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Abstract
Due to legislative pressure on a global, European and Swedish level the heavy-duty
transportation sector needs to drastically reduce its emissions. One potential pathway forward
for the heavy-duty transportation sector is that of electrification, which would require novel
infrastructure to be established in the form of stationary charging or dynamic charging through
what is often called electric road systems (ERS). The aim of this thesis has been to investigate
how developments in battery technology impacts the potential electrification of heavy-duty
transportation in Sweden. The starting point is from the perspective of battery technology and
the resulting impact that battery technology has on the provision of charging infrastructure. In
order to analyse the relation between these parameters the market developments of lithium-ion
batteries were explored and an empirical study of the likely stakeholders of an electrified
heavy-duty transportation system was conducted.
The study finds that battery technology has a substantial momentum and several stakeholders
view the electrification of heavy-duty transportation as the most cost-efficient solution in the
long-term. There is however a consensus that battery development has not yet progressed to a
stage where the electrification of heavy-duty transportation is financially or technically viable.
Developments in battery technology affect the prospects for stationary charging provision and
ERS (i.e. dynamic charging) differently, with stationary charging being more dependent on
positive developments. The relation between developments in battery technology and ERS is
more complex as its deployment is not only dependent on market developments but is also
highly dependent on decisive actions by policy makers. Developments in battery technology
could however affect both alternatives positively in the long-term, as a sustained positive
battery development will make fully electric heavy-duty trucks an attractive option for the
market to pursue. Once a common belief in the electrification of heavy-duty transportation has
been established the main issue described by stakeholders, ensuring a long-term positive
business case, could therefore be achieved by both alternatives. The study concludes that for
an electrification of heavy-duty transportation to be financially sustainable in the long-term,
continued positive battery developments are a prerequisite.
Keywords: Electrification, batteries, stationary charging, electric road systems
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Sammanfattning
Till följd av lagstiftningskrav på en global, europeisk och svensk nivå så måste tunga
vägtransporter drastiskt minska sina utsläpp. En möjlig utveckling för tunga vägtransporter kan
vara elektrifiering vilket skulle kräva en etablering av ny infrastruktur, antingen i form av
stationära laddstationer, eller i form av elvägar. Syftet med denna uppsats har varit att utreda
hur batteriutvecklingen påverkar förutsättningarna för att tunga vägtransporter i Sverige skulle
kunna elektrifieras. Utgångspunkten har varit utifrån perspektivet av batteriteknologi och den
påverkan som batteriteknologin har på tillhandahållandet av laddinfrastruktur. För att analysera
relationen mellan dessa parametrar så har marknadsutvecklingen för litium-jon batterier utretts
och en empirisk studie med de aktörer som troligen skulle vara delaktiga i ett elektrifierat
transportsystem har utförts.
Studiens slutsatser är att batteriteknologin har ett betydande momentum och att flera aktörer på
sikt ser elektrifieringen av tunga vägtransporter som den mest kostnadseffektiva lösningen. Det
råder dock en konsensus om att batteriutvecklingen ännu inte har kommit långt nog för att
elektrifieringen av tunga vägtransporter ska vara tekniskt eller ekonomiskt gångbar.
Batteriutvecklingen påverkar utsikterna för tillhandahållandet av stationära laddstationer och
elvägar på olika sätt, där stationära laddstationer är mer beroende av en positiv
batteriutveckling. Relationen mellan batteriutvecklingen och elvägar är mer komplex då
etableringen av elvägar inte bara är beroende av marknadsförhållanden utan även är avhängig
på ett starkt politiskt stöd. Batteriutvecklingen kan dock ha en positiv påverkan på båda dessa
alternativ på lång sikt, då en ihållande positiv batteriutveckling skulle göra helelektriska tunga
lastbilar till ett attraktivt alternativ för marknaden att eftersträva. När en gemensam övertygelse
om att elektrifieringen av tunga vägtransporter är den optimala vägen framåt har uppnåtts så
kan det huvudsakliga problemet som aktörer beskriver, upprättandet av långsiktigt hållbara
affärsmodeller, uppnås av båda alternativen. Studien drar slutsatsen att för att en elektrifiering
av tunga vägtransporter ska vara ekonomiskt hållbar på sikt så är en fortsatt positiv
batteriutveckling en förutsättning.
Nyckelord: Elektrifiering, batterier, stationär laddinfrastruktur, elvägar
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1. Introduction
1.1 Background
In order to reach the goals stipulated in the Paris Agreement, the dependency on carbon-based
fuels must be lessened, and emissions from power generation, agriculture, manufacturing and
other contributing sectors must be reduced drastically (UN, 2015). One sector which is deemed
especially urgent to address is the transportation sector, as 97 % of the energy consumption
within the sector originates from the use of carbon-based fuels (IEA, 2017). Within the
transportation sector, heavy-duty transportation is an un-proportionally large contributor of
greenhouse gas (GHG) emissions (SCB, 2018). Legislation aimed to reduce the emissions from
heavy-duty transportation is also being implemented on a European level (European
Commision, 2018).
Aside from meeting the obligations of the Paris Agreement and European legislation, the
Swedish government has set highly ambitious national climate goals, mandating that Sweden
as a nation should reach net-zero emissions by 2045, and that the emissions from domestic
transportation, excluding aviation, is to be reduced by 70 % in 2030 compared to 2010’s level
(Naturvårdsverket, 2018). In order to reach the stated climate goals, several technological
pathways other than carbon-based technologies must be developed for heavy-duty
transportation applications (European Commission, 2018). One such pathway, which seems
increasingly likely to play a central role in the sector of heavy-duty transportation, is that of
electrification (PIARC, 2018).
The electrification of heavy-duty trucks would entail a shift towards an electrical powertrain
and batteries instead of utilizing the current standard of a diesel engine and is highly dependent
on strong developments in battery technology (Transport & Environment, 2018). The
operational expenditure (OPEX) of a heavy-duty truck constitutes a large part of the total cost
of ownership. Aside from drastically reducing emissions, electric trucks are believed to be
almost a third cheaper to operate than diesel trucks, with a lower life cycle cost than other
alternative technologies (Burak, Tolga, & Omer, 2017). This is due to the considerably higher
efficiency of the electric motor, with an efficiency of over 85 % compared to 30 % of the diesel
engine, coupled with the lower fuel costs in the form of electricity (Living Lab , 2019).
For electric trucks to operate, electrical charging infrastructure is required. One way of
providing charging services to the electrified heavy-duty transportation sector is through the
implementation of stationary charging facilities, which could function similarly to the
commercial diesel stations utilized by trucks today, but with electrical charging instead of
carbon-based fuels. Such developments are likely carried out by private actors, as is the case
in the automobile industry. (Earl, Mathiue, Kenny, & Nix, 2018)
An alternative way of providing charging services to electric heavy-duty trucks would be to
implement electric road systems (ERS). ERS would enable any vehicle with an electric
powertrain to charge dynamically while driving and could facilitate the implementation of
hybrid and fully electric heavy-duty trucks (HDTs) (Tongur, 2018). ERS in Sweden requires
the involvement of the Swedish Transport Administration due to the Swedish Road law, as it
would be constructed in or above roads (Hasselgren, 2019). The implementation of such a
system would thus require some form of collaboration between public and private actors. The
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implementation of ERS has in recent years become increasingly politicized as it is viewed as a
partial solution to the issue of emissions stemming from the transport sector (Regeringen,
2018).
Granted that the country in question’s energy mix has a high share of renewables, ERS would
reduce emissions both locally and nationally, and would enable a different approach to truck
vehicle design (ICCT, 2017). As the vehicle could be continuously powered by an external
source of electricity, the on-board battery system capacity could be decreased significantly in
comparison with the alternative of stationary charging. This could reduce the environmental
imprint of the manufacturing process, reducing costs, and decreasing the weight and the volume
of the on-board battery system (Tongur, 2018). Smaller battery systems would additionally
decrease the volume of batteries from the heavy-duty transportation sector that eventually
would have to be recycled.

1.2 Problem
The carbon-based heavy-duty transportation sector is a mature socio-technical system
containing a range of stakeholders, institutions and organizations, that has enjoyed more than
a century of technological improvements, which have been supported by continual investments
in infrastructure and production systems revolving around the core component of the system,
the internal combustion engine (Tongur, 2018). This continuous development along the
trajectory of carbon-based transportation has created a form of lock-in effect, which favours
further development along the same trajectory, while inhibiting the diffusion of innovations
that require different preconditions (Geels, 2002). The complexity of this system means that a
transformation of the transportation system constitutes more than just a technological shift, and
the implementation and facilitation of alternative technological pathways, electrification in this
scenario, hence faces substantial challenges (Tongur, 2018).
A shift towards an electrified heavy-duty transportation sector could entail lower operational
costs as well as greatly reducing both local and global emissions, but has historically been
hindered by insufficient battery technology and a lacking provision of charging infrastructure
(PIARC, 2018). Battery technology has already been proved to be financially and technically
viable for light-duty vehicle segments (Capgemini, 2019), but it remains uncertain if the
developments are strong enough to enable a similar technological re-orientation to be achieved
for heavy-duty transportation applications.
This uncertainty regarding developments in battery technology in turn affects the issue of the
provision of charging infrastructure, either in the form of stationary charging, ERS, or a
combination of both. It is complicated by the so-called chicken-and-egg issue, where the use
of an application requires new infrastructure to be constructed, but the infrastructure
simultaneously requires a certain volume of utilization in order to make financial sense
(Leibowicz, 2018). As of 2019 there does not exist any commercial ERS projects and the
stationary charging infrastructure needed to realize a transition towards an electrified heavyduty transportation sector is deemed to be almost non-existent (ACEA, 2019).
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The process for heavy-duty transportation to be electrified is a complex matter and could be
addressed from a range of perspectives, but this thesis will assume its starting point from the
perspective of battery technology and the resulting impact that battery technology has on the
provision of charging infrastructure in Sweden.

1.3 Purpose
The purpose of this thesis is to investigate how developments in battery technology impacts
the potential electrification of heavy-duty transportation in Sweden.

1.4 Research questions
To fulfil the purpose of this thesis, the following research questions have been formulated:
RQ1: What barriers exist for the electrification of heavy-duty transportation?
RQ2: How is battery technology projected to develop and how could its issues be addressed?
RQ3: How do developments in battery technology impact the provision of charging
infrastructure for heavy-duty transportation in Sweden?

1.5 Contribution
The thesis will contribute with an aggregated view of how incumbent firms and new entrants
in the truck eco-system1 view the electrification process of heavy-duty transportation. It will
also contribute with brief scenarios on how the heavy-duty transportation sector in Sweden
could be electrified in 2025, detailing different technological pathways and describing the
circumstances needed for different forms of charging infrastructure to be provided.

1.6 Delimitations
This thesis is limited to heavy-duty transportation, and the electrification of other vehicle
segments is not addressed. Trucks are manufactured in a wide range of sizes intended for
different types of applications, with specific weight limits for different types of applications.
This thesis emphasizes the electrification of heavy-duty trucks with three or more axles that
exceed a combined weight of 25 000 kg, and lighter trucks intended for urban and regional
transportation of goods are not emphasized. Comparisons are however made to the
contemporary system of stationary charging for electric cars, as the structure of this system is
deemed to constitute a reliable benchmark for how a stationary charging system could be
constructed for heavy-duty transportation. Segments referring to stationary charging emphasize
public fast-charging stations, as such facilities are deemed the most important in order to enable
heavy-duty transportation to travel the distances needed for inter-city and long haulage trips.
Segments referring to electric road systems (ERS) in chapter 5, 6 and 7 assume that the
technology that such a system is based on is that of overhead-lines (OHL) as it is currently the
1

[OEMs, utilities, fuel companies and battery manufacturers]
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most mature technology available. The development of electricity prices is not analysed within
the scope of this thesis, and it is assumed that similar price levels to Sweden’s historical prices
are maintained in the coming decades.
As the transition to zero- and low-emission vehicles (ZLEVs) is highly driven by legislation
and political regulations, the regulatory aspects in the study is based on Swedish and European
laws, in order to achieve a reasonable scope. While political pressure to reduce GHG-emissions
might exist globally, the degree of this pressure varies heavily depending on the country and
bloc2 analysed, and hence the importance of this factor varies from case to case. The
interviewees in the case study are employed in Sweden, but the organizations they are
employed by have a strong European or global presence. The thesis will emphasize the
technological shift that the truck OEM industry is facing, and the primary segments addressed
will be fully electric solutions, and hybrid solutions are not emphasized. In terms of
developments in battery technology, the thesis will focus on different lithium-ion chemistries,
as lithium-ion batteries are expected to have the largest market share for automotive and
transport applications.

1.7 Thesis sponsor
The thesis is sponsored and written on behalf of the Swedish Transport Administration, which
is the government agency responsible for the long-term planning of the Swedish transport
system. The Swedish Transport Administration employs 6500 people and their head office is
in Borlänge. In order to reduce GHG emissions from the heavy-duty transportation sector, the
development of an application named electric road systems (ERS) is being pursued. Several
demonstration projects have already been carried out by the Swedish Transport Administration
and other actors, and an ERS pilot is planned to be carried out in 2021. The responsibility for
the development of ERS falls under the jurisdiction of the Swedish Transport Administration
due to the Swedish Road Law, and this thesis aims to contribute to the Swedish Transport
Administration’s efforts in this field.

2

EU28 for example
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2. Research context
2.1 The Swedish and European transportation sectors: The importance of heavyduty transportation
The Swedish government has mandated that the emissions from domestic transportation,
excluding aviation, is to be reduced by 70 % in 2030 compared to 2010’s level
(Naturvårdsverket, 2018). It has also mandated that Sweden as a nation should reach net-zero
emissions by 2045 (Naturvårdsverket, 2018). The transport sector is responsible for 30 % of
greenhouse gas (GHG) emissions in Sweden. Measured in CO2 equivalents, road traffic
constituted roughly 93 % of the greenhouse gas emissions stemming from domestic
transportation during 2017 in Sweden (Naturvårdsverket, 2018). Road traffic is made up of
lighter vehicles such as cars and distribution trucks, as well as heavier vehicles such as buses
and heavy-duty trucks (HDTs). As seen in Figure 1 below, measured in CO2 equivalents, cars
constitute most of the GHG emissions in Sweden.

GHG Emissions per Vehicle Type
4.1%

0.56%

8.8%

21.1%
65.4%

Cars

Heavy-duty trucks

Light-duty trucks

Busses

Mopeds and motorcycles

Figure 1: Share of GHG emissions from road transportation sectors in Sweden expressed in percentages

However, when looking at emissions in relation to the registered number of vehicles it paints
a different picture. The number of cars in Sweden far surpass the number of buses, light and
heavy-duty trucks (HDTs) combined. In 2017 there were 4 845 609 cars registered in Sweden,
compared to 14 421 busses, 555 363 light trucks and 83 025 heavy-duty trucks (Trafikanalys,
2017). Out of these in total 5 498 418 vehicles, HDTs make up a mere 1.5 %, while contributing
with over 21 % of the GHG emissions in the road transportation sector in Sweden. Trucks, and
specifically HDTs hence represent an unproportionally large percentage of emissions.
The issue with HDTs is not just that they are a large source of GHG-emissions, but that they
play a very vital role in global supply chains. Due to this critical role and the complexity in
replacing their functionality trucks will continue to play an important role in the transportation
sector for the foreseeable future. While there is a wide range of variation within the truck
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industry, the vast majority of road freight transportation is carried out by larger, heavier trucks.
The maximum permissible laden weight (MPLW) is defined as the permissible total weight of
the vehicle and the load it is carrying, and is the metric which is applied in Europe (Eurostat,
2012). The American equivalent of MPLW, which is sometimes used in international
circumstances, is the gross vehicle weight (GVW) (U.S Department of Energy, 2019).The
segment of heavy-duty transportation addressed in this thesis emphasizes heavy-duty trucks
that have three or more axles and that exceed a combined weight, or MPLW, of 25 000 kgs
(Transportstyrelsen, 2019). As seen in Figure 2 below, roughly 86 % of road freight transport
in the EU28 during 2017 was done by vehicles with an MPLW over 30 000 kgs (Eurostat,
2018). So, when addressing the freight transportation sector, HDTs is a crucial segment to
address.

Road freight transport by MLPW
0.5%
4.9%

8.7%

44.0%

41.9%

< 10.1 tonnes

10.1 -20.0 tonnes

20.1-30 tonnes

30.1-40 tonnes

> 40 tonnes

Figure 2: The share of road freight transport by maximum permissible laden weight (MPLW) 2017 expressed in percentages

2.2 Legislation and its impact on HDT development
As stated in the previous section, HDTs in Sweden contributes unproportionally to the overall
amount of GHG emissions that are released. This problem is however not unique to Sweden,
but is an issue observed in several countries.
In the EU, road transportation is responsible for roughly 20 % of EU’s total CO2 emissions.
Heavy-duty vehicles, trucks and buses, are responsible for almost 6 % of EU’s total CO2
emissions. (European Commission, 2018). Adding to the issue is that road freight transport in
EU has had five years of consecutive growth (Eurostat, 2018), with 4.5 % growth in 2017, and
estimated nominal growth of 5.4 % in 2018 (Business Wire, 2018). Aside from legislation
being implemented on a national level in Sweden, legislation is being drafted on an EU-level,
in order to put increasing pressure on the truck manufacturers. In May 2018, the EU announced
the first ever CO2 emission standard for heavy-duty vehicles, indicating that the CO2 emissions
from trucks must be reduced by at least 15 % in 2025, and by at least 30 % in 2030, compared
to 2019 levels (European Commission, 2018).
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In February 2019 the European Parliament agreed to move forward with the suggestion from
May 2018, and the provisional deal will have to pass through Parliament in order to become
active (Reuters, 2019). In addition to the mandated reductions for CO2, a non-binding sales
target for ZLEVs for HDTs was also included in the deal (Transport & Environment, 2019).
The provisional deal was met by criticism from The European Automobile Manufacturers'
Association (ACEA), who argues that the targets are too high, and that the charging
infrastructure needed to realize this transition is almost non-existent (ACEA, 2019).
Sweden, the EU and the rest of the world faces the challenge of reducing emissions from road
freight transport, even as the volume of road freight is projected to grow (European
Commision, 2018). This will be an extraordinarily tough challenge which will require a range
of technologies and solutions to solve. Two approaches to this issue are described below.

