)

Figure 3 (left): CO2 emissions and energy efficiency (national data, from 2007 to 2013).
Figure 4 (right): CO2 emissions and energy efficiency (national data, from 2007 to 2013).
Source: Svensk Kollektivtrafik, 2015a; Trafikanalys, 2015.

The actions taken in the past decade led to impressive results in terms of
renewable fuel penetration in bus fleets, and consequently, to a significant
emission decrease. Emissions per vehicle-kilometre decreased by 43% at a
national average level, from 998 g CO2/vehicle-km to 564 g CO2/vehiclekm (see Figure 3). However, energy efficiency values have remained
relatively stable in average for the whole fleet (3.7 to 3.9 kWh/vehicle-km).
PAPER I shows that one of the reasons why energy efficiency
improvements are falling short in comparison to emissions reduction is the
lack of equally strict requirements for energy efficiency in standards in
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comparison to requirements for emissions reduction. Another reason
could be the unmatched increase of transport volume and occupancy rates.
The data collected for the analysis in PAPER I shows a rather stable
occupancy rate for buses in these ten years where the increase in fossil-free
fuel shares occurred.
Another reason why energy efficiency improvement has stagnated is the
energy density of the chosen renewable alternatives. In other words, the
energy density of the fossil-free alternatives is sometimes lower than their
fossil counterparts. This applies mostly to biogas, and to a lesser extent
biodiesel and ethanol (see Table 1). To showcase the above, Figure 5 shows
CO2 emissions and energy efficiency per vehicle-km. Not surprisingly, the
five Swedish regions with the lowest fossil-free fuel share have the highest
CO2 emission level. Furthermore, the regions with high shares of biogas
(e.g. Skåne, Västmanland, Örebro, Värmland, Kronoberg, Östergötland,
Stockholm, Västa Götaland) show low levels of CO2 emissions per vehiclekilometre, as biogas has a low emissions factor. In regions where biogas is
the dominating fuel, lower energy efficiency is observed, as more fuel is
consumed per vehicle-kilometre offered.
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Figure 5: CO2 emissions in 2014 for public bus fleets in relation to energy
efficiency and transport volume – 2014.
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Naturally, biogas entails other benefits, such as the synergies that can be
established for waste management and sustainable transportation. A
switch to electricity though could still keep biogas in use, as the fuel could
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potentially be utilised for the production of electricity. A recent study has
shown that using biogas for locally produced electricity to be used in buses
could be as much as two times more energy efficient than directly using the
biogas as tank fuel (Hagberg et al., 2015). This is due to much lower energy
consumption per vehicle-kilometre of electric buses compared to
conventional buses, which will be further discussed in Chapter 3.
Table 1: Energy density of fuels used in the Swedish transport sector.

Fuel

Energy density
GJ/m3

Biodiesel (FAME)

33.01

HVO

33.98 GJ/m3

Feedstock
Rapeseed oil (RME)

Biogas

34.92 GJ/1000 m3

Ethanol

21.24 GJ/m3

Vegetable oils and animal fats
Sewage sludge (39%), MSW (19%)
and waste from food industry (19%)
Sugarcane, maize, wheat etc.

Fossil diesel

35.28 GJ/m3

Diesel low-blended with RME (5%)

Natural gas

39.78 GJ/1000 m3

100% natural gas (EU origin)

Source: Swedish Energy Agency, 2017.

The results from the PTA expert survey presented in PAPER I confirm the
attractiveness of electricity as a fuel option for bus fleets, as the
respondents place electricity among the most attractive fuel options for the
foreseeable future. Using electric buses would not only mean improved
energy efficiency, but also much lower emissions and noise levels, which
are the three highest priorities when choosing fuels, according to the
survey respondents (see Figure 6).
Current technology
6
Political priorities
Energy efficiency
5
4
3
Costs
Emission reduction
2
1
0
Fuel availability

Lower noise levels

Long travel distances

Climate conditions
Infrastructure

Figure 6: Survey results on factors that affect fuel choices for Swedish
public buses (the numbers in the chart indicate the number of respondents
for each survey answer).
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Despite this, barriers still exist in achieving a higher shares of renewable
fuels in public bus fleets. These barriers persist despite the drivers for fuel
choices shown in Figure 6. Costs are what most of the respondents classify
as the highest barrier to increasing renewable fuel deployment in public
buses (see Figure 7). Related to the overall cost issue, there is the
requirement for new infrastructure, which implies large investments.
Engine technologies and bus design appears also to be a barrier to a
broader use of renewables, especially in sparsely populated areas with long
travel distances, cold climate or road conditions that do not allow the use
of low-floor bus models, which typically include the bus models designed
to use renewable fuels.
Long travel
distances
Climate conditions
Uncertain policy
conditions

Technology
5
Fuel supply
4
3
2
Current contracts
1
0
Infrastructure

Operators'
Costs
interests
Political priorities
Figure 7: Survey results on the perceived barriers to higher renewable fuel
deployment for Swedish public buses (the numbers in the chart indicate the
number of respondents for each survey answer).

A general observation on the barriers to increased renewable fuel
penetration is that they fall within a triangle comprised of technological,
financial, and political factors. The barriers discussed above apply in
principle for all renewable fuels, but the case of electricity is probably the
one where these barriers will be most difficult to overcome, as there is no
significant previous experience or existing large-scale infrastructure to
start with. The challenge of electric bus infrastructure is the focus of the
subsequent chapters.
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3

A future with electric buses?
This chapter maps the current status with electric bus
demonstration projects in the Nordic region.
Charging technologies and strategies are discussed
and the main factors affecting infrastructure
investments are identified. The optimisation model for
the locations of bus chargers in Stockholm is presented
and compared with previous literature in the field.

3.1

An overview of Nordic demonstration projects

Before discussing the implications of large-scale bus electrification, the
current status of electrification in the Nordic region is mapped in this
chapter. PAPER II is useful in this regard, as it focuses on the experiences
of relevant stakeholders within demonstration projects for electric buses.
Several electric bus demonstration projects are currently being
implemented in the Nordic region (see Figure 8), and others are scheduled
for implementation in the coming years. Conductive charging technologies
are much more widespread than inductive charging, but various types of
charging strategies are applied, i.e. overnight slow charging of larger
batteries (Stavanger, Copenhagen, Karlskrona), and fast DC charging
(conductive or inductive) of smaller batteries at the end stops (Stockholm,
Södertälje, Gothenburg, Helsinki).
When discussing bus electrification, one of the most critical system
components is the charger, both in terms of the specific technology chosen,
as well as how the charger is going to be used, i.e. the charging strategy
applied. Figure 9 summarises the main types of powertrains, batteries,
charging technologies and strategies for electric buses.
Charging technologies for electric vehicles may vary in their specific
characteristics but are generally divided in two main categories: conductive
charging, where a direct connection to the grid is established (plug-in) or
inductive, where power is transferred wirelessly through a high-frequency
magnetic field. Although several studies focus on engine performance
optimisation and the powertrain characteristics of electric buses for
individual demonstration projects, there are few studies that analyse
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charging technologies in detail. In most cases, the choice of charging
technology is bound to the selection of a specific electric bus model, so
there is no deeper assessment of the charging technology when the focus is
on the powertrain options available.

Figure 8: Map of selected ongoing (as of 2016) electric bus demonstration
projects in the Nordic countries.

Yet charging is one of the most important challenges to address when it
comes to investments for the use of electric buses, not only from the purely
technological perspective. Charging infrastructure requirements are
greatly affected by the conditions of implementation, and greatly affect the
further development prospects of ongoing projects. These challenges
become more complex as local authorities plan for upscaling and
incorporating electric bus technologies in everyday urban public transport
services.
The most important advantages of the conductive charging technology, as
captured by the survey presented in PAPER II, are the reliability and
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maturity of the technology compared with other charging alternatives.
Issues such as the visibility of infrastructure and usability in winter were
perceived as disadvantages of this technology. On the other hand, the lack
of cables and moving parts, and lower visibility of the infrastructure, are
considered to be the main advantages of the inductive charging technology.
The main disadvantage of the technology, as indicated by the survey
respondents, is the high cost, which could be perceived in comparison with
other charging technologies, as well as non-electric bus operation.

Propulsion

Energy
storage

Charging
technology

Charging
strategy

Battery electric

Ultracapacitor

Conductive
(plug-in)

Slow charging
(overnight or
depot charging)

Electric hybrid

Battery

Inductive
(wireless)

Fast charging
(opportunity)

Fuel cell

Figure 9: Powertrain, storage, charging technologies and strategies for
electric buses.

3.2

Themes governing charging infrastructure deployment

In PAPER II, thematic analysis is used to identify the most important
themes that affect stakeholder decisions as they contemplate investments
on charging infrastructure. These themes are helpful in understanding the
main challenges regarding charging infrastructure placement and
operation. They can be summarised as follows:
i. technology maturity
The domination of conductive solutions in the market and their marketready status is fuelling even further dissemination against competition
from other technologies. Using tested technology where adequate
experience is already acquired is beneficial in terms of faster
implementation, as well as investigating other aspects apart from the
charging technology in more detail.
ii. cost-effectiveness
High priority is given to optimising the Total Cost of Ownership (TCO), i.e.
the vehicle’s lifecycle costs, at the system level. A system approach is

A FUTURE WITH ELECTRIC BUSES? | 21

necessary for upscaling the use of electric buses in public transport, as a
technology that is cost-effective at a demonstration level, might not be
cost-effective at a system level. The TCO of electric buses is usually
compared to that of buses that use internal combustion engines, and
comparisons between different electric bus systems are not very common.
iii. compatibility
There is a link between powertrain and charging technology which, under
the current lack of standards for compatibility, enhances “lock-ins” to
specific technologies and manufacturers. Additionally, compatibility
should be ensured between the systems for both fast and overnight
charging methods.
iv. charging efficiency
Punctuality and the high frequency of bus services are two indicators that
are critical for evaluating performance. The concept of charging efficiency
in this context does not only include the efficiency of the charging
equipment, but also the optimal combination of charging power capacity
with the battery size that would reduce charging time.
3.3

Optimising electric bus charging locations

Charging infrastructure requirements is being largely debated in the
context of urban energy planning for transport electrification. As electric
vehicles gain momentum, the issue of locating and securing the
availability, efficiency and effectiveness of charging infrastructure becomes
a complex question that needs to be answered. The problem of optimising
charging station locations has been addressed previously using different
methodologies and approaches by a number of authors.
Wirges et al. (2012) combined a Spatial–Temporal Model (STM) for the
diffusion of EVs with an economic model for financing charging
infrastructure investments for the city of Stuttgart, Germany. Mu et al.
(2014) also developed a STM to evaluate impacts of the large-scale
deployment of EVs, using an urban distribution network on a high
customer density in the United Kingdom Generic Distribution System as a
test case. Similarly, Tu et al. (2015) developed a STM to optimise charging
locations for an EV taxi fleet in Shenzhen, China. Hanabusa & Horiguchi
(2011) presented an optimisation framework for charging locations for
plug-in electric vehicles (EVs) using Stochastic User Equilibrium (SUE).
SUE was also used by Riemann et al. (2015), in combination with mixedinteger non-linear programming for optimising the location or wireless
chargers for EVs.
Usman et al. (2016) presented a framework for a charging optimisation
process for EVs using the activity-based model FEATHERS studying a
region in Flanders, Belgium. Xiang et al. (2016) investigated optimal
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locations and size of charging stations for EVs using traffic flow data from
an Origin-Destination (OD) matrix and a cost-based model to evaluate
investments in charging stations. He et al. (2015) developed a multi-class
tour-based network equilibrium model that takes into account trip
chaining and re-charging behaviour when defining the optimal locations of
public charging stations for EVs. Zhu et al. (2016) addressed the charging
station location problem for plug-in EVs in a small metropolitan area
within the city of Beijing, China, using a genetic algorithm (GA) based
method with the objective of minimising the total charging station
construction costs while maintaining a good level of traveller convenience.
More similar to the optimisation model used here, Baouche et al. (2014)
and Cavadas et al. (2015) used integer optimisation techniques to identify
the location of charging stations for passenger EVs in the cities of Lyon,
France and Coimbra, Portugal. However, these studies differ from the
present study since they have dealt with electric Light-Duty Vehicles
(LDVs), and not Heavy-Duty Vehicles (HDVs), such as buses. The main
difference between charging infrastructure for LDVs and buses is that
buses fast-charge while in operation with much higher power than LDVs.
Moreover, there is a difference in the approach used for analysing the
charging location problem in the two cases. As buses operate under fixed
routes and daily schedules, they are subject to more constraints in relation
to where the charging infrastructure can be optimally placed.
Previous studies have analysed the environmental performance (i.e. energy
efficiency and emissions), as well as the cost-efficiency of electric bus
applications in the urban context. Capital and energy storage system costs
are the most important factors for hybrid and electric buses, which are also
affected by driving cycles and the scheduled routes (Lajunen, 2014). Ribau
et al. (2014) use a real-coded GA energy management strategy (EMS) for a
hydrogen powered fuel cell hybrid bus, using representative driving cycles
for the cities of Lisbon and Porto, Portugal. The results show that although
the powertrain assumed is more expensive than conventional diesel buses,
the energy efficiency improvement that is achieved (around 35%) leads to
significant fuel cost savings.
It should be noted that some studies have addressed charging
requirements specifically for the electrification of bus fleets. Sinhuber et al.
(2012) used internet mapping data and Simulink for developing routespecific load profiles and tested the model for a total of 100 bus routes in 4
different German cities. Overnight charging with large battery capacities
was the only charging technology considered and thus the location of
charging stops along the routes was not covered. Rogge et al. (2015)
investigated energy and infrastructure requirements for a bus network of
23 routes in the city of Muenster in Germany. However, the analysis did
not include an optimisation of charging locations, and all end-stops were
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instead assumed to be the locations for charging. The authors highlighted
the importance of taking into account the trade-offs between battery
capacities and charging power required for bus network electrification.
A study closer to the scope of the present thesis was carried out by Kunith
et al. (2016) as they developed a mixed-integer linear cost-optimisation
model to identify optimal charging stop location and battery capacity for
17 bus routes in Berlin, Germany. Energy consumption profiles were
developed for each route, and different scenarios regarding charging power
and operating conditions were analysed.
The approach adopted for the model presented here is different from the
previous studies mentioned, first and foremost because of the much larger
scale of the bus network under consideration. A total of 526 routes and
11,436 unique stops make up the bus network of the wider Stockholm
region, administered by the Stockholm Public Transport AB
(Storstockholms Lokaltrafik - SL) under the Stockholm County council
(Stockholm Läns Landsting – SLL). Such a large network requires higher
automatisation and adaptability of the tools used to build the model, as
well as simplifications and adjustments so that the main components of a
long-term system plan can be designed for directing the necessary
investments.
One of the factors differentiating this model from similar models in the
literature, is its focus on the locations chosen for charging, with the
selection of a network that comprises of both end stops and stops along the
route that can serve as charging locations. The optimisation problem is
approached with applying energy balances at each of the stops and solving
according to the constraints placed. While this approach does not offer a
detailed load simulation for the routes, as other studies in the field do, it
offers a much faster solution focusing on infrastructure requirements.
The model first developed in PAPER III and consequently enhanced in
PAPER IV and V optimises the distribution of charging infrastructure for
battery electric buses (electric buses hereafter) in the city, taking into
account current fuel alternatives (i.e. biodiesel, biogas). The model
combines a geospatial analysis in the Geographic Information System
(GIS) software ArcGIS, with input data managed with Python
programming language, and cost and energy optimisation performed in
the General Algebraic Modelling System (GAMS).
The underlying hypothesis of the model is that the most suitable locations
for installing electric charging stations will be: (i) at major public transport
hubs; and (ii) at the start and end stops of bus routes. This hypothesis is
made because the major public transport hubs connect buses to subway
and train services, serving many bus routes and a large number of
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passengers every day. These major hubs are somewhat “fixed” stations in
the long-term, serving the railway transport system already in place.
Therefore, starting investments on charging infrastructure serving major
public transport hubs is a reasonable way to ensure that the charging
stations will be used for a long time. Moreover, such locations have the
advantage of potentially connecting to the high-voltage grid that is already
in place to provide electricity to trains. Following the selection process, 143
bus routes and 403 existing bus stops were selected as potentially suitable
for electrification, and serve as input to the model (see Figure 10).