2.3 Reducing emissions from road freight: Two historical alternatives
To tackle the issue of emissions from road freight, two alternatives have historically been
proposed. One alternative is exogenous to the truck industry, entailing a modal shift towards
other modes of transportation such as rail and maritime freight transportation. The other is
endogenous to the truck industry, entailing a reduction of emissions from trucks through the
improvement of the current technology, or through the development of novel technological
pathways. A plausible scenario is that both of these paths are developed in parallel. These two
alternatives are briefly described in the sections below.
2.3.1 Modal Shift
A modal shift for inland transportation would entail a shift from road transportation to either
rail, or inland waterways. While inland waterways may be applicable for certain regions and
countries, it is however not a solution which is generally available. Looking at the modal split
of inland freight transportation in EU28, it becomes evident that road transportation is by far
the most dominant application, with 76.4 % of total tonne-kilometres, compared to 17.4 % for
rail and 6.2 % for inland waterways (Eurostat, 2018). From these numbers it becomes evident
that any major shift from road freight transport, taking the 30 % shift outlined by a white paper
by the European commission as an example (European Commision, 2011), would mean almost
doubling the capacity of rail and inland waterway transportation. Other reports have covered
this topic in detail (ACEA, 2011) and have concluded that while a portion of the volume hauled
by trucks could be absorbed by rail and inland waterways, it is questionable to which degree
this shift is possible.
As Sweden has easy access to the Baltic Sea from its cities along its east coast, the modal shift
in Sweden is less heavily weighted towards road transportation. During 2016, expressed in
tonne-kilometres, 48 % of domestic transportation was done by trucks, while maritime
transportation represented 33 % and rail transportation represented 19% (Transportstyrelsen,
2018). The preconditions for shifting freight traffic is however not only related to the current
modal split, but it is also related to how much excess capacity exists in these systems. So, while
Sweden already has a relatively balanced modal split for freight compared to the rest of Europe,
17

further diversification of the modal freight split has physical limitations and will only play a
partial role in reducing the road freight emissions in Sweden as well. In order to address the
issue of road freight emissions it is therefore essential that the trucks themselves must change.
2.3.2 Alternative technological pathways for trucks
As the EU is likely to have mandated CO2 regulations and non-binding sales targets for zeroand low emission (ZLEV) heavy-duty trucks (HDTs), original equipment manufacturers
(OEMs) within this industry must comply, and HDTs must therefore be altered so that their
environmental impact is reduced. The European market for HDTs is by and large made up of
five manufacturers (European Environment Agency, 2018), which is detailed in Figure 3
below.

Market Share of Heavy-Duty Truck Sales (EU)
1.0%
8.0%
31.0%

16.0%

19.0%
25.0%

Other

Iveco

DAF

Daimler

Volvo

Volkswagen

Figure 3: The share of HDT sales in Europe per manufacturer expressed in percentages

To achieve the mandated CO2 reductions truck OEMs must either attempt to fully exhaust the
potential of combustion engines in terms of efficiency, and then transition to electric vehicles,
or transition to electric vehicles at an earlier stage. Such a transition would entail the
development of hybrid electric vehicles (HEVs), plug-in electric vehicles (PHEVs), or fully
electric solutions, battery electric vehicles (BEVs). Quickly transitioning towards electric
powertrains would be cheaper to achieve due to the sunk costs of ICE R&D and the resulting
delay in electric powertrain R&D (ICCT, 2017). However, given the current market structure,
where 96 % of HDTs in the European Union run on diesel (ACEA, 2018), the pace at which
such a transition might happen is uncertain.
In terms of alternative technological pathways, truck manufacturers have a range of different
strategies available in order to achieve the stated environmental goals (IEA, 2017). These
strategies come with their respective strength and weaknesses, and it is likely that several
strategies will be pursued in parallel.
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As emission policies become more stringent, sticking to incremental improvements of the
current status quo, diesel engines, is unlikely to be viable in the long term. One way of
decreasing the environmental impact without changing the core component of current heavyduty vehicles, the internal combustion engine (ICE), would however be to utilize cleaner fuels
such as biodiesel and liquid natural gas (LNG) (Cision, 2018). In parallel to such developments,
incumbent actors have also in the recent years unveiled plans and initiatives for hybrid electric,
and fully electric trucks (Volvo Trucks, 2017; Daimler Trucks, 2018)
The pathway of electrification is likely to play a role in achieving these goals (PIARC, 2018).
Switching to an electric powertrain offers the upside of increased efficiency but requires
substantial changes in terms of vehicle design and competence. Assuming a longer timehorizon than that of hybrid electric trucks, one could foresee a transition in the heavy-duty
transportation industry towards zero-emission vehicles (ZEV), of which there are currently
three options; A hydrogen fuel cell vehicle (FCV), a battery electric vehicle (BEV) or an
electric catenary vehicle (ECV) (ICCT, 2017). Manufacturing these types of vehicles requires
a novel approach to vehicle design, and the successful diffusion of such vehicles is contingent
on continuous R&D investments and adequate access to charging infrastructure (IEA, 2017).
All three of these vehicle types utilizes batteries as a core component. The BEV is a fully
electric vehicle, and the propulsion is solely handled by the on-board battery system. The ECV
is built with the prerequisite of access to continual dynamic charging, and the dimensioning of
the on-board battery system is therefore a lot smaller than a BEV equivalent. The FCV utilizes
hydrogen to produce electricity and power the engine, but batteries are still a part of the setup,
in order to capture excess energy and energy from regenerative braking. For both hybrid
electric and ZEVs, a common denominator is batteries (ICCT, 2017).
This thesis will therefore delve further into the development of battery technology, as the
implementation of hybrid electric trucks, and to a greater extent the implementation of ZEVs,
is intimately linked to continued positive battery developments. However, for heavy-duty
transportation to be successfully electrified, improved batteries are not the only prerequisite
required. In order to support the use of these electric vehicles, charging infrastructure must be
provided. One form of such charging infrastructure is that of ERS.

2.4 Provision of charging infrastructure: Electric Road Systems
Although there exists no formal definition of ERS, it is widely seen as a system that enables
dynamic power transfer between a vehicle and the road it is traveling along (PIARC, 2018).
ERS could be used by any vehicle with an electric powertrain, but vehicles that are built with
the access to ERS as a prerequisite are as mentioned in the section above referred to as electric
catenary vehicles (ECVs).
2.4.1 ERS technologies
There are currently three different types of technologies being tested regarding dynamic
charging (Trafikverket, 2017).
•
•
•

Conductive power transmission via overhead lines
Conductive power transmission via rails or conductors in the road
Inductive power transmission via electromagnetic fields from the roadbed
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These three different technologies have all been tested to varying degrees, with the most mature
technology being that of conductive power transmission through overhead lines (Trafikverket,
2017). In order to describe at which stage a certain technology is, its maturity of sorts, the
Swedish Transport Administration has defined different technology readiness levels (TRLs).
The nine steps of the TRL scale, ranging from basic research to launch and industrialisation, is
illustrated in the picture below.

Figure 4: The technology readiness level scale (Trafikverket, 2017)

Most of the inductive ERS technologies have a TRL of 3-4, with a small number of systems
progressing past a TRL of 6 (PIARC, 2018). The conductive technologies are generally more
mature, with an average TRL of 4-5, with some systems advancing to an TRL of 6-8 (PIARC,
2018). All three technologies have comparable and unique advantages and disadvantages
(PIARC, 2018). Conductive systems are better suited for supporting the power requirements
of heavy-duty vehicles, while inductive systems are better suited for vehicles with lower power
requirements (PIARC, 2018). Depending on which type of technology is applied, certain
segments of the transport sector may be excluded from utilizing the system. Although the
conductive power transmission through overhead-lines (OHLs) is the most mature technology,
it would not be suitable for cars, as the distance between the vehicle and the lines would be too
great (Trafikverket, 2017). Such a system would hence be limited to providing services to
larger vehicles, such as HDTs and buses.
An ERS based on the two other technologies, conductive power transmission through rails in
the road and the inductive power transmission, could theoretically be used by all types of
vehicles. Ideally, an ERS would be constructed using a technology that enables all vehicles
types to utilize it (Trafikverket, 2017), as this would enable the infrastructure costs of ERS to
be shared among a wider range of users (RISE, 2014). The primary reasons for implementing
ERS in Sweden do however heavily emphasize the importance of reducing road freight
emissions from heavier vehicles (Trafikverket, 2017). As the conductive OHL technology is
deemed the most mature, and as the climate goals of 2030 and 2045 are quickly approaching,
it is likely that the primary implementation of ERS will be done using the technology that has
the highest TRL.
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2.4.2 ERS stakeholders and components
Establishing an ERS is a complex process that involves several different types of stakeholders,
ranging from vehicle providers, to energy generation and grid companies, to infrastructure
suppliers, to power electronic companies, to the end-user of such a system (Trafikverket, 2017).
Most of these aforementioned actors largely belong to the private sector, but public sector
stakeholders, municipalities and governmental agencies, are also a part of the system. An ERS
contains a multitude of components, or sub-systems, that would be supplied and operated by
different kind of stakeholders. This is described in the segment below, using the example of
the overhead line technology. Aside from constructing the overhead lines themselves, the
power transfer technology, the pantograph, also needs to be supplied. Implementing the power
transfer technology will require a close cooperation between the vehicle providers and the
power electronic companies. A mechanism for accessing the services of the ERS also needs to
be developed, allowing or denying vehicles to connect to the system, and a billing system that
keeps track of each vehicles’ energy consumption needs to be created and maintained.
Additionally, sustainable business models must be constructed. From a grid perspective, for an
ERS to be capable of providing dynamic charging to its intended end-users, sufficient power
supply along the roadsides needs to be provided. The aspect of power supply will require
investments that can be divided into three stages (Trafikverket, 2017);
•

•
•

A high-voltage grid needs to be constructed parallel to the selected road segments, as
very few roads have sufficiently developed electric infrastructure needed to supply an
active ERS
Transformer stations, intended to transform high voltage into low voltage, will have to
be constructed every few kilometres
Low-voltage grids needs to be constructed in order to enable the final distribution of
power to the vehicles

2.4.3 Regulatory issues with ERS
Aside from technical parameters, there are also a range of legal aspects that need to be
addressed regarding the construction of an ERS. The Swedish government, and in extension
the Swedish Transport Administration, has what is called a right of way in terms of the existing
public road network. (Trafikverket, 2017). It is however legally unclear if this right extends
beyond the immediate vicinity of the road, and as an ERS would require additional roadside
infrastructure to be constructed, the access to land required for an ERS implementation must
be ensured (Trafikverket, 2017). From a grid-perspective, there are also legal uncertainties. In
order to construct a high-voltage grid, a permit, also known as a grid concession, is normally
required. Any company that has grid operations, since the deregulation of the energy market,
is however prohibited from trading electricity at the same time, meaning that the stakeholders
which own the adjacent power grid is prohibited from selling electricity to the end-users of the
ERS, complicating the incentives for making such an investment (Trafikverket, 2017). A
solution to such an issue would be to apply for the newly constructed power grids to be
classified as internal grids, which would not require a grid concession, and hence the same
stakeholder could both operate the grid, and sell electricity simultaneously (Trafikverket,
2017).
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2.4.4 Funding and the financial viability of ERS
The complexities of ERS has led to uncertainties in terms of which stakeholder, or
stakeholders, that should assume ownership of an ERS. Depending on how the ownership and
operation of ERS turns out, the funding of ERS could be constructed in several different ways,
either through direct government funding, or through a public and private partnership, with the
government as a client, receiving partial funding from private stakeholders (Trafikverket,
2017). The topic of ERS has in recent years become increasingly politicized. The costs
associated with constructing larger sections of ERS is high, both in monetary terms and in
terms of time. Investments in ERS, to the degree that it would have substantial impact on
meeting the emissions targets for the Swedish transport sector, would equate to roughly 2000
km at a cost of 30-40 billion SEK (Trafikverket, 2017). A rough estimate of the total cost per
kilometre, including grid reinforcements and vehicle costs, is between 10 – 30 million SEK,
depending on technology used (Trafikverket, 2018). As other fossil-free technologies are being
developed in parallel it is vital to ensure that if Sweden focuses on ERS, that the system will
be of continued use for decades to come, and that it will generate a socio-economic profit in
the long-term, requiring sustainable business models to be developed (Trafikverket, 2017). An
ERS pilot is planned to be rolled out in Sweden in the coming years, and assuming that the
results of this pilot are positive, a full-scale roll out is expected to follow shortly thereafter
(Workshop 1).
Although the implementation of an ERS is not a simple process, it is believed to be a very
efficient tool in reducing road freight emissions, and its successful implementation could act
as an inspiration, and enabler, of future ERS systems around the world (Trafikverket, 2017).
Due to its continued research and development in the field of ERS, Sweden has gained
considerable momentum, and it is important that his momentum is maintained, both for the
sake of Sweden’s continued competitiveness in terms of innovation, but also for the sake of
facilitating the diffusion of a technology that has the possibility to heavily contribute to the decarbonization of the global transport sector (Trafikverket, 2017).
Aside from ERS, another option regarding the provision of charging infrastructure for electric
heavy-duty vehicles is that of stationary charging.

2.5 Provision of charging infrastructure: Stationary charging
As of 2019, there does not exist a single public charging station for heavy-duty trucks in Europe
(ACEA, 2019). There does however exist many similarities between the automobile industry
and the truck industry in terms of technical transitions, and more specifically, in the case of
electrification (Hasselgren, 2019). Both industries are gradually reducing their dependence on
the internal combustion engine, but in terms of commercial availability of vehicles and the
implementation of charging infrastructure, the automobile sector has progressed further than
the truck industry. As developments in battery technology are believed to reduce the issue of
range anxiety, and batteries are believed achieve to reach cost parity with internal combustion
engines in the coming years, provision of charging infrastructure will soon be the only barrier
left to unlock the potential of e-mobility for all major light-duty vehicle segments (Capgemini,
2019).
While there are also many differences between heavy-duty vehicles and electric cars in terms
of driving patterns and technical specifications, the structure of charging infrastructure
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provision for electric cars is likely to constitute a reliable benchmark for how a stationary
charging system for heavy-duty trucks could be constructed, and the contemporary structure of
stationary charging for electric cars is therefore briefly detailed in the segments below.
2.5.1 Stationary charging technologies
As different car manufacturers have developed their own systems in parallel, there exist more
than 12 connector types for electric vehicles globally, with eight different charging speeds
(Bloomberg, 2019). This is problematic as it requires consumers to have multiple subscriptions
with several providers if they want to have access to all the available charging infrastructure.
Connector types are however being standardized, and there are four common types of
connectors utilized in stationary charging facilities. These four types are: Type 1, Type 2,
CHAdeMO and Combo 2 (Höjevik, 2014). Type 1 and Type 2 utilizes alternating current (AC)
charging, and ChAdeMo and Combo 2 utilizes direct current (DC) charging.
There are strengths and weaknesses with each respective type of charging, but DC charging in
general has higher power output, measured in kilowatts (kWs), which enables the on-board
battery of the vehicle to be charged faster, commonly referred to as fast-charging (Power
Circle, 2019). DC charging is currently more common for public charging stations, as the need
for shorter charging times is higher, while AC charging is currently more common for
household charging, as the vehicles usually charge overnight (Power Circle, 2019). Public DC
fast-charging stations are therefore the likely alternative that will be pursued by actors within
the heavy-duty transportation sector, but the issue of standardization must be solved for these
applications as well. The European union recently decided on the standard for European
connectors for electric cars, with Type 2 being the proposed standard for AC charging (normalcharging) and Combo 2 being the proposed standard for DC charging (fast-charging) (Power
Circle, 2019). Combo 2 is additionally backed as a global standard by large automotive
companies such as Volkswagen and BMW (Höjevik, 2014).
The majority of electric vehicles in Sweden as of 2018 are plug-in electric vehicles (PHEVs),
which are hybrid cars with smaller on-board battery systems (Power Circle, 2019). These types
of vehicles typically have battery systems which are not optimized for fast-charging, and do
not have a DC connector. Fully electric cars are however believed to overtake PHEVs in the
coming decade, meaning that a majority of electric vehicles in the future will be equipped with
a DC-connector, and are likely to support different levels of fast-charging (Power Circle, 2019).
2.5.2 Stationary charging stakeholders and components
Establishing stationary charging facilities requires the involvement of several different types
of stakeholders, with new entrants such as automotive companies, utility companies, and power
electronic companies, as well as the potential involvement of conventional players such as oil
& gas companies (Capgemini, 2019). The electrical components such as inverters and
rectifiers, used to transform AC to DC and DC to AC respectively, might be delivered by actors
such as GE, Schneider Electric or ABB, while the station itself and cabling is provided by
utility companies (EV Connect, 2019). In order to ensure that the electric vehicles that the
automotive industry produces can be charged at public stations, these actors must either ensure
some form of standardization regarding connector types or construct their own charging
facilities. Such a development is exemplified by the case of Ionity, a fast-charging system being
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developed in Europe by a joint venture containing global automotive actors such as BMW,
Daimler, Volkswagen and Ford (Ionity, 2019). It remains to be seen if a similar development
will unfold in the case of electric heavy-duty transportation. The actor that owns, and or
operates, the station is referred to as the charging point operator (CPO). The responsibility of
providing access to the charging points, and handling payments, could be assumed by the CPO,
or they could be outsourced to a third-party, commonly referred to as e-mobility service
providers (Virta, 2019).
2.5.3 Regulatory issues
The establishment of stationary charging facilities is much less complicated than that of ERS
seen from a regulatory perspective. In terms of regulatory aspects, a permit is required from
the grid owner, in other words the utility company, when an actor wants to connect a stationary
charging facility to the grid, but other than that no major regulatory barriers must be overcome
in order to establish such facilities (Dahlin M. B., 2019).
2.5.4 Funding and the financial viability of stationary charging facilities
Stationary charging facilities for electric cars are by and large established by automotive
companies or utility companies, either by themselves or in partnerships with conventional fuel
providers from the oil and gas industry and are hence funded primarily by private actors
(Bloomberg, 2019; InCharge, 2019). The cost of establishing fast-charging stations is partially
contingent on the location. Certain locations might not have the necessary electrical
infrastructure needed to support the establishment of such facilities, hence requiring additional
investments to be made in the local electricity grid, a situation which might be especially
pressing in rural areas and along highways (Hall & Nicholas, 2018). This issue is likely to be
problematic for the heavy-duty transportation sector as well.
A 50-kW charging station, including hardware and installation, is estimated to cost roughly
550 000 SEK (Interview 4). Other cost estimates for fast charging facilities rated at 150-kW
are upwards of 1.6 million SEK (Mathieu, 2018). If the cost is assumed to develop linearly,
which is a large simplification, ultra-fast charging stations which would be needed to support
the electrification of heavy-duty transportation, rated at 350-kW or higher, would cost roughly
3.7 million SEK and upwards to establish. The business case for fast-charging stations is
contingent on a range of factors, including a high utilization rate and a reasonable mark-up on
electricity costs (Hall & Nicholas, 2018). Fast-charging stations are believed to require at least
eight customers per day to stay financially viable, a benchmark not yet reached by most
charging facilities (Bloomberg, 2019). The business case for many such facilities is currently
deemed to be rather uncertain, but as the adoption of electric vehicles increases, the outlook
for a strong business case is deemed to be promising (Bloomberg, 2019).
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3. Theoretical background
Theoretical framework outline
The frameworks described in this section are to be applied on the findings of this thesis in
chapter 6. The issue of lock-in, and the possibilities of escaping this lock-in are to be applied
on heavy-duty transportation in order to assess which parameters that are likely to positively
impact the emergence of a novel electric regime. The MLP and strategic niche management
frameworks are to be applied on the current carbon-based regime and on the concept of electric
heavy-duty transportation, in order to identify how the niche of electric heavy-duty
transportation can be strengthened and maintained. Lastly, the concept of reverse salient is to
be applied on batteries, in order to identify which critical problems that need to be addressed
in order to resolve the reverse salient, as well as identifying how these issues are to be tackled.