Figure 10: Map of the selected bus network for the model – bus routes (left)
and stops (right).

The structure of the model can be split into four main components: (i) the
data processing component where information on the characteristics and
costs of the bus and charging station technologies as well as schedules is
collected and managed; (ii) the geospatial component where bus routes
are matched to their respective bus stops and the bus stop distance
matrices are extracted; (iii) the optimisation component, where the
objective functions of total costs and energy consumption are minimised
in two separate scenarios; and (iv) the scenario analysis component, where
the selected charging stations from the optimisation component are
located and a sensitivity analysis on various parameters is performed. This
structure, illustrated in Figure 11, is inspired by the BeWhere model,
developed at IIASA for renewable energy system optimisation. Previous
applications of the BeWhere model for different regional and sectoral
contexts can be found in Khatiwada et al., 2016, Leduc et al., 2012, 2010,
and Patrizio et al., 2015.
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Figure 11: Schematic representation of the structure and linkages of the
model components.
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4

Estimating the impacts of large-scale
electrification: environmental perspective

bus

This chapter discusses the main results of the
optimisation model developed from an environmental
perspective. The focus is on energy efficiency
improvement and greenhouse gas emissions
reduction.
Electrification
proves
to
be
environmentally beneficial under certain conditions.
4.1

Energy efficiency

When comparing various powertrain types, the electric bus consumes
significantly less energy per vehicle-kilometre than its conventional
counterparts (see Table 2). This is a result of the much higher efficiency of
electric engines compared to diesel and gas engines. Electric engines can
reach up to 90% efficiency due to the minimal losses in the transformation
of electricity into kinetic energy, while efficiency for conventional engines
is only around 35% (Tzeng et al., 2005).
Table 2: Energy consumption (kWh/km) for various bus engine types.
Bus engine type

Energy consumption
bus (kWh/km)

Diesel

4.50

Gas

6

Electric

1.50

Source
adjusted from Mahmoud et al.,
2016
adjusted from Hagberg et al.,
2016
adjusted from Hagberg et al.,
2016; Lindgren, 2015;

As discussed in Chapter 3, the model first presented in PAPER III and
consequently used in PAPER IV and V is based on an optimisation
algorithm that minimises the objective functions representing the total
costs and energy consumption. Under both optimisation scenarios, there
are significant energy savings achieved in comparison with an indicative
reference case with only biodiesel being used in Stockholm’s bus network.
In the cost optimisation scenario, 42 bus routes are electrified by placing
59 conductive charging stops (see Figure 12). In the energy optimisation
scenario, we observe a higher number of electrified bus routes (94) using
118 conductive and 32 inductive charging stops (see Figure 13). Inductive
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charging is not selected in the cost optimisation because it is more costly
than conductive charging. It can be assumed that all lines that are
technically possible to electrify would be selected in the energy
optimisation scenario, since the costs are not a constraint anymore.

Figure 12: Bus technology selection and electric bus charging station
locations – Results from cost optimisation.

For Stockholm’s inner city (an area including the districts of Kungsholmen,
Södermalm, Norrmalm and Östermalm), ten bus routes are chosen to be
electrified in the cost optimisation scenario (see Figure 14). This figure is
an illustrative example of the benefits of using this optimisation model. The
way the algorithm is structured allows for the creation of an initial
“network” of selected charging locations that can be used by multiple lines
crossing the bus stops and as a result the majority of inner city lines would
share the infrastructure and be electrified.
There is a significant decrease of the total annual energy consumption of
the bus network under these two optimisation cases. In the cost
optimisation case, the total annual energy consumption is 473 GWh, which
is 27% less than the reference scenario (648 GWh/year). For the energy
optimisation case, the energy consumption decreases – as expected – even
further to 428 GWh/year (-34% compared to the reference case).
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Figure 13: Bus technology selection and electric bus charging station
locations – Results from energy optimisation.

The above showcases the large benefits when it comes to energy efficiency
improvement at the system level when upscaling electric buses. However,
the energy efficiency improvement is not linear, i.e. energy consumption
does not decrease proportionally to the number of bus routes that are
electrified, as the difference between the cost and energy optimisation
results shows.
The main factors that will affect electrification rates from an energy
perspective are: (i) the electric bus consumption in terms of kWh spent per
vehicle-kilometre; and (ii) the charging power capacity. As seen in Figure
15, the model is proportionally equal on the positive (increase) and
negative (decrease) side when it comes to changes of these two factors (see
PAPER III). In other words, the bus routes are electrified as long as the
energy consumption of the electric buses remains lower than the
consumption of biodiesel or biogas buses.
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No. of electrified routes

Figure 14: Electrified bus routes in Stockholm’s inner city – results from the
cost optimisation scenario.
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Figure 15: Sensitivity analysis for the number of routes that are selected to
be electrified under changing parameters in the energy optimisation case.

The second factor mentioned, i.e. the impact of charging power capacity on
the number of bus routes that are electrified, is explored in PAPER IV in
more detail with the addition of charging time constraints. Capacities
below 50% of the reference charging capacity (300 kW) start to have
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stronger impact. The choice to electrify a bus route in the model is less
sensitive to capacities above 50% and up to the reference value.

No of bus routes

It is worth noting that, in the extreme case of only 10% of the reference
charging power capacity being available (30 kW), only 5 bus routes are
electrified (see Figure 16). These are bus routes 2, 4, 59, 61, and 72, which
all operate within the limits of the inner city and pass multiple public
transport hubs. In this way, despite the low power capacity of the installed
chargers and the time constraints, the buses of these routes are able to
charge long enough in multiple locations and still operate on electric mode
along the route. These routes could be ideal as a starting point for
expanding electrified bus routes in the city.
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Figure 16: Sensitivity analysis for the number of electrified routes in relation
to charging power.

Coming back to the energy consumption aspect, Figure 17 shows the results
of the sensitivity analysis from PAPER III on the total annual energy
consumption for the bus network assumed. The following factors are
discussed as the ones that could potentially entail the highest impact on
energy consumption:
i.
the road grade (i.e. elevation): previous studies for the impact of
road grade on the energy consumption of buses have shown that depending
on the type of driving cycle and the increase of road grade, energy
consumption can increase by up to 30% (Khan and Clark, 2010);
ii.
driving cycles and traffic conditions: the difference in
consumption between dense city traffic and suburban routes for the
Swedish case has been previously estimated at 14% (see PAPER I); and
iii.
weather conditions and temperature: heating requirements on
very cold days have been found to consume as much as half the amount of
energy used from the propulsion system (Göhlich et al., 2014).
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Total energy consumption
(GWh/year)

The energy consumption values used in the model are an average based on
values reported in the literature. The effects on energy consumption from
the factors mentioned above are captured in the sensitivity analysis.
However, it should be taken into account that the model captures the
energy efficiency on the demand side, i.e. expressed as the energy
consumption per km of the buses modelled, and not the energy efficiency
at the supply side, i.e. the conversion efficiency of the electricity
production. The efficiency of the electricity supply is outside the scope of
this thesis, but could be a future aspect to be incorporated in the model.
550
500
450
400
350
300
250
200
40%

60%

80%

100%

120%

140%

160%

Parameter Change (%)
Energy comsumption - electric bus
Figure 17: Sensitivity analysis for the total annual energy consumption in
relation to electric bus energy consumption in the energy optimisation case.

4.2

Lifecycle emissions

In PAPER V, the focus is on the lifecycle emission aspect. Already from
PAPER III, preliminary estimations of the emissions of the studied bus
network showed large variations when different electricity mixes where
assumed. Thus, the model was enhanced to improve the representation of
emission factors and to investigate this matter further.
One of the undeniable environmental benefits of vehicles with electric
engines over ones with internal combustion engines is the lack of exhaust
gases, and consequently their positive impact on local air pollution. The
World Health Organisation estimates that 3.7 million premature deaths
can be attributed to outdoor air pollution, which originate to a large extent
from fuel combustion (OECD, 2016). Electrification of road transport
should thus have significant contribution in reducing health problems
from air pollution.
As previously discussed, most of the bus stops selected by the model for
installing charging infrastructure are located in the inner-city (see Figure
12 and Figure 14 in Section 4.1). This is not surprising as this is where the
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higher concentration of major public transport hubs are, and thus also the
location of potential charging stations. This has the additional benefit of
managing to take away harmful emissions from buses in some of the most
densely populated areas in Stockholm, which are experiencing higher
pollution levels and traffic noise levels. For example, the limits set by the
local authorities for the harmful Nitrogen Oxide (NO2) levels, were
surpassed multiple times in the year 2016 for the air quality measurement
stations located in busy streets of Stockholm’s inner city, such as
Hornsgatan, Sveavägen, and Norrlandsgatan (Hurkmans et al., 2017).
Similar observations can be made for particulate matter (PM10) limits
(SLB analys, 2016).
Both the global and local lifecycle emission impacts of electrification
should be taken into account. PAPER V addresses such aspects. The
following components were identified to have the greatest impact on the
total emissions of the bus network and therefore were analysed further:
i. Fuel-associated emissions (in g CO2eq/kWh); and
ii. Battery-associated emissions (in g CO2eq/kg battery).
For the first component, a LCA model was developed in the SimaPro
software for estimating the lifecycle emissions of various fuels. The
emission factors estimated in the model are presented in Table 3, where
they are also compared to previous literature.
Table 3: Emission factors for the fuels considered in the analysis (2015
values).

Fuel

Emission factor
literature
(g CO2eq/kWh)

Emission factor
calculated in LCA
model
(g CO2eq/kWh)

Comparison
literature vs. LCA
model (in %)

Hydrotreated
Vegetable Oil (HVO)

431

39.6

-8%

Fatty Acid Methyl
Ester (FAME)

1401

116

-17%

Certified renewable
electricity

92

11.9

32%

Nordic electricity mix

124 1

136

10%
1Swedish

Energy Agency (2016)
2 Vattenfall

(2017)
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Starting from the lifecycle emissions of the fuels in use, Figure 18
showcases the impacts of using one single fuel in the entire network.
Certified renewable electricity has the lowest emission impact, with the
Nordic electricity mix coming second, closely followed by HVO. The largest
emission impact occurs from using 100% biodiesel (FAME) for operating
the buses. One can observe that there is very large difference between the
emission impact of the Nordic electricity mix and the EU electricity mix.
This confirms that the origins of the electricity used for the buses are
pivotal in reducing the environmental impact of the system.
80
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electricity

Cost-optimization
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electricity)

Emissions fuel
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Nordic electricity
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Figure 18: Model results on the total emissions of the bus network (in
ktCO2eq/year) for various fuels.