3.1 Understanding lock-in
Despite mounting evidence that the excessive use of fossil fuels in our society is harmful for
the planet and for humankind, its use is continued. This is explained as result of lock-in (Unruh,
2000). This lock-in effect is created through systematic interactions between institutions and
technologies. To explain this phenomenon, the framework of Techno-Institutional-Complex
(TIC) is introduced (Unruh, 2000). It is stated that:
“TIC develop through a path-dependent, co-evolutionary process involving positive feedbacks
among technological infrastructures and the organizations and institutions that create, diffuse
and employ them.” (Unruh, 2000).
As it develops further, the TIC increases in strength, and consequently the inertia increases,
making it harder and harder to escape these lock-ins, even when presented with alternatives
that match or even exceed the benchmarks set by the TIC. Carbon lock-in, a specific sub-set of
lock-in which is often associated but not limited to the automotive industry and energy
generation sector, hence acts as an inhibitor for the diffusion of low-carbon technologies.
Lock-in mechanisms can be thought of as mechanisms that reinforce certain institutional,
economical or technological developments in certain directions, which over time can lead to
path dependency. This historical preference consequently favours the future development of
said areas along the same trajectory. Examples of lock-in mechanisms include; economies of
scale, learning effects, network externalities, and technological interrelatedness to mention a
few (Klitkou, 2015).
It is stated that “As different regimes are characterised by different lock-in mechanisms, the
opportunities for upscaling a given niche depends on the specific characteristics of the relevant
regime.” (Klitkou, 2015). In order for a niche to thrive and develop, the specific lock-in
mechanisms affecting that niche needs to be identified, and subsequently one needs to escape
these lock-ins if the niche is to penetrate the current regime.
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3.2 Escaping lock-in
A way of understanding how to break the lock-in of carbon-based heavy-duty transportation is
by looking at the historical, and contemporary case, of electric cars, as there are many
similarities in how these vehicles, and theirs surrounding systems, are constructed. There are
several ways of escaping a lock-in, exemplified with the case of electric cars in the section
below (Cowan & Hultén, 1996).
1. Crisis in the existing technology
2. Regulation
3. Technological breakthrough producing a (real or imagined) cost breakthrough
4. Changes in taste
5. Niche markets
6. Scientific results
Crisis in the existing technology
It is concluded that, when the article was published in 1996, there did not exists a crisis with
the technology. Cars utilizing the internal combustion engine (ICE) worked well at predictable
costs, and as gasoline and diesel cars dominated the market, the massive amounts spent on
R&D gradually improved fuel efficiency, reduced emissions and drove down costs. As the
industry wanted to capitalize on their accumulated knowledge base and R&D investments, the
industry was reluctant to transition to zero-and low-emission vehicles (ZLEVs) (Cowan &
Hultén, 1996).
Regulation
The first example of legislation aimed to increase the sales of electric vehicles was drafted in
California by the California Environmental Protection Agency (CARB) in 1990, mandating
that in 1998, 2 % of all vehicles produced must be zero-emission vehicles (ZEVs), increasing
to 5 % in 2001 and 10 % in 2003 (California Environmental Protection Agency, 2004). The
introduction of ZLEV regulation from the CARB initially spurred large advancements in the
development of electrical vehicles, but the car manufacturers later claimed that it was “difficult
and wasteful to build electric or hybrid cars and that the gasoline car can be made much more
fuel efficient relatively easily”. The mandate was later updated, removing the 1998 and 2001
targets while maintaining the target for 2003. After being sued by actors from the automotive
industry, the 10 % production quota for 2003 was also removed (California Environmental
Protection Agency, 2004).
Technological development
Cown and Hultén (1996) state that while batteries are improving in terms of performance, and
electrical components are projected to become cheaper, there has not been any breakthroughs
in regard to the biggest issue, range. In the same section it is mentioned that charging times are
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improving, and that 10-30 minutes charging of a depleted battery would result in roughly 20
% state-of-charge (SOC)3.
Change in taste
In terms of change in taste, the authors discuss the issues of consumers being accustomed to
internal combustion engine (ICE) cars for decades, with everything that it entails. In order to
replace the gasoline and diesel cars as a legitimate option, electric cars must deliver the
established benchmarks of gasoline or diesel cars, and more. The added bonus of an electric
car would be reduced emissions and noise, but the authors conclude with saying that it is
unclear whether the environmental benefits, from a consumer perspective, will outweigh a
possible reduction in range, and in extension the kind of service that the car provides (Cowan
& Hultén, 1996).
Niche markets
A large group of early adopters is stated to be beneficial to the case of electric vehicles, but it
is also stated that it is unclear if this group is large enough to add sufficient momentum to the
cause (Cowan & Hultén, 1996).
Scientific results
A substantial part of the arguments made for electric vehicles are their reduced impact on the
environment, as ICE vehicles pollute both locally and globally. Continued scientific results that
illustrate the flaws of competing technologies, highlighting the importance of alternative
technologies, is hence very beneficial to the case of electric vehicles (Cowan & Hultén, 1996).
In more contemporary terms, Leibowicz (2018) analyses the issue of overcoming the carbon
lock-in that many emerging transport solutions such as battery electric or fuel cell vehicles
face. It is stated that a common hurdle in the adoption of these technologies is “complicated by
the chicken-and-egg problem of infrastructure provision” (Leibowicz, 2018). The endcustomers of the automotive and truck industry are not likely to adopt a novel technology which
has insufficient infrastructure in place, but infrastructure projects demand a certain volume of
utilization in order to make financial sense. It is concluded that in historical scenarios,
infrastructure diffusion precedes the adoption of novel vehicle types (Leibowicz, 2018).
One of the policy conclusions of the report is that suitable niche markets should be targeted to
maximize the impact of infrastructure investments (Leibowicz, 2018). A key aspect here is that
technological niches can contain several different technologies and applications and is not
limited to single technologies or projects.

3

Even though the size in terms of kWh per vehicle can be assumed to have increased in the last decades, the
charging times achieved for electric vehicles in 2019 is considerably faster than in 1996.
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3.3 Multi-level perspective (MLP)
The MLP framework, commonly associated with Frank W. Geels and René Kemp, describes
the transition from an established system to a novel system. The framework illustrates three
levels; meso, micro and macro (Geels, 2006). The meso-level is formed by socio-technical
regimes, which can be thought of as the locus of established practices and associated rules that
enable and constrain incumbent actors in relation to existing systems (Geels, 2014). The microlevel is formed by technological niches, where the development of radical innovations first
takes place. As novel niches are exogenous to the dominant regime, the requirements, design
and implementation of said technologies can be loosely defined, as they are not exposed to
market selection. The macro-level is formed by the socio-technical landscape, which consists
of system-exogenous aspects that impact socio-technical developments on a more general
level, be it digitalization, globalization or the environment.

Figure 5: The three levels described in the MLP framework (Geels, 2006)

In order for niches to penetrate current regimes, some form of destabilization of the regimes is
required. This destabilization is induced on the macro-level, as changes, such as more stringent
policy requirements, creates a window of opportunity for novel technologies to acquire market
shares. If a novel niche-innovation manages to reach the mainstream market, it will initially act
in a hostile environment, as the established practices of the dominant regime is unlikely to
favour the new entrant. This is true for several dimensions, among them; economic, technical,
political, cultural and infrastructural (Geels, 2014).
Geels argues that in many discussions regarding low-carbon transitions, the role of incumbent
firms is by and large viewed in a negative light. Incumbent firms are part of the regime, are
resistant to change, and are viewed as part of the problem. While this is often true, it places
very high hopes on new entrants, which in many cases may lack the competence and financing
to successfully scale-up their product. Geels also argues that while the diffusion of “green”
niche-innovations is essential, it is equally important to understand and facilitate the
destabilization and decline of fossil-fuel based regimes. He concludes the first section of his
paper by drawing on an analogy between Schumpeter’s creative destruction concept and the
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scenario described above, arguing that further emphasis should be placed on the “destruction”
component (Geels, 2014). Geels states two alternative transition pathways typologies for the
role of incumbent firms, (1) regime transformation and (2) regime configuration.
3.3.1 Regime transformation
For this pathway, Geels states that the incumbent firms gradually re-orientate their strategy
towards the radical innovation that will cannibalize on the old regime. However, he continues
to explain that while incumbents may play a part in the solution, taking the “green” reorientation of the energy and automotive as examples, it will require external pressure from
policy makers, consumer and society. The reasons for resisting change are many for the
incumbents. The current regime offers relatively reliable revenue streams, and strategic reorientations are risky, especially when there is so much uncertainty in the market, both from
consumers and regarding which policies that will be enacted. Additionally, incumbents want
to protect their sunk costs and maximize the lifetime of their investment (Geels, 2015).
3.3.2 Regime configuration
For this pathway, Geels states that coalitions between new entrants and incumbents are formed.
Components developed in niches that are symbiotic with the dominant regime may be added
onto existing products or replace an existing component (Geels & Schot, 2007). Playing only
a minor part initially, continuous reconfigurations could trigger further adjustments in the basic
architecture of the regime. In terms of impact on actors, Geels (2007) states that the
reconfiguration pathway may not eliminate regime actors, but it puts increasing pressure on
component suppliers.
Lastly, Geels lists three core drivers needed for successful strategic reorientations (Geels,
2015):
•
•
•

Rising public attention
Strengthening policies
Materialization of market demand

In terms of differentiating between transitions, two typologies can be applied. Transitions can
be either spontaneous, or they can be goal-oriented (van den Bergh & Oosterhuis, 2008).
Examples of spontaneous transitions are electrification and the shift from horses and wagons
to cars. Goal-oriented transitions are intentional and are often driven or initiated by public or
political pressure, with a clear post-transition objective. Examples of such transitions would be
the renewable energy transition or the shift that is occurring in the automotive industry towards
greener vehicles. Another typology refers to the complexity of the transition, classifying them
as minor, intermediate, or major transitions. This classification refers to the number of
stakeholders involved, the level of disagreement on issues and solutions, and the presence of
externalities (van den Bergh & Oosterhuis, 2008).
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3.4 Strategic niche management
The success of a novel niche is not only dependent on successful progression within the niche
itself, but is linked to the structural problems, shifts and changes within the existing regime(s)
(Hoogma, Kemp, & Schot, 1998). This echoes statements made by Geels, arguing that the
destabilization of current regimes is equally important as fostering conditions for niches to
thrive. The shift from a carbon-based transport system to a more renewable system present a
large problem for policy makers, as they must no longer promote a single technology, but a
shift to a novel integrated socio-technical system (Hoogma, Kemp, & Schot, 1998). They must
promote this system change, while ensuring that no major transitions problems are created.
One of the simplest forms in terms of incentives is to tax negative externalities while rewarding
positive externalities. Another strategy is to plan for the creation of a new socio-technical
regime, but this approach is in many cases too complex and uncertain for governments to
execute properly (Hoogma, Kemp, & Schot, 1998). A third way for policy makers to facilitate
the transition is to exert pressure on current socio-technical change in order to steer it in a
desirable direction (Hoogma, Kemp, & Schot, 1998). This is known as strategic niche
management.
Strategic niche management is defined as follows:
"strategic niche management is the creation, development and controlled phase-out of
protected spaces for the development and use of promising technologies by means of
experimentation, with the aim of (1) learning about the desirability of the new technology and
(2) enhancing the further development and the rate of application of the new technology”
(Hoogma, Kemp, & Schot, 1998).
In terms of the aim of strategic niche management, the following is said:
“Strategic niche management is aimed at exploring options for co-evolution of technologies
and its contexts. Creating path dependencies too early by focusing on a specific technology
may lead to a mismatch between emerging application conditions and the chosen new
technology. Strategic niche management as a transition tool rather than a market introduction
strategy will have to allow for a variety of technological options and explorations of these
options, while simultaneously working towards the embedding of these options” (Hoogma,
Kemp, & Schot, 1998).

3.5 Large-Technical Systems (LTS)
The term LTS was coined by Thomas P. Hughes (Hughes, 1983). Technological systems are
said to contain a large number of components, and these systems are both socially constructed
as well as society shaping. The components of these systems include physical artefacts, such
as the engine in an automobile, as well as organizations and non-physical legislative artefacts
such as regulatory laws. The artefacts in the said system interact with other artefacts, physical
or non-physical, and directly or indirectly contribute to the goal of the system (Hughes, 1987).
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“Technological systems solve problems or fulfil goals using whatever means are available and
appropriate” (Hughes, 1987)
If a component in the system is altered or removed, the related artefacts will adapt to the novel
system accordingly. One driving force behind system development is expressed through the
concept of system builders. This concept introduces human agency into the development of
LTS, referring to individuals and organizations that mould and align technical and nontechnical components into a sociotechnical totality (Van der Vleuten, 2009). As the
components in an LTS are developed by system builders and their associates, they are said to
be socially constructed artefacts. A core aspect of LTS is to view systems, for example an
electricity system, not as something purely technical, but as a socio-technical system (Kaijser,
2005).
Attempting to describe the evolution of LTS in the late 19th century, a loosely defined pattern
is utilized. The expansion of a system is divided into discernible overlapping phases; Invention,
development, innovation, transfer and growth, competition, and consolidation (Hughes, 1987).
This development can be likened with a so-called S-curve and is illustrated in Figure 6 below.

Figure 6: An illustration of a S-curve

Inventions can be classified either as radical or as incremental, where radical innovations usher
in a new system while incremental inventions contribute to the existing system. If successfully
developed, radical innovations result in a novel technological system. In the development phase
the novel system is adapted to political, economic and social characteristics required to survive
in the intended environment. An innovation phase adds complementary components, enabling
the system to enter the market. In the growth and competition phase, the system expands and
competes with rival systems. In the consolidation phase, the system has matured and has
developed a degree of momentum that makes it difficult to change it. During any of the
aforementioned phases, a technology transfer can occur, where one or several components are
exported to a novel context or system (Hughes, 1987).
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As the system expands, new problems emerge, some of which can be labelled reverse salients.
Reverse salients are defined as “components in the system that have fallen behind or are out of
phase with the others” (Hughes, 1987). In order to correct a reverse salient, it can be defined
as a set of critical problems, which when solved will correct it (Hughes, 1987). The emergence
of these problems can be tied to new market conditions, environmental concerns, regulatory
changes, or a lack of raw materials (Blomkvist, 2016). An illustration of a reverse salient is
shown in Figure 7 below.

Figure 7: An illustration of a reverse salient of a system

After prolonged expansion and consolidation, technological systems acquire momentum.
These systems have a mass of technological and organizational components, a direction or a
goal, and a rate of growth which can be likened with a velocity. Systems with a high level of
momentum are often described as having the quality that is analogous to inertia of motion.
Additionally, LTS with high momentum tends to exert a pressure for continued development
in a similar direction on other systems, groups and individuals (Hughes, 1987). The LTS
framework has historically been used to analyse the development of electricity systems, railway
systems, telecommunications systems and other large, well defined systems (Kaijser, 2005).
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4. Methodology
4.1 Research design
This thesis was conducted through three steps. First, a pre-study was carried out, followed by
a literature review and it was concluded with a main study containing interviews, workshops
and seminars.
As the transition being studied is still in its cradle and involves a large number of active
stakeholders, a qualitative case study was deemed most suitable in terms of research design
(Yin, 1994). General case studies can be of use to a wide range of stakeholders, which is the
intention of this thesis, and are effective when attempting to address questions relating to how
and why (Rowley, 2002). In terms of the technical transition studied, several similarities
between the electrification of cars and that of the contemporary electrification of heavy-duty
transportation exist (Hasselgren, 2019), and this perspective was hence deemed valuable to
include within the scope of this thesis, particularly the aspects concerning the provision of
stationary charging facilities. To learn more about the provision of charging infrastructure for
electric cars, as well as development in the battery manufacturing industry, literature, technical
papers and trade magazines were studied.
Given the research questions it was deemed necessary to take a holistic approach in terms of
which stakeholders to interview as the introduction of electric trucks will usher in a novel ecosystem which might contain different actors than the incumbent firms. The key stakeholders in
this novel eco-system, judging from both the literature as well as past and ongoing electric road
systems (ERS) projects, are the truck manufacturers, the end-users, utilities, power electronic
companies and battery manufacturers. These actors were approached in order to get their
perspectives on the electrification process for heavy-duty transportation, and where they see
their company, and society, positioned in this transition. Within these industries, the chosen
interviewees were contacted due to their positions, and in extension their assumed knowledge,
and their seniority. The thesis highlights aspects regarding both stationary charging as well as
dynamic charging in the form of ERS. The emphasis is slightly higher on the latter alternative,
as the empirical components of this thesis touched slightly more on ERS than on stationary
charging. The described scenarios in chapter 6 are not fully developed scenarios done in
accordance with a specified framework for scenario development (OECD, 2006), and they may
therefore include several pitfalls.

4.2 Pre-study
The pre-study was split into two parts. The first part was conducted through meetings with
senior staff at the Swedish Transport Administration, as well as reviewing relevant background
documents provided by the Swedish Transport Administration. The purpose of the initial
meetings was to get an overview of how the Swedish Transport Administration viewed ERS,
what they had done previously, and what they were planning on going forward. The second
part was conducted through a brief literature review of publications from organizations such as
the European Commission and the International Energy Agency (IEA). The purpose of the
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second part was to get a better understanding of the truck industry landscape, and the transition
to alternative fuel technologies. As this technological shift is highly driven by legislation, it
was deemed relevant to delve deeper into the political views on how to reduce greenhouse gas
(GHG) emissions from the automotive sector.
When the pre-study was concluded, a goal was that the research questions would be more
refined, which in turn would steer the direction of this thesis. Another goal was to have an
overview of which technologies that were championed as the most efficient ways of reducing
GHG emissions from the transport industry in the coming decades.

4.3 Literature review
The literature review was carried out using primarily Google Scholar, Google Search and
KTHB-Primo. These sources were utilized as they offer a simple user interface with a wide
range of relevant articles. The aim of the literature review was to create a foundation that would
enable the author to ask more relevant questions about the complexities regarding the provision
of charging infrastructure. A purpose of the literature review to learn more about the
electrification of the heavy-duty transportation sector. Electrification for automobiles is not a
novel concept, or light-duty trucks (LDTs) for that matter, but the electrification of heavy-duty
trucks (HDTs) is not something that has been on the agenda for incumbents until recently. As
this transition has not been attempted on a commercial scale previously, learnings from the
automotive industry precedes those of the truck industry. These learnings were therefore taken
as indicators of what needs and challenges that the truck industry will face when heavy-duty
transportation is electrified.
The literature review was split into three parts. The first part briefly covered topics relating to
the transportation sector, ERS, and the provision of charging infrastructure required by electric
vehicles. The second part covered the main barrier of electric vehicles, the battery. It details
the development of batteries in the last decades, in terms of market actors, chemistries and
useful metrics such as $/kWh and energy density. The third and final part covered the
theoretical background of the thesis. The literature review was conducted continually between
January to April, in an iterative form as the direction of the thesis was refined and improved.
As the development in the battery manufacturing industry has been exponentially improving
in the past decade, academic papers covering these developments quickly become outdated,
both in terms of the preferred chemistry, but also in regard to key metrics such as energy density
and price. Due to this, scientific articles relating to battery technologies were mainly reviewed
if they were published in the past three years. In order to incorporate more recent information
in regard to batteries, informal discussions were held with people knowledgeable in the subject,
and branch magazines and consultancy reports were reviewed.

4.4 Empirical components
4.4.1 Interviews
Eight interviews were conducted in the main case study and two interviews were conducted in
the pre-study. The interviews were constructed as semi-structured interviews with open ended
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questions. The purpose of the data collection was to learn about, and validate, how different
stakeholders view the electrification of heavy-duty transportation. The chosen individuals were
approached as they were deemed the most suitable persons to be interviewed at their respective
employers, due to their unique strategical positions and considerable knowledge in the field of
electrification. The interviews were conducted with project managers at the Swedish Transport
Administration, Volvo and Scania, E-mobility managers at E.ON and Vattenfall, two senior
business developers at Northvolt, Lina Bertling Tjernberg, professor in power grid technology
at the Royal Institute of Technology (KTH), Rakel Wreland Lindström, associate professor in
chemical engineering at KTH, and a manager at Preem. The interviewees largely belonged to
one of the four identified key stakeholders. (1) Utilities, who would be responsible for the
electrical infrastructure development; (2) Oil & Gas companies, who currently operate the
refuelling infrastructure for HDTs; (3) OEMs, who would be responsible for producing hybrid
or fully electric trucks, and (4) Battery Manufacturers who would be responsible for providing
cells, modules and packs to the truck OEMs. Other knowledgeable experts and scholars in the
field of electrification and e-mobility were also interviewed. A list of the conducted interviews
is shown in Table 1 below.
Table 1: List of interviewed actors
Interview

Pre-study

Main study

Role

Type

Length

Date

1

Actor
Swedish
Transport
Administration

Assistant Project Manager

Phone

70 min

20190211

2

KTH

Professor

Phone

25 min

20190218

3

Northvolt

Business Developer

Phone

25 min

20190227

4

E. ON

E-mobility Manager

Phone

50 min

20190307

5

Northvolt

Business Developer

Phone

30 min

20190313

6

Scania

Manager

Phone

44 min

20190322

7

Preem

Manager

Phone

45 min

20190403

8

KTH

Associate Professor

In person

35 min

20190405

9

Volvo

Manager

Phone

44 min

20190412

Vattenfall

E-mobility Manager

Phone

54 min

20190426

10

Please see Appendix 1 for the interview guide.
Motivation of interviewed individuals’ employers
Through conducting the pre-study, and looking at the automobile industry at large, it became
evident that the roll-out of charging infrastructure is a pain point and a barrier for the successful
diffusion of electric vehicles. In order to learn more about this topic, two of the largest utility
companies in Sweden, E. ON and Vattenfall were contacted.
In terms of fuel infrastructure, many incumbents are adapting their value proposition to include
electrical charging stations at their gas stations, as can be seen among large actors in Sweden
such as Circle K, Preem, Shell and OKQ8. In order to assess the probability of such a shift for
the commercial diesel facilities, Preem was contacted.
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Scania and Volvo are two of the largest truck manufacturers in the world, and through their
involvement and expressed interest in past and current ERS projects, as well as other electric
initiatives, they have showed that they are intent on gradually transitioning to electrical
powertrains. This insight in combination with the fact that both companies are producing trucks
in Sweden, for the Swedish market, and hence have to obey Swedish laws in terms of
emissions, made them attractive actors to interview.
Northvolt, although not producing cells at the time of writing, is one of few European
companies that are attempting to produce Li-ion cells on a large scale. In order to reduce the
bias of these interviews the information regarding batteries was triangulated through
complementary articles and interviews. Northvolt’s unique position and knowledge in the field
of lithium-ion batteries (LIBs) were the reasons for including them in this study.
Interview topics
The topic for each interview was the electrification of heavy-duty transportation, an in
extension the emergence of a novel regime, and how the company at hand viewed the current
barriers and opportunities with such a transition, and the projected situation going forward
regarding this topic. The purpose of these interviews was to get an insight in how the
stakeholders reasoned, and to see how aligned the different stakeholders were in their
projections. The interviews were initiated with a set of prepared questions, but they tended to
gravitate to more open discussions as the interviews progressed. The interviews were mainly
qualitative in their nature, discussing the market developments within the different fields. Due
to the uncertainty and sensitivity of certain topics, such as market forecasts and stakeholder’s
stances on market development, interviewees tended to favour phrasing answers in qualitative
terms instead of quantitative.
This was unfortunate, but expected, as market projections are more or less uncertain, and few
companies seek to publicize internally developed forecasts. The shift to e-mobility is in its
cradle, and especially when referring to HDTs. As the transition to electric trucks is in such an
early stage, there is a large sense of uncertainty among stakeholders. Due to this uncertainty,
many stakeholders are themselves not convinced of how the turn of events will develop. An
interviewee from Northvolt was asked to estimate three quantitative scenarios, using a KPI
chosen by the author; a worst case, a moderate, and an optimistic scenario in terms of energy
density and price for lithium-ion batteries. KPIs were requested by the author in all conducted
interviews, but all companies except Northvolt either did not answer the request, or it was
answered with the condition of not being published. This data was collected in order to create
benchmarks for the brief scenario developments.
4.4.2 Events
Two events were attended during the spring.
1. Electric Road Systems: Organized by the Swedish Transport Administration
Workshop 1 2019-03-11 Solna Strand 13.00-16.00 “The operator role”
Workshop 2 2019-04-05 Solna Strand 9.30-12.30 “Calculations for electric road systems”
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Workshop 3 2019-05-13 Solna Strand 13.00-16.00 “System for measuring, access control
and billing”
The first event was a trio of workshops organized by the Swedish Transport Administration,
concerning the operator role of ERS in Sweden. The invited actors represented the key
stakeholders in the forthcoming pilot, and potential full-scale, ERS project, including
companies such as Siemens, Alstom E. ON, Vattenfall, The Swedish Association of Road
Transport Companies, WSP, Volvo and Scania.
Representatives from the Swedish Energy Markets Inspectorate and the law firm Mannheimer
Swartling were also present in order to include the legal aspects that the implementation of
ERS would entail. Each workshop was initiated with a short introduction of the attending
representatives, followed by a review of the workshop agenda. The workshops were moderated
by consultants from the accounting firm EY. Following the introduction, intersectional groups
were created, with the ambition that each group would contain a width of stakeholders, ranging
from utilities to original equipment manufacturers (OEMs) to lawyers. Frameworks, ideas and
issues were then introduced by the moderators, and these topics were discussed in each group,
and were finally presented in plenary at the end of the session.
These workshops were attended in order to get access to key stakeholders in a different kind
of context outside of interviews, and in order to observe how different stakeholders interacted
with each other. It also enabled the author to hold informal discussions with several
stakeholders at once. The observed stance of different stakeholders towards ERS and stationary
charging, optimistic or pessimistic, was also noted and was of great value to the author.
2. Electrification: Threats and opportunities: Organized by Rifo
Seminar 2019-04-10 Swedish parliament 17.00-19.00
The second event was a seminar organized by Rifo at the Swedish parliament. Rifo is a platform
intended to facilitate interaction between academia and politics in Sweden. The central topic
for the seminar was the increasing importance of electricity in society and the threats and
opportunities that Sweden will face in the coming decades due to this electrification process.
Examples of increased electricity use in sectors that historically have not utilized electricity to
a large extent were; the electrification of the steel industry, exemplified by the HYBRIT
project, the establishment of data centres, and the electrification of the transport sector. The
event consisted of a short introduction followed by two panel discussions. The first panel
discussion consisted of representatives from five companies, Scania, the Swedish Transport
Administration. The Confederation of Swedish Enterprise, the Swedish Electromobility Centre
and Vattenfall. The second panel discussion consisted of four members of the Swedish
parliament, with each member being responsible for energy related questions for their
respective political party; The Centre Party, The Liberals, The Moderate Party and the Social
Democratic Party.
The reason for attending the event was to get exposure to senior politicians, and to get their
perspectives on the issues and opportunities that the electrification process entails.
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4.5 Research quality
4.5.1 Reliability
Reliability refers to the replicability of the research. In terms of the academic and scientific
content included in this thesis, the access to that content, and the conclusions drawn from that
content would be easily replicable. The data collected from interviews and workshops is
however hard to replicate as the landscape and conditions for the studied transition is
continually changing. Additionally, several interviewees requested varying degrees of
anonymity as certain interviews were quite informal and the interviewees were quite
outspoken. This negatively impacts the reliability of the conducted study. However, the unique
positions of the interviewees and their very knowledgeable opinions were deemed as valid
reasons for including the material collected regardless of the degree of anonymity requested.
Each interviewee was asked for a meeting in person, but the majority of the interviews were
conducted over the phone due to the preference of said interviewees. This thesis is based on a
limited number of interviews and observations, and the conclusions drawn from this material
is not indicative of said companies’ views on electrification but are the perspectives and
thoughts of key employees. In order to validate the collected material, it has been triangulated,
cross-checking the data from multiple sources, asking the same questions to interviewees with
similar positions, and in applicable cases analysing journals, company websites and trade
magazines. The development of ERS and stationary charging facilities for electric heavy-duty
trucks (HDTs) has hopefully progressed to a different stage in the 2020s, and hence different
challenges and opportunities would present themselves at that point. To evaluate something
ex-ante and ex-post is in this scenario something vastly different and asking similar questions
to the same people interviewed years later would most likely yield different answers.
4.5.2 Validity
There exist many different forms of research validity, be it construct validity, external validity
or content validity (Cohen, 2007). Validity regarding qualitative data, as this thesis is centred
around, might be addressed through the scope of data achieved, the chosen participants, and
the extent of triangulation (Cohen, 2007). It is hard to assess the construct validity of the
research as it is conducted ex-ante, but as batteries are viewed as a core component in the
electrification of the transport sector, it is reasonable to assume that developments in the battery
manufacturing industry will affect the development of electrical charging infrastructure in
some shape or form. In terms of external validity, the findings of this study are primarily
applicable within the transport sector, and to a lesser extent applicable to general transitions to
novel systems. In terms of content validity, the classification of companies involved in the case
study, utility companies, governmental agencies and manufacturing companies, is deemed as
a representative sample of industries. Within each sampled sector there is however not a great
width of companies represented, and the opinions and visions of Preem might differ from what
other actors in the same industry such as Circle K or OKQ8 have in mind.
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4.6 Ethical considerations
When contacting interviewees, the thesis sponsor and the aim of the thesis was always stated
in written form. The purpose of receiving the informed consent was to ensure that the
interviewee was aware of why the questions were asked, and how the data extrapolated from
the interview was intended to be used. Interviews were not recorded due to the explicit wishes
of the interviewees; which required the author of this thesis to take notes more frequently and
meticulously. When the interview was initiated, the aim of the thesis was once again repeated.
Certain interviewees explicitly stated the wish to be anonymous, while others did not. The
decision to mask the names of all commercial interviewees was however made, in order to
minimize the exposure of said interviewees.
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5. Findings
Section 5.1 covers the findings from written sources regarding batteries and battery technology.
Section 5.2 covers the findings from the interviews, seminars and workshops conducted and
attended by the researcher regarding the electrification of heavy-duty transportation.

5.1 Batteries and battery technology
5.1.1 The components and functionalities of a battery
A battery is composed of three main components, detailed in Figure 8 below.

Figure 8: The three components of a battery

It consists of two terminals made from different chemicals, a cathode and an anode, and an
electrolyte, which separates the two terminals (MIT, 2012). The function of the electrolyte is
to connect the two electrodes, the cathode and the anode, so that the chemical potential of the
two terminals can equilibrate from one to another, converting chemical energy into electrical
energy (MIT, 2012). In a charged battery, the two electrodes initially have different chemical
potentials, and the battery will produce electricity until the two electrodes have the same
chemical potential. The stored electrical energy of a cell is referred to as its capacity, and it is
usually expressed in ampere-hours (Ah) or milliampere hours (mAh) (Battery University,
2019). The capacity of a cell can be estimated by discharging the cell at a constant current and
noting the elapsed time until the battery is depleted (Battery University, 2019). To illustrate, a
cell rated at 3000 mAh could deliver 3 ampere (A) continually for an hour until an equilibrium
of chemical potential is reached. Depending on the chemistry of the cell, it can, continually, be
charged and discharged at lower or higher rates. A battery can either be primary, meaning that
its reaction is one-directional and that it is only capable of transforming chemical energy to
electrical energy, or it can be secondary, meaning that aside from being able to transform
chemical energy to electrical energy, it is designed so that an external source of electricity can
reverse the reaction, transforming electrical energy back into chemical energy (MIT, 2012).
Primary batteries are also known as non-rechargeable, and secondary batteries are known as
rechargeable batteries.