One of the key points made in PAPER V is that although second generation
biofuels, such as HVO, have a much lower lifecycle impact per kWh than
Nordic electricity, the impact at a systems level (i.e. total emissions) is very
similar, since electric buses are significantly more energy efficient than
their combustion engine counterparts, as previously discussed in Chapter
3. Thus, less energy is spent and consequently associated emissions
decrease. This linkage between energy and emissions should be kept in
mind, and these two aspects of environmental sustainability should not be
treated separately.
Another interesting observation from the analysis in PAPER V is related to
the impact of larger batteries on the emissions of the bus network. On the
one hand, a higher battery capacity makes it technically possible to electrify
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a higher number of bus routes, including longer routes that were not
possible to electrify previously.
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On the other hand, the impact on emissions from the batteries increases at
the same time as fuel consumption emissions decrease. This happens not
only due to the fact that more buses are electric and as a result more
batteries are used, but also due to the fact that a battery of higher capacity
is bigger and heavier and entails a higher lifecycle impact. Recent studies
have addressed the lifecycle impacts of batteries, for example see Romare
and Dahllöf (2017). This result enhances the argument in favour of fast
charging vs. other charging alternatives, as the more opportunity charging
locations exist, the smaller the bus batteries will be, and as a result, both
fuel and battery emissions will decrease.

Emissions fuel

Emissions battery

Electrified routes

Figure 19: Sensitivity analysis for the total emissions of the bus network (in
ktCO2eq/year) for varying battery capacity.

Finally, the results from the analysis in PAPER V highlight that there is no
completely emission-free solution when looking at the system from a
lifecycle perspective. Electrification will not completely eliminate the
transport sector’s large environmental footprint, neither in terms of energy
consumption nor emissions. However, there are certain conditions under
which the benefits from electrification are maximised, depending on the
characteristics of the fuels and technologies used for the powertrain,
chargers, and batteries. The next chapter deals with the economic and
operational perspectives of the system.
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5

Estimating the impacts of large-scale bus
electrification: economic and operational perspective
One of the main barriers to transport electrification is
the costs of new infrastructure investments. However,
there are trade-offs at the systems level, such as the
reduction of fuel costs, that should also be taken into
consideration. Such aspects are analysed in this
chapter, together with the necessary considerations
for a successful operation of electrified bus networks.

5.1

Costs

PAPER III delves into the economic impacts of the development of an
electrified bus network in Stockholm. Table 4 summarises the costs that
are estimated in the model for the Business-As-Usual (BAU) case (100%
biodiesel), and the two scenarios assumed a total cost and a total energy
consumption optimisation. The scenarios including electrification (either
applying cost or energy optimisation) show costs that are within the
comparable range to the BAU scenario or even lower. Additionally, the
costs estimated from the model are within an acceptable range in
comparison to the annual bus public transport costs in Stockholm, that can
be found, for example, in SLL (2013).
When the costs are divided into separate groups (infrastructure and vehicle
investments, operation and maintenance (O&M), and fuel costs), an
increase in infrastructure and vehicle investment costs is observed. Such
an increase is expected due to the cost of the charging stations and the
electric buses. As more routes are selected to be electrified, more charging
stations are installed, and the costs increase. However, as shown in Table
4, these costs are balanced by the decrease in fuel costs, since electricity is
cheaper than biodiesel.
This indicates that, if properly optimised, a bus network where electricity
is combined with biofuels currently in use would perhaps not entail higher
costs than a BAU case. As with every model, the results are estimations
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which entail uncertainties (see Chapter 1), but nonetheless the indicative
range of costs linked to bus electrification would make investments feasible
to pursue. The balance between infrastructure and fuel costs should be
particularly highlighted, as it illustrates that the electrification of bus fleets
(and possibly vehicle electrification in general) is feasible from a cost
perspective due to the trade-offs achieved at systems level.
Table 4: Model results for cost and energy optimisation compared to an indicative 100%
biodiesel BAU scenario (scenario difference to BAU in parentheses).
Biodiesel only

Cost
optimisation

Energy
optimisation

General
Total costs (billion SEK/year)

3.85

3.75 (-3%)

3.83 (-1%)

Total energy use (GWh/year)

648

473 (-27%)

428 (-34%)

183

109 (-40%)

90 (-51%)

0
361

17 (N/A)
446 (+24%)

47 (176%)
551 (+53%)

O&M (million SEK/year)

2,576

2,663 (+3%)

2,686 (+4%)

Fuel (million SEK/year)

921

630 (-32%)

555 (-40%)

Total emissions (kt CO2/year)

Cost breakdown
Infrastructure (million SEK/year)
Vehicle (million SEK/year)

Thus, the total annual costs of operating a partially-electrified bus network
as the one proposed here is not the main issue when it comes to the
economics of bus electrification; it is the large upfront costs of the
investments and the business models for charger operation that could be
(and currently is) the problem.
Figure 20 shows that the most decisive factor for selecting which bus routes
to electrify is the cost of biodiesel (see discussion in PAPER III). If the
biodiesel price is lower than electricity, the high infrastructure costs related
to electrification become more prominent, and less routes are selected to
be electrified in the model. It should be noted though that biodiesel prices
should be expected to increase in the future, as the tax exemptions offered
will be removed after 2020 (Regeringskansliet, 2015).
In the context of fuel prices, one key point to note is that the electricity used
for charging buses is not excluded from taxation. The share of tax in the
total electricity price for buses has for example been estimated by WSP
(2014a) to be 43%. Contrary to this, electricity used for trains and other rail
bound means (e.g. trams and trolleybuses) is exempted from tax
(Skatteverket, 2017). The electricity tax exemption for trains is based on
the EU Directive 2003/96/EG on “Restructuring the Community
framework for the taxation of energy products and electricity”, for which
there is an ongoing process of updating to reflect the current developments
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No. of electrified routes

in the energy sector (Svensk Kollektivtrafik and Sveriges Bussföretag,
2017).
60

Cost Biodiesel

50

Charger Capacity

40

Cost Biogas

30
20

Cost Infrastructure

10

Bus Consumption

0
40%

Cost Electricity
70%

100%

130%

160%

Parameter Change (%)

Cost O&M

Figure 20: Sensitivity analysis for the number of routes that are selected to
be electrified under changing parameters in the cost optimisation scenario.