40

5.1.2 A brief history of batteries
The birth of the battery is generally accepted to be attributed to two Italian scholars, Luigi
Galvani at the University of Bologna, and Alessandro Volta at the University of Pavia, at the
end of the 18th century (Scrosati, 2011). The first secondary battery was invented by French
scientist Gaston Planté, who in 1859 invented the rechargeable lead-acid battery (Scrosati,
2011). The invention of the lead-acid battery was followed by the invention of the rechargeable
nickel-cadmium battery, which offered a higher energy density, by Swedish engineer Waldmar
Jungner in 1899 (Scrosati, 2011). Following the inventions of Planté and Junger, not much
innovation occurred in the field of battery development for most of the 20th century, as the
incrementally improved lead-acid and nickel-cadmium batteries sufficiently met the
requirements of most technological uses at that time, electric vehicles not included (Scrosati,
2011).
It was not until a series of innovations in the late 1960s, among them; implantable medical
devices, military devices, and consumer electronics, prompted a demand for portable energy
that developments in the battery sector surged again (Scrosati, 2011). It was quickly realized
that conventional batteries, based on the concepts of Planté and Junger, could not meet the
needs of these fast-developing applications. It should however be mentioned that lead-acid and
nickel-cadmium batteries are still used in a range of less-demanding applications in 2019,
mostly due to their low cost. These novels devices required very compact batteries that had a
long operational life, and the low energy density of conventional batteries meant that they were
too heavy, and too large, to be suitable for such applications (Scrosati, 2011). A new type of
battery was needed to meet the requirements of these emerging applications. The breakthrough
came with the development of lithium-ion batteries.
5.1.3 A brief history of Li-ion batteries
The development of lithium-ion batteries began in the 1950s, as it was discovered that lithium
had very favourable properties for developing high energy density batteries (Brandt, 1994).
Primary, non-rechargeable, LIBs were developed, and reached the market in the early 1970s,
being utilized by military as well as consumer and medical applications. Secondary,
rechargeable, LIBs were also being developed, but at a slower pace. The announcement of
Exxon’s room temperature rechargeable system being commercialized in the mid-1970s led to
an upswing for secondary LIBs, and since then many rechargeable systems have been
developed and sold. The type of cell being utilized at the initial stage of LIB development was
the coin cell, which was mainly used in consumer products such as cell phones, video recorders
and laptops, with Japan championing the efforts (Brandt, 1994). In terms of larger cells, other
form factors such as cylindrical and prismatic cells are mentioned (Brandt, 1994). It is
concluded that the beneficial properties of LIBs, efficient cycling, high energy density, and the
potential to reach cost parity with other chemistries such as Ni-Cd, would make lithium systems
attractive for “electric vehicle batteries and other large battery applications” (Brandt, 1994).
5.1.4 The Li-ion market in 2019
LIBs are no longer limited to consumer products such as cell phones and laptops, but are
deployed in electric vehicles, grid storage, portable power tools and many other applications.
The LIB market is expected to grow at a compound annual growth rate of 16.2 % between
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2018-2024, from $ 37.4 Billion USD in 2018 to 92.2 Billion $ in 2024 (Research and Markets,
2019). There exists a wide range of LIBs, which all have different characteristics. They differ
in terms of emphasis on energy and power, cycling, weight and charge and discharge
capabilities, to name a few parameters (MIT, 2008). Different applications, be it energy
stationary storage, electric vehicles or power tools, have different requirements, and hence the
optimal battery, both in terms of size and in terms of chemistry, differ depending on its intended
end-use (Dahlin M. B., 2019).
The automotive industry’s transition to producing electric vehicles is a large motor in the
demand growth for LIBs (Northvolt, 2019). Batteries intended for electric vehicles, among
other things, require a high energy density as well as efficient cycling, and for this reason,
actors have chosen to focus on the development of the cells that offer a favourable mix of these
properties. Actors such as Tesla, and their partner Panasonic Sanyo, are opting for nickelcobalt- aluminium (NCA) cells while companies such as Daimler and LG Chem are opting for
nickel-manganese-cobalt (NMC) cells (Daimler AG, 2018). In terms of classifying the
chemistries, the abbreviations used refer to the composition of the cathode, and the order in
which they are presented represent the proportion in which they are used.
5.1.5 Industry structure and market shares
The industry can be split up into three segments. Batteries can be produced at a cell-level,
assembled into different configurations, in terms of mounting them in series or in parallel, on
a module-level, and finally assembled on a pack-level (MIT, 2008). The two latter levels often
include some form of battery management system which is intended to optimize the operation
of the battery system and to prevent thermal runaways, overheating, from individual cells
(Dahlin M. B., 2019). While there are several examples of western module and pack builders,
Akasol and Alelion to name two, the dominance in the cell manufacturing industry remains
firmly seated in the east, with countries such as Japan, China and South Korea having most of
the market share for LIBs intended for the automotive industry. This is illustrated in Figure 9
below.
Global Market Shares for EV LIBs
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Figure 9:Li-ion cell manufacturing market shares. Data from (J.P Morgan, 2018
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Other notable actors in the cell manufacturing industry includes; BYD (China), SK Innovation
(South Korea), Hitachi (Japan) and Toshiba (Japan).
5.1.6 Battery technology challenges
Rapid development: What chemistry and form factor will reign supreme?
Batteries intended for electric vehicles have to strike a balance between several key parameters:
•
•
•
•

Capacity
Power
Cycling life
Cost

The battery system must be able to power the engine of the vehicle, enable the vehicle to travel
a certain distance, guarantee a certain lifetime of the vehicle, all at an affordable price. The
level of complexity in achieving this balance increases as the requirements on the vehicle
increases, be it in terms of range, weight or charging time. Lithium-ion batteries (LIBs) are
widely regarded as the optimal product for automotive applications. Within the sub-set of LIBs,
there exists a wide range of different LIB types (Battery University, 2018). Aside from different
subsets of LIB chemistries, there are also different shapes of batteries, commonly referred to
as the form factor. All three form factors can be used in a range of applications, ranging from
portable power tools to electric vehicles, to energy storage for grid applications. The three most
common form factors are cylindrical cells, prismatic cells and pouch cells.
These form factors differ in size, and they all come with their own advantages and
disadvantages. The cylindrical cell has good cycling capabilities and is relatively cheap to
produce, but it is relatively heavy, and the cylindrical form of the cell leads to sub-optimal
packaging as the space between the cells forms cavities (Battery University, 2019). The two
most common sizes for cylindrical cells are referred to as 186504 and the newer, larger version
of 21700 (Battery University, 2019). The increase in volume increases the amount of electrode
material in the cell, basically doubles the capacity, going from roughly 3000 mAh per cell for
the 18650, to roughly 6000 mAh per cell for the 21700 (Battery University, 2019).The
prismatic cell is very space efficient, due to its shape and its flatness, but it is more costly to
produce than the cylindrical cell (Battery University, 2019). The pouch cell is light and costeffective, but it is more sensitive to external parameters such as heat and humidity than that of
cylindrical and prismatic cells (Battery University, 2019).
While it is unclear which form factor will become the standard for the automotive industry,
with the choice likely being between cylindrical and prismatic cells, it is believed that the
nickel-manganese-cobalt (NMC) chemistry is currently the best suited chemistry for the
automotive industry. In order to increase the capacity of the cell, in turn increasing the range
of electric vehicles, the proportion of nickel used in the cathode is being increased. NMC is
currently commercialised as 1-1-1, meaning each material constitutes a third of the cathode,
with the commercialization of 6-2-2 expected sometime around 2020, and the
commercialization of 8-1-1-is expected to follow. While this shift towards nickel increases the
4

The first two digits refers to the height of the cell in millimetres, and the two following digits refer to the
diameter of the cell in millimetres
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capacity of the cell and decreases raw material costs, as nickel is cheaper than cobalt, it
decreases the cycling life of the cell, and it is unclear what impact this trade-off will have.
(Wrelander, 2019)
In terms of the anode, cell manufacturing companies are in the short-to medium term
attempting to mix in silicone with graphite, allowing for an increased share of lithium, which
in turn increases energy density (Wrelander, 2019). Regarding the cathode, cell manufacturing
companies are as previously mentioned, moving towards compositions that are heavier on
nickel. A third type of development is that of organic polymers, which would reduce the
dependence on metals for lithium-ion batteries (LIBs) (Wrelander, 2019). The introduction of
so-called solid-State batteries is believed to be several years away (Business Insider, 2018).
Large amount of money is being spent investing in R&D for LIBs (Reuters, 2019), and the
access to, and capability of producing, batteries increasingly seen as something that is
strategically important (European Commission, 2019). As a certain technology, or chemistry,
is prioritized and improved, the ambition is that the R&D efforts in combination with large
scale production will drive down prices and increase the performance of said product
(Wrelander, 2019). Patenting, testing and manufacturing cells is however a very time and
money intensive process (Dahlin M. B., 2019), and due to these historical actions, development
is likely to continue along the same initial trajectory. As the development in the battery
manufacturing sector is so rapid, choosing to allocate funds to a certain chemistry and form
factor is hence not entirely without risk, as novel chemistries and form factors may be
developed, making older standards less appealing, or even obsolete, as illustrated with previous
shifts away from chemistries such as lead-acid and nickel-cadmium.
Supply and demand mismatch
Two large issues for the battery manufacturing industry, and interrelated industries, are the
sourcing of materials, and the production capacity (Wrelander, 2019). Producing hundreds of
gigawatt hours (GWhs) requires immense amount of materials, and many of the components
used in LIBs, specifically cobalt but also lithium to a certain extent, are concentrated in a few
select countries. This is illustrated in Figure 10 and Figure 11 below.
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Lithium Ore Mine Production 2017
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Figure 10: The five largest lithium ore producers by country. Data from (USGS, 2018)
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Figure 11: The five largest cobalt producers by country. Data from (USGS, 2018)

As Congo is notoriously unstable, and cobalt is very expensive, many manufacturers are
attempting to decrease the dependence of cobalt by reducing the proportion of cobalt used in
their cells (Wrelander, 2019).
In regard to production capacity, investments in the sector are very rapid. Firms such as Tesla
are continually expanding their Gigafactory network (QZ, 2019), and the announced volumes
of cell manufacturers, measured in gigawatt hours (GWh), and automotive companies,
measured in units of electric cars, are continually changing as the market landscape changes
(Bloomberg, 2019). In terms of projects that are planned, commissioned and under
construction, in regard to the cell manufacturing capacity, the six largest companies have a
combined volume of roughly 475 GWh between them (Bloomberg, 2019). While that is a
staggering amount of cells produced, just the Volkswagen group alone estimates that it needs
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more than 150 GWh per year5 up until 2025 for its own electric vehicle production
(Volkswagen, 2018). It is therefore not unlikely that the balance between supply and demand,
in the short term, will be heavily distorted (Davidsson, Höök, & Vikström, 2013). To prepare
for the growth of the battery market, which will primarily be driven by the diffusion of electric
vehicles, a large-scale end-of-life strategy for batteries must be established in order to minimize
the discrepancy between supply and demand, and in order to minimize the environmental
impact of battery manufacturing (Northvolt, 2019). Two ways of addressing this is to establish
commercial recycling facilities, as well as facilitating the second-life use of partially depleted
batteries. (Northvolt, 2019)
In conclusion, developments in the battery manufacturing industry has historically been quite
sporadic, with sudden surges of innovation and investments, followed by decades of decreased
activity. As of 2019, batteries, and electrification, are heralded as the future for many industries,
among them the automotive and transport sector. The projected market development for
batteries, and lithium-ion batteries (LIBs) to be more specific, are overall quite optimistic, but
there exist uncertainties regarding; choice of chemistry, choice of form factor, the pace of
technical progress and price developments, and the ability to meet market demand.

5.2 The electrification of heavy-duty transportation
The findings from the interviews, workshops and seminar are described below. The two key
issues mentioned by stakeholders were uncertainties regarding battery development, and in
extension the viability of electric heavy-duty trucks (HDTs), and uncertainties regarding the
timing of market introduction, placement, and ownership, of charging infrastructure provision.
While the short-term prospects for electric HDTs are deemed uncertain, with several incumbent
actors favouring alternative pathways such as biodiesel and liquid natural gas (LNG), electric
HDTs are nonetheless heralded as potential pathway forwards for HDTs, as they are believed
to have the lowest total cost of ownership (TCO) in the long-term. The identified issues below
are divided into four themes;
•
•
•
•

(1) Uncertainties regarding battery development
(2) The timeline of commercialization for electric heavy-duty trucks
(3) Provision of charging infrastructure: Stationary charging
(4) Provision of charging infrastructure: Dynamic charging (ERS)

Theme 1: Uncertainties regarding battery development
All interviewed stakeholders raised one or several issues with batteries. The comments were
however largely qualitative, stating that batteries are “problematic”, “too heavy” and “too
expensive”, without listing any characteristics of what a positive, or negative development
would mean in terms of charging rates, price, weight or energy density. No interviewed
stakeholder in the OEM, utility or refuelling industries stated a preferred chemistry or a
preferred form factor.

5

Revised to 250 GWh in early 2019 according to informal sources
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Key metrics for batteries for HDTs were stated by one stakeholder to be $/kWh and energy
density (Interview 9). Other stakeholders stated that the key metric for trucks is primarily
$/cycle, placing less emphasis on the metric $/kWh, which is the most common metric used
for electric cars (Interview 6; Interview 8). The explanation for this was that trucks, which are
commercial vehicles, are driven much further and much more frequently than cars. The lifetime
of the on-board battery system, measured in the number of cycles it can provide, therefore has
a higher priority for trucks than for cars (Interview 6). Additionally, the residual value of a
truck constitutes a large part of the total cost of ownership (TCO), and it is therefore essential
that the on-board battery can be of continued use even after its capacity deteriorates (Interview
10) .While parameters such as cycle life and metrics such as $/cycle are highly useful, business
case decisions are however stated to be made on a total cost of ownership basis (Interview 6).
This means that while the price of batteries is central, other factors such as electricity and fuel
prices also have a large impact on the financial viability of electric trucks.
Several stakeholders believe that the lithium-ion battery (LIB) chemistry nickel-manganesecobalt (NMC) will play a central role in the automotive industry in the coming years (Interview
3, 2019; Interview 8). Market projections regarding LIBs were stated to on average be quite
optimistic (Interview 3, 2019). Raw materials are a crucial factor in the price development of
LIBs, and fluctuations in the raw material market, especially lithium and cobalt, have a major
impact on the cost structure of LIBs (Interview 3, 2019; Interview 8). While there might not be
an imminent shortage of lithium in the ground, the production capacity needed to mine and
refine the lithium could be a large bottleneck (Seminar 1). Cobalt is stated to be gradually
phased out by cell manufacturers due to geopolitical reasons, as companies seek to reduce their
dependence on the world’s largest supplier of cobalt, Congo (Seminar 1).
The use of batteries shifts emissions from the tailpipe to the manufacturing and raw material
mining industries, as the manufacturing of cells, cathodes and active materials is very energy
intensive (Interview 5; Seminar 1). In order to reduce the environmental impact of the full
lifecycle of batteries, this increases the importance of manufacturing batteries with a renewable
energy mix. As the process of battery manufacturing is so energy intensive, energy efficiency
becomes an important parameter, and the energy consumption per cell produced drops
dramatically when a certain production scale is reached, acting as an incentive for establishing
so-called giga factories (Seminar 1). A second way of reducing the environmental impact of
battery manufacturing is to introduce a system for commercial recycling, where China and
South Korea are the current leading in the field of LIB recycling (Seminar 1).
Three scenarios for the price of lithium-ion batteries (LIBs) in 2025 were stated by a Northvolt
employee (Interview 3, 2019). The scenarios illustrated in Table 2 below are assumed to be
applicable for the automotive industry as the quoted prices are related to the volumes ordered.
The price is quoted on cell-level and to get an estimate for pack-level costs 25 % was added.
No specific numbers were stated in regard to the gravimetric energy density but an estimated
range of 250-300 Wh/kg on a cell level was quoted as reasonable to achieve in the time frame
of 2020-2025 (Interview 3, 2019; Interview 8). The cost of lithium-ion batteries on a pack level
has dropped from roughly 1160 $/kWh in 2010 to roughly 180 $/kWh in 2018
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(BloombergNEF, 2019). It is generally believed that the breaking point where electric vehicles
reach cost parity with gasoline equivalents is around 100 $/kWh on a pack-level (Interview 3,
2019). No breaking point in terms of energy density was however mentioned by any
stakeholder.
Table 2: Estimated cost in 2025 for automotive NMC LIBs
Worst Case

Moderate Case

Optimistic Case

Cell

110 $/kWh

90 $/kWh

80 $/kWh

Pack

137.5 $/kWh

112.5 $/kWh

100 $/kWh

Theme 2: The timeline of commercialization for electric heavy-duty trucks
The timeline for the electrification of heavy-duty trucks (HDTs) is deemed uncertain by several
stakeholders (Interview 4; Interview 6; Interview 7). While the short-term prospects for electric
HDTs are uncertain, electrification is however believed to be the most cost-efficient solution
in the long-term (Interview 6). This uncertainty in the truck industry is in turn strongly related
to uncertainties in the battery manufacturing industry, regarding price development, prospects
for performance increases, and the availability of raw material and production capabilities
(Interview 6).
The electrification of HDTs is generally viewed as a great challenge by several stakeholders,
with one stakeholder stating that it is “the absolutely hardest segment to address “ (Interview
6). Two stakeholders were more optimistic, stating that a 40-ton electric truck could be possible
within a couple of years (Interview 9; Interview 10). It was however stated that while the
market introduction of such vehicles might not be more than two or three years away, volumes
will initially be very low. It might therefore be another five years before battery electric HDTs
gain enough traction to achieve notable volumes, meaning that HDTs fuelled by carbon-based
fuels such as LNG and biodiesel are likely to remain dominant for the foreseeable future. The
developments are however very rapid, and when referring to the timeline of electric HDTs, one
stakeholder stated that “If you would’ve asked me this question a year ago, I would have given
a completely different answer” (Interview 10).
While the electrification of HDTs is viewed as something more remote, a “first wave of
electrification of commercial vehicles” is deemed to be very imminent (Interview 4; Interview
7), referring to fully electric light-duty trucks (LDTs), and to a certain extent medium-duty
trucks, and buses. Full series production of LDTs and regional medium- duty trucks is expected
in two years, a development which could benefit the case of electric HDTs (Interview 10; Volvo
Trucks, 2019). The factors that will enable the diffusion of these lighter commercial vehicles
were described as cost breakthroughs, and the probable implementation of so-called
environmental zones in major cities in Sweden and other European countries, restricting what
vehicle types that can enter the city centre (Interview 4; Interview 5; Distintivo Ambiental,
2019). These types of vehicles are described as having relatively short journey lengths with
limited loads, meaning that the technical specifications that are to be fulfilled are not as high
as in the case of electric heavy-duty trucks. As the technical as financial barriers are about to
be overcome for lighter commercial vehicles the main issue with the commercialization of
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these vehicles was stated to be the charging infrastructure that must be established in order to
support their use (Interview 4).
Theme 3: Provision of charging infrastructure: Stationary charging
In terms of charging electric vehicles, there are currently two options available, stationary
charging and dynamic charging (i.e. ERS). In terms of stationary charging, there are several
possible types of locations that might be suitable, and several types of actors that might
establish such charging facilities. Several stakeholders believe that the primary charging
location will be at terminals and depots (Interview 5; Interview 7) and not along highways.
Other stakeholders echoed this belief but added that the current truck stops would likely be
continued to be utilized (Interview 6; Interview 9). The responsible actor for establishing and
operating such charging facilities, known as a charge point operator (CPO), is believed to
initially be large logistics firms in terms of private charging stations (Interview 10). Public
charging for HDTs is at the time of writing believed to be “too far away” to have been discussed
thoroughly (Interview 10). When a stationary charging structure eventually appears, the role of
CPO might be assumed by different type of actors, including; utilities, oil & gas companies,
and OEM conglomerates such as the case of Ionity for the automobile industry (Interview 9).
One of the largest incumbent firms in terms of fuel infrastructure stated that they were tentative
in their efforts to strategically re-orientate their value proposition towards becoming an
electricity provider, stating that while electricity might become a larger part of their portfolio,
liquid fuels are their core product (Interview 7). It is currently unclear which type of actor that
will take the leadership of establishing a public charging system for HDTs (Interview 10).
Although a stationary charging structure would likely be cheaper and faster to scale, compared
to an ERS system covering the same distances, such facilities at key strategic locations would
likely have to be over dimensioned in order to avoid charging congestion (Interview 6). The
issue of congestion and potential delays was also raised in an informal discussion with a
manager from The Swedish Association of Road Transport Companies, stating that “any
increase in time spent standing still that is not synchronized with scheduled breaks would be
detrimental for trucking companies”. Assuming a battery size between 300 to 1000 kWh for a
fully electric HDT (Interview 10), using the fastest possible proposed charging option as of
2019 of 350 kW (Business Insider, 2019), it would take roughly one to three hours to fully
charge a truck. For reference, the current time needed to refuel an average HDT at a commercial
diesel station was quoted to be between six and eight minutes, at a maximum rate of 150
litres/minute (Interview 7). As the majority of goods carried by HDTs need to be delivered just
in time (JIT) (Interview 6), minimizing delays is essential for the logistics industry, and it will
become increasingly important that charging is synchronized with mandated breaks.
Establishing public fast charging stations that could accommodate several HDTs
simultaneously would require a power output of multiple MWs at each location, as achieving
an acceptable charging time might entail a power outtake of as much as 1.6 MW per station
(WSP, 2018). The grid impact of higher power outtakes is substantially stronger than in the
case of slower charging (WSP, 2018). Depending on the geographical location, there might be
issues both with energy and power capacity, as both the local and regional grids around urban
areas are already heavily strained, and grid reinforcements by Svenska Kraftnät will not be
finished until 2025-2030 (Interview 10). The issue of insufficient energy, power, and grid
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capacity is not unique to the transport sector, but is a problem affecting many industries
throughout urban hubs in Sweden (Seminar 1). Another possible issue with relying too heavily
on a stationary fast charging infrastructure would be the negative impact that continuous fast
charging, with higher charging rates and higher currents, might have on the on-board battery
systems’ capacity (Interview 8; Gao, o.a., 2017). As HDTs routinely travel long distances,
public fast charging facilities would not only be used occasionally as is the case for cars but on
a daily basis (Interview 6).
Theme 4: Provision of charging infrastructure: Dynamic charging (ERS)
Implementing large scale ERS segments is currently believed by many actors to be one of the
best solutions for reaching Sweden’s, and EU’s, climate goals for the transportation sector
(Workshop 1). In order for a truck to utilize ERS, it needs to have an electric powertrain. For
any truck with an electrical powertrain, batteries are a central component, and the financial
viability of electric trucks is heavily contingent on favourable developments of the battery
(Interview 6). In terms of dynamic charging, ERS has both strengths and weaknesses. Seen
from a TCO perspective, smaller on-board battery systems and the implementation of ERS is
currently viewed as the most cost-efficient method, as opposed to HDTs with larger battery
systems (Interview 6). It was however also stated that when battery development has reached
a certain point, these two options might reach cost parity. One stakeholder stated that the
strength of ERS is that “we have the technical capability to implement it today” (Interview 4)
which is not currently the case with many alternative technological pathways, as they are
contingent on forthcoming breakthroughs in terms of cost and performance. Other stakeholders
stated that the strength of ERS is that it enables dynamic charging, smaller on-board battery
systems, and positive grid impacts (Interview 9; Interview 10; Seminar 1).
The funding of ERS projects is deemed problematic (Seminar 1), and involved private
stakeholders requested clarity from the government in terms of funding, choice of technology,
and the business case of ERS (Workshop 2). Drawbacks of ERS were mentioned to be the
physical lock-in and dependence on ERS, the high capital investments required, uncertainties
regarding the cost reduction that increased scale would entail, and the difficulty of sharing the
costs of the system with other actors (Interview 9). There exist several regulatory issues with
the implementation of ERS (Workshop 1; Interview 9), particularly regarding grid concession.
There is also a pressing issue of supplying enough electricity to the roadside, as few highways
currently have the prerequisites for supplying power to segments of ERS (Workshop 1). It was
also stated that the main issue with ERS is not technological factors, but the construction of
sustainable business models (Interview 9). In order to achieve a positive business case, two
essential factors are (1) the physical length of the ERS projects, meaning that sections of ERS
need to be a certain length before it makes financial sense, and (2) the volume of heavy-duty
trucks that would utilize the system on a daily basis (Workshop 2). In order to avoid the
chicken-and-egg issue of electric vehicles and their corresponding charging infrastructure, the
infrastructure must come before the vehicle (Interview 9). Two stakeholders stated that if the
market was left to itself it would not spontaneously construct ERS, or at least not in a very long
time, and that the implementation of ERS is highly dependent on political will and on
government agencies acting decisively (Interview 6; Interview 9).
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The stated purpose of ERS is to reduce the dependency on fossil fuels for heavy-duty vehicles,
which in turn would reduce GHG emissions (Trafikverket, 2017). Aside from reducing
emissions locally, there are other stated benefits of ERS. One aspect which previously has
received little attention is the positive impact that ERS could have on the electrical grid. ERS
enables dynamic charging which compared to stationary charging could spread out charging
over different point of connections. This in turn means that the power outtake by electric trucks
would be less concentrated, thus avoiding power peaks that might severely strain local grids
(Interview 10). Additionally, dynamic charging enabled by ERS could also spread out charging
over time, in turn reducing potential electricity demand peaks. Lastly, ERS could also minimize
the potential downtime that stationary charging of electric trucks could entail, while also
reducing the cycling of the on-board battery system, which could lead to an increased lifetime
of said system. (Workshop 1; Workshop 2)
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6. Analysis & Discussion
In order to answer the research questions stated at the beginning of this thesis, several topics
need to be addressed. In order to address these questions, the findings of this thesis are analysed
and discussed under section 6.1 - 6.3.

6.1 What barriers exist for the electrification of heavy-duty transportation?
In order to address Research Question 1 the findings from chapter 5.1 and 5.2 are detailed
below using segments of the MLP and SNM frameworks, as well as the framework of breaking
lock-in by (Cowan & Hultén) described in chapter 3.
The identified barriers can be divided into three segments
•
•
•

(1) Insufficient battery performance
(2) Lacking provision of charging infrastructure
(3) The momentum of the carbon-based regime of transportation

Batteries
It can be deducted from the interviews, seminar, and workshops, that there exists a consensus
that battery development has not yet progressed to a stage where the electrification of heavyduty transportation is financially or technically possible. While batteries are described as
insufficient, it is however also unclear which benchmarks, other than price, that need to be
reached in order to enable such a transition, complicating the process of overcoming the barrier
of insufficient battery performance. While there is a consensus that batteries are problematic,
stakeholders diverge on their views of how quickly batteries, and in turn the prospects for
electric heavy-duty transportation, will improve, with certain stakeholders believing that an
electrification of heavy-duty transportation is more imminent than previously thought.
Batteries are nonetheless deemed by stakeholders to be too expensive, too heavy, and too large
for electric heavy-duty trucks to be produced on a commercial scale for at least another three
to five years. As witnessed by the contemporary diffusion of electric cars, and more recently
that of light commercial vehicles, batteries are already viable for certain transport applications,
but the technical requirements posed by electric heavy-duty trucks are so high that batteries
need to improve substantially before they become a viable option. The electrification of heavyduty transportation is however not a one-dimensional issue, as it is part of a mature sociotechnical system.
Lacking provision of charging infrastructure
Aside from issues relating to batteries, there is a consensus among stakeholders that the
establishment of charging infrastructure, be it stationary charging or dynamic charging in the
form of ERS, is a crucial barrier to overcome. Establishing charging infrastructure that could
serve electric heavy-duty trucks would require substantial investments from either private or
public actors, or through private-public partnerships. In terms of stationary charging, electric
heavy-duty trucks require substantially larger on-board battery systems than in the case of
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electric cars and would require power outtakes many times larger than any contemporary
stationary charging station could provide. Stakeholders argue that the establishment of these
facilities is not only hindered by an uncertain business case, but that it is also hindered by weak
electricity grids. As several local and regional grids are already heavily strained, they need to
be reinforced prior to any larger stationary charging facilities are established, an additional cost
that private actors are hesitant on taking on. Aside from uncertainties regarding the timing of
establishing stationary charging facilities, there does not exist a consensus among stakeholders
regarding where these charging stations should be placed or on what type of actor that should
assume the leadership of establishing a stationary charging system for electric heavy-duty
trucks. The implementation of ERS is described by stakeholders as being technically possible
to implement today, and the power outtake of dynamic charging is deemed to be less
problematic than that of stationary charging facilities. The implementation of ERS is however
also to an extent complicated by a lack of road-side electricity supply. Stakeholders also
describe a range of regulatory issues with ERS, and they emphasize that the main issues
hindering the implementation of ERS are issues related to funding, and the development of
sustainable business models.
The historical barriers for the diffusion of electric vehicles have primarily been insufficient
battery performance and a lacking provision of charging infrastructure. As witnessed by the
findings of this thesis, the same barriers apply to the case of the electrification of heavy-duty
transportation in 2019, with additional complexities stemming from the larger power outtakes
of electric heavy-duty trucks. Aside from these two barriers, an additional barrier that needs to
be overcome is the momentum of the carbon-based regime of transportation.
Breaking the lock-in of carbon-based heavy-duty transportation
Although electric heavy-duty trucks are heralded as a potential pathway forwards for the heavyduty transportation sector, as they are believed to have the lowest TCO in the long-term
(Interview 6), the current carbon-based regime is deemed to be dominant for the foreseeable
future (Interview 5). Original equipment manufacturers of heavy-duty trucks have improved
the efficiency of diesel trucks for decades, and the continued R&D investments have resulted
in a massive momentum for the carbon-based regime of heavy-duty transportation. For the
niche of electric heavy-duty transportation to be strengthened, the barriers that the lock-in of
the current carbon-based regime constitute need to be overcome. Examples of these lock-in
mechanisms include; economies of scale, learning effects, network externalities, and
technological interrelatedness to mention a few.
These lock-in effects can be broken in several ways (Cowan & Hultén, 1996). Three ways of
breaking the lock-in of carbon-based heavy-duty transportation are described by stakeholders
to be through (1) cost breakthroughs, (2) through the success of neighbouring niche markets,
and (3) through regulation. The cost of lithium-ion batteries is in a mildly optimistic scenario
projected to reach cost parity with internal combustion engine equivalents in a matter of years,
strengthening the prospects for the electrification of heavy-duty transportation (Interview 3,
2019). As witnessed by the contemporary diffusion of electric cars, and more recently, the first
wave of electrification of commercial vehicles, electrification of certain segments in the
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transportation sector is already a financially and technically viable option (Interview 4). This
success in neighbouring niche markets of electrified transportation is likely to benefit the case
of electrification for heavy-duty transportation due to network externalities and economics of
scale (Interview 4). It is clear that policy makers are implementing increasingly stringent
policies regarding emissions from the transport sector, which apply both to light commercial
vehicles as well as heavier commercial vehicles (European Commision, 2018). One example
of this is the forthcoming introduction of so-called environmental zones in major cities in for
example Sweden (Interview 4; Interview 10). The implementation of such zones might not
affect heavier commercial vehicles and long-haulage trucks directly, as they are likelier to
transport goods to terminal and depos outside of cities. However, the effect of such zones would
likely be highly favourable for the overall cause of an electrified transport system to
materialize, as it would incentivize actors to pursue the pathway of electrification and zeroemission vehicles, and it could therefore indirectly benefit the cause of electric heavy-duty
transportation. Given the developments in these three key areas, it is deemed likely that over
time it might possible to break the lock-in constituted by the current carbon-based system.
The development of electric heavy-duty trucks is deemed to be in its cradle and is not yet
competing with the current carbon-based regime on a commercial scale (Interview 10). In order
for the niche of electric heavy-duty transportation to penetrate the current regime and acquire
market shares it is (1) necessary to foster conditions for the niche to thrive and (2) necessary to
actively work towards the destabilization of the current carbon-based regime (Hoogma, Kemp,
& Schot, 1998).
1. Strengthening the electric heavy-duty transportation niche
One way of strengthening the niche of electric heavy-duty transportation and facilitating the
diffusion of green eco innovations is to strategically manage niches in order to maximize the
impact of investments made within these niches (Leibowicz, 2018). There are many different
technologies and solutions that can reduce GHG emissions in the heavy-duty transportation
sector, and as is often the case with strategical re-orientations, there is a lot of uncertainty
involved (Interview 6). By focusing on a specific technology too early in the process, there is
a risk of creating path dependencies that over time may lead to a mismatch between the
emerging application conditions and the chosen new technology (Hoogma, Kemp, & Schot,
1998). It is therefore important to allow for a variety of technological options while
simultaneously striving towards the embedding of these options (Hoogma, Kemp, & Schot,
1998). One way of achieving this would be to implement ERS. Using the Siemens eHighway
as an example, ERS is technology neutral in the sense that it only requires the truck to have an
electrical powertrain. This means that regardless if the truck is a plug-in hybrid, fuel cell or
fully battery electric, it can utilize the system (Siemens, 2019). This is true to a certain extent
for stationary charging facilities as well. However, as many hybrid vehicles currently have
battery systems that are not built to support fast-charging (Dahlin M. , 2019), stationary fastcharging would in essence require the vehicle to be fully electric, and would thus not be able
to be utilized by the same range of technologies as in the case of ERS. If this was to change,
stationary fast-charging facilities could however support the same technologies as ERS.
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The implementation of ERS, and to a certain extent stationary fast-charging facilities, could
hence strengthen the niche of electric heavy-duty transportation in a technology neutral way,
as it encourages varying degrees of electrification within the heavy-duty transportation sector.
2. Weakening the carbon-based regime of heavy-duty transportation
Another way of enabling the niche of electric heavy-duty transportation to penetrate the current
regime is through the destabilization of the dominant regime. This destabilization is ongoing,
and is induced on a landscape level, primarily driven by legislation aimed to reduce the
environmental impact of the heavy-duty transportation sector (ACEA, 2019; Naturvårdsverket,
2018). This transition is in essence goal-oriented, as it has a clear post-transition objective of
reducing the dependency within the heavy-duty transportation sector on fossil fuels (van den
Bergh & Oosterhuis, 2008). This destabilization of the contemporary carbon-based regime is
exerting pressure on incumbent actors, OEMs such as Volvo and Scania, to alter their value
proposition towards offering products that are less polluting. While both interviewed OEMs
believe that the electrification of heavy-duty trucks will offer the lowest total cost of ownership
in the long-term, the sunk investment costs in the current regime, coupled with uncertainties
regarding battery development and the provision of charging infrastructure makes a swift
strategic re-orientation towards electrification unlikely (Interview 6; Interview 9). However,
given the stances of these companies, and the strong political will to reduce emission from the
heavy-duty transportation sector, it is likely that the OEMs of the current carbon-based regime
will slowly go through a regime transformation, where they gradually re-orientate their strategy
towards offering varying degrees of electric heavy-duty trucks.
Three are three drivers for achieving a successful strategic re-orientation for sustainability
themed transitions (Geels, 2015). While the first two drivers are, at least partially achieved, the
last driver is deemed the most uncertain.
•
•
•

Rising public attention
Strengthening policies
Materialization of market demand

The uncertainties regarding the materialization of market demand is as previously mentioned
primarily related to the issues of insufficient battery performance, and to a certain extent related
to the lacking provision of charging infrastructure (Interview 6). In order to avoid the chickenand-egg issue of infrastructure provision the infrastructure should precede the diffusion of
electric heavy-duty truck (Interview 9). The establishment of public stationary charging
facilities and the implementation of ERS would hence greatly strengthen the case for a strategic
re-orientation towards the electrification of the heavy-duty transportation sector (Interview 7).
Summary Research Question 1
The contemporary barriers for the diffusion of electric heavy-duty transportation are related to
the momentum of the carbon-based transportation regime and the lock-in effects that it has
given rise to. They are also related to uncertainties regarding the access, the technical
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performance and cost developments, of batteries, as well as market uncertainties regarding the
provision of charging infrastructure. The technical requirements of electric heavy-duty trucks
are substantially higher than those of electric cars, which coupled with the issue of insufficient
grid capacities complicates the establishment of charging infrastructure. Although the niche of
electric heavy-duty transportation is in its cradle, it is deemed possible to over time break the
lock-in of the current carbon-based regime. Out of all the listed barriers for an electrification
of heavy-duty transportation, the barrier that is deemed to be most problematic by stakeholders,
and most essential to solve, is that of batteries, a topic which is analysed in the section below.