As long as the electricity prices remain within reasonable limits in relation
to their current levels, investing in electrification is justified from a longterm, large-scale perspective. Although it should be noted that
electrification is not justified for all bus routes in the network.
Finally, it should be noted that the highest share of costs for the scenarios
shown in Figure 21 is accounted for by the O&M costs (about 65% of the
total costs). This is in line with previous studies for bus transport in
Sweden (SKL, 2014b; WSP, 2014a, 2014b), which indicate the high impact
of O&M costs on public transport costs.
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Figure 21: Comparison and break-down of annual costs of the selected bus
network for BAU and the assumed scenarios.
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Differences between the O&M costs in the BAU and the cost and energy
consumption optimisation scenarios should be attributed to the higher
maintenance costs assumed for electric buses compared with the biodiesel
buses. The sensitivity analysis performed in PAPER III also confirms this
finding, showing that the total annual costs are by far more sensitive to the
changes in O&M costs per kilometre than any other cost-related parameter
included in the model. With this in mind, the next section discusses the
planning considerations that could make electric bus introduction and
operation more effective.
5.2

Planning considerations

In PAPER IV, the model introduced in PAPER III is further developed to
include charging time constraints. Depending on whether the stop is an
end stop or a middle stop, the buses had 25 and 3 minutes available for
charging respectively. The enhanced model was then tested for a costminimisation case, where 52 routes were electrified with 102 charging
stations.

Figure 22: Electric bus charging station locations and charging time distribution under time
constraints.

The reason why one observes the number of electrified routes increasing
under time constraints is that when the model “chooses” whether to
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electrify a route or not, the fuel and operational costs account for a much
higher share than infrastructure costs as discussed in section 5.1. Therefore
from a cost optimisation perspective, it is better to install charging stations
at more stops along a route with shorter charging time allowed, than not
electrifying the route.
Charging times were grouped into 5 clusters, ranging from 2 to 22 minutes
(see Figure 22). The routes that show an average charging time higher than
10 minutes should probably be excluded from initial considerations for
electrification and more attention should be given to the inner city where
charging times are lower.
Indeed, looking closer at Stockholm’s inner city in Figure 23, the electrified
bus routes require less charging time than what is observed for the bus
network overall, with the mean charging time being at 3.66 minutes (with
a standard deviation of 0.67 minutes). Therefore, Stockholm’s inner city
bus routes could potentially be electrified without significant impacts on
waiting time for charging. The reason for this is the dense network of
charging stations built within the inner city in the model, and the short
route length and stop distance. These characteristics make these routes
technically possible and more attractive to electrify than suburban routes.

Figure 23: Charging time analysis for electrified bus routes in Stockholm’s
inner city.

Analysing the density of charging stations required per bus stop, the major
public transport hubs, such as Slussen and Gullmarsplan, show a high
concentration of charging stations (six and seven respectively – see Figure
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24), with charging times that range between six and nine minutes. The
majority of bus stops require the installation of one charger, and in a few
cases two or three.
However, this poses a challenge when planning for public bus
electrification: in the cases where many charging stations are required,
such as in the major public transport hubs, the schedule needs to be
designed so that more bus routes share less charging stations, which would
increase the use to idle time ratio of the charging station and better justify
the infrastructure investments. Less schedule adjustments would be
needed if end stops were used, but much less bus routes share the same
end stop, therefore the use to idle time ration would be much lower.
Consequently, a fewer number of charging stations are placed at such stops
in the model, as shown in Figure 24.

Figure 24: Number of charging stations per bus stop mapped in relation to
the average charging time (in minutes).

Although the trade-offs between infrastructure and fuel costs are positive
at the system level, it is necessary to take into account and further analyse
how infrastructure costs should be shared among involved stakeholders.
While the benefits of lower fuel costs can be accrued by specific
stakeholders of the system (i.e. the operators), investments to install
charging stations are expected to be undertaken by the public transport
authorities, municipalities and/or the national government. Alternatively,
new business models are needed to attract private investors to this sector.
Finally, a major challenge when it comes to electrification is securing
adequate electricity grid capacity for the operation of charger(s) installed
at various stops of the bus network. A recent case study evaluating the
installation of electric bus chargers in two of the most central locations in
Stockholm, i.e. Odenplan and Slussen, estimated that the costs for
connecting the chargers to the grid would range from 20 to 60% of the total
investment costs depending on each case’s particularities. For both
locations investigated, high voltage cables of at least 1 kilometre long were
necessary for connecting the chargers to the closest high voltage
substations (Lopez de Briñas Gorosabel, 2017).
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5.3

Policy instruments for bus electrification

In order to design successful policy instruments to promote bus
electrification, one needs to understand the motives of the major
stakeholders that are part of ongoing projects with electric buses. Once the
motivation and barriers are established, instruments that appeal to the
former and alleviate the latter can be suggested.
In the survey presented in PAPER II, stakeholders involved in electric bus
demonstration projects were asked to specify the reasons why they chose
to participate in such projects. Figure 25 shows that the main motivation
behind participation for all stakeholder groups is to gain experience with
the new technologies tested. Second in the number of responses is to
increase the environmental sustainability of the bus fleet and third comes
the will to lead in the development of new concepts. The rest of the
responses account for a small share of the total number of responses.

… to advise other stakeholders
… to decrease costs
… to increase collaboration between
stakeholders
… to engage in research
… to "advertise" the city
… to increase environmental
sustainability of bus fleet
… ensuring service quality to customers
… to lead in development of new concepts
… to gain experience with new technology

0 1 2 3 4 5 6 7 8 9 10 11
No. of responses
Figure 25: Survey responses regarding what motivated participation in the
electric bus demonstration project(s).

Additionally, when disaggregating the results, one can also see an
indication of the motives for participation behind each stakeholder group.
Respondents from academia are mainly motivated by the need to gain
experience with the new technology, while bus manufacturers are
primarily motivated by the experience gains but also the increased
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collaboration with stakeholders of the sector. Municipality stakeholders
that responded to the survey are mainly motivated by the increased
environmental benefits, while PTA respondents are mostly interested in
gaining experience. Finally, transport operators, indicate the will to lead in
the development of new concepts as their main motivation.
Differing stakeholder motivation provides a useful insight into why
organisations become involved in promoting electrification. Combined
with the survey results from PAPER I, where electricity is among the first
options for the future decarbonisation of the sector, these are indications
of a positive momentum towards the electrification of public transport.
Despite the challenges regarding the implementation of bus electrification
projects, the majority of the persons interviewed for PAPER II, had
developed a more positive opinion about the potential of electric buses in
public transport after being part in a demonstration project. Most of the
respondents (84%) also think that the solution tested in the project could
be scaled up.
In addition to stakeholder motivation, stakeholder collaboration is another
key issue when planning large-scale electrification. This is indicated in
PAPER II, where the difficulties in incorporating the different perspectives
of the involved stakeholders came first in the total number of survey
responses related to unexpected issues during project implementation (see
Figure 26).
hard compromising stakeholder perspectives
implementation took longer time than expected
need for new regulations
finding suitable bus routes
changes in bus schedule
battery performance issues
drivers' behaviour and commitment
charger compatibility issues
lower reliability than expected
higher costs than expected
difficulties attracting stakeholders