6.2 How is battery technology projected to develop and how could its issues be
addressed?
In order to address Research Question 2, the projected market development for batteries
detailed in chapter 5.1 is highlighted and the identified issues with batteries detailed in chapter
5.2 is analysed using the framework of LTS.
Even though batteries are frequently quoted as insufficient for a range of applications, battery
technology has in fact made substantial gains in the past decades, and the positive
developments are projected to continue. Large amount of money is being spent on R&D for
lithium-ion batteries (Reuters, 2019), and the access to, and capability of producing, batteries
is increasingly seen as something that is strategically important (European Commission, 2019).
Battery technology has developed exponentially, both in terms of price and performance, but
also in terms of production capacity and market demand. Battery technology is acquiring a
substantial momentum, largely due to the collective belief in electrification among the large
automotive firms. There is a consensus among incumbent actors and interviewed stakeholders
that lithium-ion batteries (LIBs), primarily the two LIB chemistries nickel-manganese-cobalt
and nickel-cobalt-aluminium, are the preferred type of batteries for a range of applications,
including those of the automotive industry. These batteries offer a balance between cycling
life, energy density, and power, and would be suitable for electric heavy-duty trucks (HDTs).
The two dominating form factors are cylindrical and prismatic cells, with the latter being
projected to overtake the former in the coming decade.
The projected gravimetric energy density is assumed to reach 250 – 300 Wh/kg in 2025 at the
latest, with a price range of 100 – 137.5 $/kWh on a pack-level. While 100 $/kWh is seen as a
benchmark for which electric vehicles reach cost parity with internal combustion engine
vehicles, the same benchmark in terms of performance for batteries, with key metrics being
$/cycle and energy density for electric heavy-duty trucks, was not stated by any stakeholder.
This could be intentional6, but judging from the interviews, it is possible that the absence of
such benchmarks is due the complexities of the total cost of ownership calculations used for
the business case of electric heavy-duty trucks. Although developments in battery technology
are rapid, the electrification of heavy-duty vehicles is believed to be the absolutely hardest road
transportation segment to address and several issues regarding batteries remain unsolved
(Interview 6).
6

Or due to them not knowing of any such benchmarks
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To strengthen the prospects for heavy-duty transportation to be electrified the most vital
component to improve is that of batteries. In order to get a better picture of which specific
issues that batteries constitute, which potential solutions to these issues that exist, and the
likelihood of resolving these issues, the reverse salient concept is applied on batteries in the
section below.
The novel electric LTS or socio-technical niche/regime needs to acquire increased momentum
in order to successfully compete with the contemporary carbon-based system. To achieve an
increased momentum the issue that is holding back the development of the novel regime needs
to be addressed. Such an issue can be referred to as the reverse salient of a system. In order to
resolve a reverse salient it can be defined as a set of critical problems (Hughes, 1987). The
issues related to batteries and the diffusion of electric vehicles is a multidimensional problem,
and by breaking it down into sub-components it highlights that different issues have different
solutions. It also highlights that the reverse salient in question, batteries, is context dependent,
as different applications are affected to a varying degree by the critical problems defined below.
It should also be noted that historically the two largest barriers of electric vehicle diffusion
have been (1) batteries and (2) availability of charging infrastructure (Cowan & Hultén, 1996).
As witnessed by the contemporary diffusion of light electric vehicles, such as cars and lightduty trucks (LDTs), aspects of the primary reverse salient, such as the energy density and cost
of batteries, seemingly needs to be solved before industries and society considers how to tackle
the secondary reverse salient, the charging infrastructure.
6.2.1 Critical problems: Lithium-ion batteries and heavy-duty trucks
The critical problems with batteries mentioned by stakeholders are related to three aspects. The
first aspect is related to the high cost of batteries. The second aspect is related to the insufficient
energy density of batteries. The third aspect is related to the production capacity and the access
to raw materials and refining capabilities that is needed to meet the market demand of lithiumion batteries (LIBs). In order to resolve these critical problems three areas need to improve
drastically. These three areas are applicable to all types of electric vehicles, but what sets the
truck industry and specifically the heavy-duty truck industry apart from the rest of the
automotive industry is the extremely high technical and financial demands placed on the
vehicles. Three proposed solutions to the identified critical problems are listed in the section
below.
Proposed solution 1: Increased scale
To address the critical problem of lithium-ion batteries being too expensive and the critical
problem regarding the production capacity needed to meet market demand, the proposed
solution is increased scale. In order to reduce the cost per unit of energy produced and in order
to meet market demand LIBs need to be produced on a much larger scale, benefiting from
economies of scale (Seminar 1). As witnessed by the surging investments in production
capacity around the world (Bloomberg, 2019) and the continued expansion of market leading
firms such as Tesla and Panasonic (QZ, 2019) this issue is being promptly addressed. However,
even with the massive investments being poured into new production facilities, the market
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supply and demand for LIBs is likely to be distorted for the foreseeable future (Davidsson,
Höök, & Vikström, 2013). The increased scale is however projected to have a positive impact
on the price development of LIBs, as they are projected to reach cost parity with gasoline
equivalents in a matter of years (Interview 3, 2019).
Proposed solution 2: Continued R&D
To address the critical problem regarding the insufficient energy density of lithium-ion
batteries, the proposed solution is continued R&D. In order to increase the energy density,
cycle life and other desirable parameters of LIBs, there needs to exist a large continual
allocation of funds to R&D, in order to decrease the cost of components, manufacturing and
assembly, while also increasing the performance. As batteries are increasingly seen as a
strategically important asset (European Commission, 2019) large amount of funds are being
directed towards improving their performance (Reuters, 2019). The development, and the pace
of this development, of energy density is deemed uncertain, but LIB cells are assumed to reach
a gravimetric energy density of 250-300 Wh/kg by 2025 at the latest (Interview 3, 2019). The
increased portion of nickel in the currently dominant chemistry of nickel-manganese-cobalt
(NMC) is expected to increase the capacity of the cell, but it is also likely to negatively impact
the cycle life (Interview 8). As a key battery metric for electric HDTs is deemed to be $/cycle
(Interview 6; Interview 8) this development, favouring capacity over cycle life, is however not
necessarily something positive for the truck industry.
Proposed solution 3: Increased stability of upstream supply chains
In order to address the critical problem regarding the access to raw materials and refining
capabilities, the proposed solution is to ensure the stability of upstream supply chains. In order
to satisfy the market demand for LIBs not only cell manufacturers need to scale up, but the
supply chains for interrelated industries, ranging from mining and refining companies, to
producers of metal chemicals and active materials, to electrode manufacturers needs to be
synchronized and brought up to speed (Interview 8). While there is no direct shortage of the
lithium needed for LIBs in the earth the production capacity needed to mine and refine the
lithium could be a large bottleneck (Seminar 1). An, partial, alternative solution that would
decrease the dependence on rare metals is that of the development of organic polymers, but it
is unclear to what scale this would be an acceptable substitute (Interview 8). Additionally, as
much of the raw material needed for manufacturing LIBs is concentrated to a few select
countries (USGS, 2018), securing access to said materials, or attempting to find viable
substitutes for said materials, will likely become increasingly important from a geopolitical
perspective (Seminar 1).
Summary Research Question 2
Developments in battery technology are strong, with the projected gravimetric energy density
being assumed to reach 250 – 300 Wh/kg in 2025, at a price range of 100 – 137.5 $/kWh on a
pack-level. Large amount of money is being spent on R&D for lithium-ion batteries (LIBs) and
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the access to, and capability of producing, batteries increasingly seen as something that is
strategically important. The preferred chemistry for the automotive sector is deemed to be that
of nickel-manganese-cobalt lithium-ion batteries. While significant progress is being made in
terms of battery technology, the identified issues regarding price, energy density and access to
batteries, that are assumed to be needed to be resolved for a large-scale diffusion of electric
heavy-duty trucks to happen, are unlikely to be resolved in the foreseeable future. The three
proposed solutions to these problems are; (1) Increased scale (2) Continued R&D and (3)
Increased stability of upstream supply chains. The issue that is deemed likeliest to be resolved
first is that of price, as batteries are quickly approaching cost parity with their internal
combustion engine equivalents. The issue of performance, including energy density, cycling
life and other parameters, is being addressed but it is uncertain how quickly, and to which
degree, these parameters will improve. The issue regarding supply chains and matching market
demand and with supply is deemed to be the most problematic issue to solve. It is also uncertain
which benchmarks that needs to be reached in order to enable a diffusion of electric heavyduty trucks.

6.3 How do developments in battery technology impact the provision of charging
infrastructure for heavy-duty transportation in Sweden?
The term dynamic charging is used repeatedly in the section below and is to be interpreted as
synonymous with ERS, as ERS enables vehicles to charge dynamically. The aim of this thesis
is to investigate how developments in battery technology impacts the potential electrification
of heavy-duty transportation in Sweden. The parameters that would enable an electrification of
heavy-duty transportation is continued positive developments regarding battery technology and
the provision of charging infrastructure. The charging infrastructure could be provided either
in the form of stationary charging, dynamic charging enabled by electric road systems (ERS),
or through a combination of both of these alternatives.
A key difference between stationary and dynamic charging provision is that dynamic charging
could theoretically enable an electrification of heavy-duty transportation even in the event of
stagnating battery developments. This is due to the fact that dynamic charging would enable
smaller on-board battery systems and the battery is hence a less important technical component
seen from the perspective of ERS than seen from the perspective of stationary charging.

2019 – Current Situation
It can be deducted from the conducted interviews, seminars, and workshops, that there exists a
consensus that battery development has not yet progressed to a stage where the electrification
of heavy-duty transportation is financially or technically viable. While batteries are described
as insufficient, it is however also unclear which benchmarks, other than price, that need to be
reached in order to enable such a transition, complicating the process of overcoming the barrier
of batteries. Even though battery technology is progressing rapidly, it is deemed unlikely that
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all, if any, of the critical problems identified with lithium-ion batteries (LIBs) in chapter 6.2
will be resolved in the short-term.
The prolonged issues with batteries mean that the private actors are tentative in their efforts in
establishing stationary charging facilities, postponing any such investments until the
uncertainty of the business case is reduced. Incumbent firms in terms of fuel infrastructure for
heavy-duty trucks, oil and gas companies that own and operate commercial diesel stations,
might therefore not enter the market for energy provision for electric heavy-duty trucks in the
short-term. Other types of actors, such as OEM conglomerates and utilities, may instead
eventually become energy providers for the electrified segments of the heavy-duty
transportation sector. However, as of 2019, no actor seems willing to take leadership of
establishing a public charging system for electric heavy-duty trucks, and it is unclear which
type of actor that will assume the role of charging point operator (CPO).
Due to the prolonged issues with batteries, the implementation of ERS is as of 2019 viewed as
the most cost-efficient method for enabling an electrification of the heavy-duty transport sector,
as opposed to heavy-duty trucks with larger on-board battery systems supported by stationary
charging facilities.
These issues with batteries are not assumed to have a negative impact on the prospects of ERS
in the short-term, as the arguments made for the implementation of ERS are partially made on
the grounds that batteries are, and will be, too big, too costly, and unavailable in the volumes
needed to electrify large sections of the heavy-duty transportation sector. ERS stakeholders do
however describe a multitude of issues relating to other parameters, a lack of sustainable
business models, issues with funding, regulatory issues and issues relating to the sufficient
access to electricity along highways. The main identified weaknesses with ERS are deemed to
be a lack of sustainable business models and uncertainties regarding the business case. The
main identified strengths with ERS are that (1) it is technically possible to implement ERS
today and (2) it is cheaper than a large-scale diffusion of fully battery electric trucks (3) it could
have positive grid impacts. The first two of these strengths are likely to be disadvantaged as
time progresses, as alternative solutions for reducing emissions from heavy-duty transportation
become viable, and as batteries decrease in cost and increase in performance. The third listed
strength of ERS could be become highly useful if large sections of commercial vehicles fleets
become electrified, but the value of the potential positive grid impacts has not been detailed by
any stakeholder.
The implementation of public charging stations along highways is deemed to be far away in
time and it is uncertain how and when the issues relating to ERS will be resolved. Judging from
the findings of this thesis, it is clear that the electrification of light-duty and urban trucks is
already underway. If inter-city and long haulage heavy-duty transportation is to be electrified,
there is however a need for a provision of charging infrastructure along highways. This is due
to fact that range is likely to continue to be an issue for heavier vehicles, something that will
become very problematic to address if neither ERS nor a stationary charging system is
introduced.
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In conclusion, in 2019, the prospects for an electrification of the heavy-duty transportation
sector to materialize are not overly optimistic. It is concluded that developments in battery
technology has different impacts on the prospects for stationary charging provision and
dynamic charging provision respectively. However, while there is a consensus that batteries
are problematic, stakeholders diverge on their views of how quickly batteries, and in turn the
prospects for charging infrastructure provision, will improve, with certain stakeholders
believing that an electrification of heavy-duty transportation is more imminent than previously
thought.
Given that battery technology has a substantial momentum and that several stakeholders view
electrification as the most cost-efficient solution in the long term, looking a couple of years
ahead, would the situation be any different than in 2019?
6.3.1 Four scenarios for the heavy-duty transportation sector in 2025
•
•
•
•

Scenario 1: Electrification enabled by dynamic charging
Scenario 2: Electrification supported by dynamic and stationary charging
Scenario 3: Electrification supported by stationary charging
Scenario 4: Carbon-based technologies prevail