0

1

2
3
4
5
No. of responses

Figure 26: Main unexpected issues faced during project implementation
according to the survey respondents.
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The issue of collaboration, although considered as “unexpected” by the
respondents, should not come as a surprise nonetheless. The frameworks
for collaboration in such novel projects are still unclear and general
implementation guidelines are almost non-existent. For example, the
ownership of charging infrastructure beyond the demonstration phase is
unclear for most of the survey respondents.
Setbacks in the operation of electric buses in urban environments are
caused by issues that could be aggregated under the following categories:
(i) the technologies (e.g. reliability, compatibility, performance of the bus
and charger); (ii) the project planning (e.g. costs, time, regulations, bus
route and schedule adjustments); and (iii) the project management and
participant commitment (e.g. conflicting perspectives, attracting
stakeholders, driver behaviour).
Yet, more aspects affect the technological and strategic choices than just
costs. These aspects include the operating range, the flexibility of using the
buses in different routes without adjustments, the time schedules,
operation requirements under special weather conditions (such as snow),
the requirement of adequate space and charging power capacity, as well as
the visual impact of the technologies selected.
Since the infrastructure costs account for a much smaller portion of the
total costs than the fuel and operation costs when considering
electrification, the decision-making process should start with developing a
solution that adequately fulfils as many of the above aspects as possible
before comparing the costs of the available options.
Nevertheless, a new institutional set up that allows for the development of
certain options over time is certainly necessary. Table 5 summarises a
number of policy instruments that could be introduced, based on insights
from PAPER I and PAPER II.
Table 5: Policy instruments to promote the electrification of bus fleets.
Suggested policy instrument

Reasoning

Electricity tax exemption for use in
electric buses

In the same manner as the electricity tax
exemption for use in trains and other rail bound
modes of transport. Update of regulatory
frameworks at European and national level is
needed.

Better follow-up processes on the goals
for
renewables
and
stricter
procurements standards

With stricter procurement standards, the PTAs
can steer bus technology and fuel choices
towards more efficient and carbon-neutral
alternatives.
Regional
PTAs
that are
responsible for the procurement of public
transport should also take into account the
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lifecycle impact of the technologies used and set
stricter limits for buses in service.
Extension
contracts

of

transport

service

The contract periods procured by the PTAs
should be long enough to justify infrastructure
investments by transport operators or other
involved stakeholders.

Investment in new vehicles that will be
owned by the PTAs and/or the
expansion of electric bus premiums to
include private actors

With the current structure of the public
transport sector (see Chapter 2) transport
service operators own the buses, therefore
eligibility of operators for the electric bus
premium is necessary if PTAs are not willing to
invest themselves in purchasing new buses.
Alternatively, agreements supporting the
purchase of electric buses should be allowed.

Extension of subsidy programmes for
charging infrastructure investments

An example is the “Klimatklivet” programme,
aimed
at
companies,
organisations,
municipalities and regional authorities that are
willing to invest in local climate improvement
measures, such as installation of charging
infrastructure for electric vehicles (Swedish
Environmental Protection Agency, 2017).

Stronger state support for the testing of
new vehicles and other demonstration
projects

The number of electric buses in service needs to
increase in order to collect more data for
detailed performance evaluations, educate the
operating personnel and attract stakeholders to
enter the market. Moreover, the utilisation of
research and demonstration funds should be
closely monitored and evaluated in relation to
set program objectives.

Expanding stakeholder networks and
promoting knowledge transfer

Charging providers and electricity suppliers
should also be part of the process of defining the
procurement standards, in the same manner as
fuel providers are currently involved.
Demonstration project results are not always
reported publicly or regularly updated.
Stakeholder networks and other knowledge
dissemination activities should be encouraged
in order to make informed choices and
accelerate implementation and further promote
electric buses.
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6

Conclusions

In this final chapter, the research questions are
answered by bringing together the knowledge
compiled in this thesis. The main implications and
contribution of this work are discussed, together with
directions for future research.
The research behind this thesis confirms the hypothesis that the large-scale
electrification of public bus transport entails substantial economic and
environmental benefits. Additionally, it is shown that the main impacts
and trade-offs associated with electrification cannot be captured when
investigating the electrification of individual routes – they can only be
captured at the systems level.
The main conclusions are presented below in relation to the research
questions initially posed in Chapter 1. Although the research is focused on
Stockholm, these conclusions can be applicable to other cities, both in
Sweden and around the world. Stockholm is among the European cities
that have achieved extensive public transport networks with relatively
high-quality service. Challenges that remain are related to high operational
costs as well as environmental burdens due to congestion, noise, and local
air pollution. The electrification of road transport can help alleviate such
problems. However, in order to ensure a successful transition to electric
buses and electric vehicles overall, a systems approach is needed. Thus, the
research questions focused on the system effects of electrification.
What are the benefits on energy efficiency and greenhouse gas
emission reductions from large-scale bus electrification?
1. The high energy efficiency of electric buses leads to a significant
reduction of energy consumption, even if not all routes of a bus network
are electrified.
There is a significant decrease of the total annual energy consumption of
the bus network as shown in the optimisation model results presented in
PAPER III. In the cost optimisation case, the total annual energy
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consumption for the bus network in Stockholm is 473 GWh, which is 27%
lower than the reference scenario (648 GWh/year). For the energy
optimisation case, the energy consumption decreases further to 428
GWh/year (-34% compared with the reference case). These significant
reductions are achieved although only one third of the routes of the studied
bus network are electrified.
2. Although higher battery capacities could electrify a greater
proportion of the bus network, this does not necessarily lead to lower
environmental impact.
The technological improvement of batteries will lead to a better balance
between energy density and weight so as to increase capacity without
compromising energy consumption or environmental impacts from bus
electrification. The solution of using large batteries that can sustain daily
operation with few charging occasions throughout the day is shown
disadvantageous from a lifecycle impact perspective (see PAPER V). This
solution is, therefore, not recommended.
3. Electricity from renewable sources should be used to maximise the
potential for emission reduction from bus electrification.
A necessary condition for maximising the environmental benefits from
electrification is the use of certified electricity from renewable sources, as
shown in PAPER V. The impact on emissions does not differ much from
the impact of second generation biofuels, such as HVO, when the normal
Nordic electricity mix is used for charging the bus batteries instead of
renewable electricity.
What are the cost and planning challenges to be addressed
when shifting from demonstration projects to full-scale electric
bus deployment?
A large-scale deployment of electric buses in Stockholm’s public transport
system could lead to significant environmental benefits as argued above
but would require investment and planning. These aspects were the focus
of the second research question addressed in the thesis. The key results
that should be considered could be summarised as follows:
1. At systems level, the annual costs required for investing in electric
buses can be offset by lower fuel costs.
An effective utilisation of the charging infrastructure is of high priority in
order to justify the cost of the investments required. Their large upfront
cost is a concern, but costs should not be only seen in a short-term
perspective. PAPER III, IV, and V show that, at systems level and on an
annual basis, the costs of an electrified system are not impossible to
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overcome. In fact, the costs of the partially electrified system can compete
with the current bus system.
2. Bus electrification is particularly interesting for inner city routes,
where the major public transport hubs would serve as charging locations.
The model developed as part of this thesis proves the benefits of creating a
dense initial network of charging stations in the inner city transport hubs.
This will facilitate the electrification of multiple routes with high
infrastructure utilisation at lower costs. Since most charging stations are
concentrated in public transport hubs than are end stops, either scheduling
adjustments or revisiting charger installation concepts are needed to
accommodate charging requirements and alleviate problems related to
“charging congestion”, as shown in PAPER IV.
3. Multiple issues affect the choice of charging technology, not just costs.
Regarding charging technologies, it was observed that conductive fast
charging dominates in the Nordic countries. Fast charging is more mature,
cheaper, and operates at higher power capacity than the inductive charging
solutions that are currently available. However, the analysis of stakeholder
perceptions on such matters (see PAPER I and PAPER II) shows that not
only costs and performance-related parameters are influencing the choices
made. Compatibility, reliability, bus dwell time, as well as weather
conditions and visual impact are some of the issues raised by stakeholders
when it comes to the choice of technology. All these aspects should be
evaluated and taken into account in future decision-making.
A major conclusion from this work is that the electrification of public bus
transport is either cost or energy optimal for certain routes, and not the
entire system. In the optimisation model presented in PAPER III to IV, not
all bus routes benefit from electrification and, therefore, biodiesel is used
instead. The optimal system configuration is thus obtained by a
combination of electricity and biodiesel that still shows significant positive
impact on energy and emission reduction on an annual basis.
Overall the main contribution of the thesis is to the research field of energy
systems analysis and can be summarised as follows:
1. Development of a novel spatial and dynamic optimisation model for
locating charging stations in city bus networks. The model is tailored for
the public transport sector and can be adapted to other cities.
2. A thorough analysis of the political and institutional frameworks
governing the Swedish public transport sector, contextualising and
enhancing the relevance of the quantitative model results.
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Impact of the results
A key parameter to keep in mind is that the costs and the benefits of
electrifying bus transport are not borne by the same stakeholders, which
creates a conflict between the positive effects and the responsibility for
implementation of this transition. To address this issue, the role of
stakeholders should be clearly defined and split between the stakeholders
responsible for regulation and those responsible for implementation. As
Chapter 5 shows, a combination of economic, regulatory and information
policy instruments is needed, while knowledge dissemination will be key
for accelerating the transition to electrified public bus transport in line with
the political targets in Stockholm.
More specifically, the introduction of electricity tax exemption for electric
buses, the expansion of the electric bus premium to include private
stakeholders, as well as the expansion of infrastructure investment subsidy
programmes are among the instruments suggested in Chapter 5.
Additionally, stronger state support for demonstration programmes and
the expansion of stakeholder networks can promote knowledge
dissemination and improve the collaboration of relevant actors in common
endeavours for public bus electrification.
With this in mind, the PTAs that have invested in initialising electric bus
demonstration projects should ensure that stricter environmental and
operational requirements are in place for bus services. It is important to
regulate the gradual electrification of the fleet at the optimal routes and
locations, while the operators and technology providers should be
responsible for choosing and subsequently investing in the most
appropriate and cost-effective technologies.
The positive momentum regarding transport electrification captured in the
survey results carried out in PAPER II should be capitalised upon as the
further expansion of the electric technologies are contemplated. In PAPER
I the main drivers affecting fuel choices in public transport were identified
to be energy efficiency, as well as emission and noise reduction.
Electrification is in line with these drivers, but also with the main barriers
to the higher penetration of renewable fuels, i.e. costs, technology lock-ins,
and uncertain policy conditions.
In Stockholm, although the bus fleet is practically fossil-free, challenges
remain when it comes to achieving increased urban sustainability. PAPER
I shows that, although decoupling from fossil fuels has been practically
achieved, energy efficiency is still a challenge to tackle. With low energy
consumption, electric buses can help to improve the energy efficiency of
the fleet. Additionally, electrification of bus services could be beneficial in
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reducing air and noise pollution at the local level, especially in the inner
city as shown in Chapters 4 and 5 of this thesis.
A good reason to pursue large-scale bus electrification would be the
lifecycle impact of the first-generation biofuels currently in use, such as
FAME. This is shown in PAPER V. However, second generation biofuels
such as HVO can compete with the average Nordic electricity mix in terms
of lifecycle emissions. Still though, the local availability and costs of HVO
can be a challenge.
Finally, the use of electricity in road transport opens the door for high
renewable energy penetration in the transport sector as a whole, which has
been traditionally fossil fuel dependent. Thus, public road transport
electrification can establish a decarbonisation paradigm that can expand
to private transport. Decarbonisation of the transport sector is currently
the main barrier for achieving the target of an emission neutral Swedish
energy system.
Future work
Adequate grid capacity for enabling fast charging, especially in the inner
city of Stockholm, is not yet secured. Thus, the electrification of bus
services under the conditions discussed in this work would require solving
the grid issue. This can be achieved in two ways: investing on the upgrade
or installation of new transmission lines, or utilising the exclusive DC
voltage grid for Stockholm’s subway system, which is owned by SL. The
second option needs to be investigated further in order to understand the
safety considerations required for such a choice and whether this is
technologically feasible.
Following on from this, future research should focus on incorporating grid
capacity as a constraint to the optimisation model, as well as selecting only
major public transport hubs as potential charger locations. In this way,
electricity grid impacts, space availability for charger installation, as well
as benefits from shared infrastructure can be studied.
A roadmap including specific actions for the gradual introduction of
electric buses in public transport can be developed. The scheduling
arrangements needed to allow the charging of large electric bus fleets
should be further explored as well, potentially linking the present
optimisation model to other models addressing scheduling aspects in more
detail. Furthermore, additional data is needed for allocating different bus
types (12-metre, 18-metre, etc.) to their respective routes. Finally, new
business models and tailored policy instruments should be further
investigated in order to promote investments and a long-term commitment
to the large-scale bus electrification in public transport.
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