Although electrification is heralded as a potential future pathway for heavy-duty transportation,
there does exist a large amount of uncertainty regarding in which direction that heavy-duty
transportation will develop in terms of technological pathways in the coming decade. A shift
towards electric heavy-duty trucks offers several upsides but would require substantial changes
on a system level, as it requires novel infrastructure to be built. A shift towards cleaner carbonbased fuels such as liquid natural gas (LNG) and biodiesel would also require certain changes
on a system level, but to a much lesser extent than in the case of electrification. In order to
assess under what circumstances that heavy-duty transportation could be electrified, four
scenarios assumed to take place in 2025 have been constructed based on the findings of this
thesis.
Scenario 1: Electrification enabled by dynamic charging
Even in the event of stagnating battery development, the implementation of ERS in Sweden
could enable an electrification of the heavy-duty transportation sector. If price development of
batteries has stagnated, with a possible scenario being a cost of 137.5 $/kWh on a pack level
for nickel-manganese-cobalt lithium-ion batteries, battery electric trucks will not have reached
cost parity with their diesel and gasoline equivalents. If energy density developments are also
assumed to have stagnated, an increase in range and decrease in volume and weight of the onboard battery systems will not have been achieved either. While the diffusion of electric heavyduty trucks is partially driven by legislation, it is also highly driven by market developments.
Stagnating battery development will have a negative effect on the diffusion of electric heavy-
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duty trucks (HDTs) and private actors are therefore likely to abstain from establishing public
stationary charging facilities.
Regardless of these unfavourable conditions in terms of batteries, electric trucks would still
have substantially lower operational expenditures than their diesel equivalents. If ERS is
established along the main trade routes in Sweden, it could incentivize truck original equipment
manufacturers (OEMs) such as Volvo and Scania to produce location-specific trucks, tailored
to local charging preconditions. Such trucks would offer the upside of smaller on-board battery
systems, meaning a substantially lower TCO, and could be highly sought after by trucking
companies that make frequent trips along said routes.
Although sections of ERS are likely to be established along major trade routes, it is unlikely
that most roads in Sweden will have the option of utilizing dynamic charging. This means that
a majority of areas would then still be served by trucks constructed to function independently
of having access to dynamic charging. For shorter journeys, fully electric trucks are likely
utilized while trucks using carbon-based fuels are likely utilized for long haulage journeys
where ERS is not established.
The listed issues with ERS by stakeholders are primarily related to business models and
uncertainties regarding the business case, which in turn is intimately tied to volume of traffic
that would utilize such systems, and the length of said systems. There is a consensus among
stakeholders and the Swedish Transport Administration that if ERS were to be implemented
commercially, large sections would have to be built in order for the system to fulfil its purpose,
and in order to create some form of economy of scale. The question of the volume of traffic
might however be more problematic to address. If stagnating battery development leads truck
OEMs to abandoning their visions of fully, or partially, electric heavy-duty trucks, it is
uncertain if the establishment of ERS in itself would drive a high enough rate of adoption of
electric catenary vehicles (ECVs) to reach the critical mass of users needed to sustain such a
system financially. Reaching a critical mass of users is likely easier to achieve in countries with
larger volumes of road freight, such as Germany, compared to countries such as Sweden, a
parameter which private actors are likely to be taking into account when considering an
investment. As stakeholders have argued that the market it unlikely to spontaneously construct
ERS private actors are likely unwilling to contribute to the funding of ERS unless they are
certain that it will constitute a positive business case in the long term. The implementation of
ERS in this scenario hence deemed to be strongly dependent on the political will for it to be
implemented, and on the full funding of such a system from the Swedish government.
Scenario 2: Electrification supported by dynamic and stationary charging
If the listed issues with batteries in 2019, in terms of energy density, price, and availability
have been partially or fully resolved, something that is deemed quite unlikely to have been
achieved by 2025, it will have a positive effect on the diffusion of electric heavy-duty trucks
(HDTs) and on the overall belief that electrification is the optimal pathway forward for the
heavy-duty transportation sector.
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The increasing momentum of battery technology, and the prospects for an electrification of the
heavy-duty transportation sector to be more specific, is assumed to constitute a positive
argument for the business case of public stationary charging facilities. The role of charging
point operator (CPO) for public stationary charging facilities could be taken on by either
incumbent firms such as Preem, or new entrants such as Vattenfall. The belief in electrification
as the optimal pathway for heavy-duty transportation is assumed to act in the favour of ERS,
as it could ensure sufficient volumes of traffic for the business case of ERS to be positive. ERS
is believed to be more expensive to establish than stationary charging facilities, but positive
battery developments could embolden actors to at least partially contribute to the funding of
ERS.
The energy demand in terms of electricity for the heavy-duty transportation sector would
increase dramatically if large portions of commercial vehicle fleets transitions towards
electrical powertrains, an area where ERS could be of great use. The dynamic charging of ERS
would enable continual energy and power provision over large distances, making the energy
and power outtake of electric HDTs less concentrated. As fully electric HDTs may become a
reality, the primary function of ERS might therefore no longer be that of reducing emissions
from heavy-duty transportation, as the trucks utilizing ERS would already be classified as zeroemission vehicles, but of ensuring guaranteed energy provision to the heavy-duty
transportation sector with a minimal grid impact.
The need for energy provision is likely met by both stationary and dynamic charging in the
form of ERS. Private stationary charging facilities are assumed to be placed at terminals and
depos, and public stationary charging facilities are assumed to be placed on routes where ERS
is not implemented, while ERS would be established along key routes. The availability of ERS
could potentially lead certain OEMs to produce location-specific trucks, tailored to local
charging preconditions. While such trucks would offer the upside of smaller on-board battery
systems, meaning a lower total cost of ownership, it would also limit said trucks to the physical
access of ERS. Although sections of ERS are likely to be established it is unlikely that most
roads in Sweden will have the option of utilizing dynamic charging, and the majority of areas
would then still be served by electric, and to a certain extent carbon-based, trucks constructed
to function independently of having access to ERS.
So even though the utilization of ERS is likely to lead to portions of commercial vehicle fleets
having smaller on-board battery systems, the overall decrease in terms of batteries that it will
entail is deemed uncertain. Due to this, recycling and second-life applications of fully, or
partially, depleted batteries are assumed to be a central issue to tackle.
The establishment of stationary charging facilities is in this scenario entirely contingent on
continued positive battery developments, as private actors need to be ensured that there is a
solid long-term business case in the electrification of heavy-duty transportation. In order for
electric vehicles to reach cost parity with their gasoline and diesel equivalents, the price of
nickel-manganese-cobalt lithium-ion batteries must reach 100 $/kWh on a pack level. A
continued positive momentum for battery development, which would primarily be a result of a
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continued favourable stance on electrification of the automotive industry, as it is generally
viewed as the motor behind the increased market demand for lithium-ion batteries, could enable
such a price development. Such a development is also likely to improve the performance of
batteries, especially in terms of energy density. This would address the pressing issue of range,
weight and volume of the on-board battery systems. The implementation of ERS is in this
scenario assumed to be contingent on both positive battery developments, as well as some form
of political backing through partial funding for such a system. Additional issues that needs to
be overcome for the provision of both charging infrastructure alternatives are issues relating to
insufficient grid capacities and lacking access to road-side electricity supply.
Scenario 3: Electrification supported by stationary charging
Given that battery development has progressed to the stage where fully electric heavy-duty
trucks are financially and technically achievable, something that is quite deemed quite unlikely
to have been achieved by 2025, the electrification of heavy-duty transportation could be
supported by stationary charging facilities. Even though range is likely to remain an issue for
electric heavy-duty transportation and taking into account the potential positive grid impacts
of ERS, the higher cost of ERS compared to stationary charging facilities might not be enough
to justify its costs for neither private nor public actors. An insufficient political will to
financially support the implementation of ERS might therefore entail a postponement, or
cancellation of an ERS implementation.
If this is the case, the diffusion of electric heavy-duty trucks (HDTs), and the entailing
increased need for electricity, would have to be solely handled by stationary charging facilities.
As the energy density, and in extension the achievable range, of electric HDTs is still likely to
be problematic, it would probably not be enough with stationary charging facilities at terminals
and depos, but they would also be required along highways and at truck stops. The CPO of
these public charging stations could be either incumbent firms, such as Preem who already own
strategic locations for their commercial diesel facilities, or it could be new entrants, such as
Vattenfall or an OEM conglomerate as is the case of Ionity, that could construct novel clusters
of stationary charging facilities along highways.
While public stationary charging facilities would enable electric inter-city and long haulage
transportation and there would have to exists a large number of such facilities in order to satisfy
the energy need of an increasing number of electric HDTs. In order to avoid congestion at these
facilities, several charging stations would have to be established at each location, something
that could be very costly as the power outtake required is expected to be substantial, which
might require local grid reinforcements. An electrified heavy-duty transportation sector which
is solely based on stationary charging for energy provision would also be highly dependent on
continued advancements in terms of fast charging capabilities, both in terms of enabling
batteries to handle larger currents, but also in terms of reducing the negative impacts that fast
charging could have on the cycle life of the battery.
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If the momentum of the battery manufacturing industry is maintained, batteries are likely to be
increasingly viewed as a strategically important asset, and ensuring a continuous supply of
batteries, in terms of securing raw material access for cell production, or the import of cells,
might become a national interest for major powers. The commercial recycling, and extensive
use of second-life applications, of batteries is assumed to play an increasingly important role
in minimizing the dependence on external companies or countries for battery provision. As the
residual value of a truck is a large share of the TCO for trucking companies, the modularity of
on-board battery systems is expected to become increasingly important for OEMs, as the
emphasis on modularity could facilitate sales on the second-life market, for example using
retired truck batteries for energy stationary storage applications.
The establishment of stationary charging facilities is in this scenario entirely contingent on
continued positive battery developments, as private actors need to be ensured that there is a
solid long-term business case in the electrification of heavy-duty transportation. Even though
the belief in the electrification of heavy-duty transportation might be high, the implementation
of ERS is nevertheless deemed to be highly dependent on political backing, and without partial
funding from the government its implementation is therefore deemed unlikely. An additional
issue that needs to be overcome for the provision of stationary charging facilities to be realized
is the issue relating to insufficient grid capacities.
Scenario 4: Carbon-based technologies prevail
If the listed issues with batteries in 2019, in terms of energy density, price, and availability
have not been partially, or fully, resolved by 2025, it will have a negative effect on the diffusion
of electric heavy-duty trucks (HDTs) and on the overall belief that electrification is the optimal
pathway forward for HDTs.
As the electrification of heavy-duty transportation might have lost momentum due to stagnating
battery development, a possible threat towards actors contemplating the provision of stationary
and dynamic charging infrastructure is that incumbent firms will have chosen to strategically
re-orientate their value proposition towards other solutions than that of electrification. Such a
development would negatively impact the prospects for private actors to establish stationary
charging facilities, as the long-term business case for such facilities would remain uncertain.
The diminished belief in an electrified heavy-duty transportation sector is also assumed to
further complicate the issue of funding, and the construction of viable business models, for
ERS, and barring full public funding, its implementation is deemed unlikely.
As batteries are, and have been, the core component in enabling the diffusion of electric
vehicles, continued insufficient development in terms of price and performance might lead the
heavy-duty transportation sector to favour the development of alternative technologies,
emphasizing solutions that are closer to their core offerings. The manufacturing of heavy-duty
trucks utilizing biodiesel or liquid natural gas (LNG) would be much more closely aligned to
the current production systems and competence of companies such as Volvo and Scania and
would require substantially less changes than a re-orientation towards electrification. In light
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of such battery developments, incumbent firms in the carbon-based system, oil and gas
companies such as Preem and Shell, are likely to have strategically re-oriented their offerings
towards providing cleaner products such as biodiesel and LNG to their commercial vehicle
clients,
The lack of stationary charging infrastructure provision is in this scenario entirely contingent
on stagnating battery developments, as private actors are discouraged to invest in such facilities
due to the uncertainties regarding the feasibility of electric heavy-duty transportation. This
stagnating development may have several causes, ranging from lacking R&D funding, to the
success of alternative technologies, to continued issues with access to certain raw materials.
The absence of an ERS implementation is partially contingent on weakening battery prospects,
as well as on a political unwillingness to fund such a system.
6.3.2 Likelihood of scenarios
The scenarios have not been assigned probabilities due the complexity and uncertainty of the
parameters described, but it is deemed relevant to discuss how probable the four scenarios are.
Scenario 1: Electrification enabled by dynamic charging
The least likely scenario, both in the short-term and long-term, is deemed to be Scenario 1. In
this scenario, the electrification of heavy-duty transportation is enabled by the implementation
of ERS, even in the event of stagnating battery development. Stagnating battery development
will diminish the overall belief in the electrification of heavy-duty transportation, and hence
fewer vehicles are likely to have an electrical powertrain. It is uncertain how advisable, from a
financial and business case perspective, it is to invest in a system that requires vehicles to have
an electrical powertrain in order to utilize its services, even as stagnating battery development
negatively impacts the likelihood of vehicles adopting such powertrains. Such a development
is therefore deemed to be strongly dependent on the political will to implement ERS and would
likely require full funding from the government. Given the complexities described by
stakeholders in implementing an ERS and given the fact that the results of the forthcoming
pilot are not yet known, Scenario 1 is deemed to have the highest uncertainty.
Scenario 2: Electrification supported by dynamic and stationary charging
A possible scenario in the long-term is deemed to be Scenario 2, where battery technology has
seen sustained positive developments, and where the electrification of heavy-duty
transportation is supported by stationary charging and dynamic charging in the form of ERS.
Given the current momentum of battery technology, cost parity with diesel and gasoline
vehicles is deemed likely to be achieved in the foreseeable future, but the issues regarding
battery performance and sufficient access to batteries are not likely to be solved within the
same time frame. For an implementation of ERS to happen in this scenario, positive battery
developments in conjunction with at least partial government funding is required. The
willingness of public actors to contribute with such funding is however deemed to be uncertain.
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Given that these issues with batteries are assumed to remain, and given the complexities of an
ERS implementation, Scenario 2 is however not very likely to be achieved by 2025.
Scenario 3: Electrification supported by stationary charging
The likeliest scenario in the long-term is deemed to be Scenario 3, given that stakeholders view
the electrification of heavy-duty transportation as the most cost-efficient pathway when
assuming a longer time horizon. The development described in this scenario would primarily
be driven by market developments and would be considerably less dependent on government
funding. The electrification of heavy-duty transportation in Scenario 3 would still be partially
contingent on the political will to encourage alternative technologies, and that policy makers
maintain their pressure on carbon-based technologies, but not to the same extent as in Scenario
2. However, as is the case in Scenario 2, the issues with batteries are assumed to remain in the
coming years, and Scenario 3 is therefore also unlikely to be achieved by 2025.
Scenario 4: Carbon-based technologies prevail
The likeliest scenario in the short-term is deemed to be Scenario 4, given the substantial
changes to production systems and competence needed to enable a large-scale production of
electric heavy-duty trucks. Although batteries are projected to improve rapidly, it is uncertain
if the performance needed to electrify heavier vehicles will be achieved by 2025, in turn
negatively affecting the provision of charging infrastructure needed to support their use.
However, assuming a longer time horizon, it seems likely that legislation aimed at fuel
efficiency and the reduction of emissions from trucks using carbon-based fuels will eventually
require truck original equipment manufacturers to emphasize alternative technologies such as
electrification in favour of carbon-based technologies. So, while Scenario 4 is deemed to be
the most likely scenario in the short-term, the heavy-duty transportation sector is highly likely
to be electrified in one way or another in the long-term.
Summary Research Question 3
Developments in battery technology affects the prospects for the provision of stationary
charging and ERS differently, with stationary charging being more dependent on positive
developments. It could however affect both alternatives positively in the long-term. Sustained
positive battery development will make fully electric heavy-duty transportation a financially
and technically attractive option for the market to pursue, and once a common belief in the
electrification of heavy-duty transportation has been established, the main issue described by
stakeholders regarding the provision of charging infrastructure, ensuring a long-term positive
business case, could be achieved by both alternatives.
Heavy-duty transportation could be electrified under several different circumstances, but in
order for the provision of charging infrastructure to be financially sustainable, positive battery
development is seen as a prerequisite. The relation between positive battery development and
the provision of stationary charging is deemed to be straightforward and any progress made in
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terms of the performance and cost of batteries is seen to benefit the case of stationary charging.
The relation between positive battery development and ERS is deemed to be more complex.
This is partly due to the increasing politicization of ERS. It is also related to the arguments
made for the implementation of ERS, as they are partially made on the grounds that batteries
are, and will be, too big, too costly, and unavailable in the volumes needed to electrify large
sections of the heavy-duty transportation sector. Although ERS is believed to be more
expensive to implement than stationary charging facilities, it may be more beneficial from a
grid and energy perspective. It could hence be an attractive option for the provision of charging
infrastructure even in the event of sustained positive battery developments, given that its
implementation happens prior to a nation-wide system of stationary charging facilities is
established.

The four scenarios are briefly compared in the Table 3 below, applying five key parameters on
a scale from low – medium – high.
Table 3: A comparison of the four scenarios

Investment
Cost

Feasibility of
Investments

Dependence on
Battery Development

Grid
Impact

Risk for Increased
Downtime

Scenario 1: Electrification enabled by
dynamic charging

High

Low

Low

Medium

Low

Scenario 2: Electrification supported
by dynamic and stationary charging

High

Medium

High

Medium

Medium

Scenario 3: Electrification supported
by stationary charging

Medium

Medium

High

High

High

Scenario 4: Carbon-based
technologies prevail

Low

High

Low

Low

Low

Each scenario comes with its own associated costs and the costs of Scenario 1-3 are
considerably higher than Scenario 4 as they would all require substantial changes to
productions systems as well as requiring novel charging infrastructure to be established. The
likelihood of the investments required in each scenario is dependent on both market
developments and on regulatory pressure, and in the case of dynamic charging, regulatory aid.
Sustained battery development is seen as a prerequisite in Scenario 2 and 3 but is less important
in Scenario 1 and 4. Dynamic charging is seen as having less of a grid impact and Scenario 3
is therefore the scenario with the highest grid impact. Contemporary refuelling infrastructure
enables trucks to refuel in a matter of minutes. This will not be the case for electric heavy-duty
trucks, which could require between 30-90 minutes of charging even at fast-charging stations.
The absence of dynamic charging could therefore potentially lead to an increased downtime
for trucking companies as the charging times required by stationary charging facilities is likely
to be longer than the mandated breaks required by truck operators.
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7. Conclusions
7.1 The electrification of heavy-duty transportation
The issues that have plagued electric vehicles for more than a century are inadequate batteries,
a lacking provision of charging infrastructure and the substantial momentum and success of
the carbon-based transportation regime. These barriers are also the main barriers for the
electrification of heavy-duty transportation in 2019, but with the added complexities of a vastly
increased market demand for batteries and insufficient grid capacities both in urban and rural
environments. The projected market development for batteries, and nickel-manganese-cobalt
lithium-ion-batteries to be more specific, are overall quite optimistic, but there exist
uncertainties regarding; choice of chemistry, choice of form factor, the pace of technical
progress and price developments, and the ability to meet market demand.
Several interviewees seemingly have a limited experience with batteries. This became evident
as participating interviewees, in varying degrees, are uncertain on the pros and cons of different
battery chemistries and form factors. Several interviewees also expressed an uncertainty
regarding which benchmarks that need to be achieved in terms of performance in order to
enable an electrification of heavy-duty transportation, complicating the issue of overcoming
the barrier constituted by batteries.
While significant progress is being made in the battery manufacturing industry the three key
areas, (1) Increased scale (2) Continued R&D and (3) Increased stability of upstream supply
chains, that are assumed to be needed to be resolved for a large-scale diffusion of electric
heavy-duty trucks are unlikely to be resolved in the foreseeable future. The issue that is deemed
likeliest to be solved first is that of price as batteries are quickly approaching cost parity with
internal combustion engine equivalents. The issue of performance, including energy density,
cycling life and other parameters, is being addressed but it is not clear how quickly, and to
which degree, this development will unfold. The issues regarding supply chains and matching
market demand and supply are deemed to be the most problematic.
Nonetheless, electrification is heralded as a potential future pathway for the heavy-duty
transportation sector in the long-term. The prolonged issues with batteries do however mean
that the private actors, incumbent firms as well as new entrants, are tentative in their efforts in
establishing stationary charging facilities, postponing any such investments until the
uncertainty of the business case is reduced. In order to enable an electrification of heavy-duty
transportation, ERS is therefore currently deemed to be cheaper to implement than that of the
large-scale diffusion of electric heavy-duty trucks with large-onboard battery systems.
The prolonged issues with batteries are not assumed to have a negative impact on the prospects
of ERS in the short-term, as the arguments made for the implementation of ERS are partially
made on the grounds that batteries are, and will be, too big, too costly, and unavailable in the
volumes needed to electrify large sections of the heavy-duty transportation sector. Stakeholders
do however describe a range of other issues with the implementation of ERS, primarily relating
to a lack of sustainable business models and uncertainties regarding funding and the business
case of ERS. The prospects for a full-scale ERS implementation is therefore deemed to be
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highly uncertain. The prospects for an electrification of the heavy-duty transportation sector to
materialize in the short-term are thus not overly optimistic.
Implications for practice
Going forward, heavy-duty transportation could be electrified under several different
circumstances, but for the provision of charging infrastructure to be financially sustainable
positive battery development is seen as a prerequisite. Aside from positive battery development
a key parameter in enabling an electrification of heavy-duty transportation is a strong political
will to strive towards alternative technologies, and the continued regulatory pressure aimed at
destabilizing the current carbon-based regime of heavy-duty transportation. If battery
development was to stagnate, barring legislative mandates, it is deemed likely that incumbent
firms will place less emphasis on the technological pathway of electrification, in favor of
pathways closer to their core offerings. This would negatively impact the prospects for a
diffusion of electric heavy-duty trucks and would continue to make private actors tentative in
their efforts of providing stationary charging facilities. In such a scenario an investment in ERS
is unlikely to be profitable, as the portion of truck fleets with electrical powertrains could be
very low, and it would thus require substantial funding from the Swedish government in order
to be implemented. The Swedish Transport Authority should therefore closely follow the
development of battery technology and the stances that global truck OEMs such as Volvo and
Scania have on the electrification of heavy-duty trucks when assuming a longer time horizon.
A stagnating development is however not deemed to be very likely as battery technology
currently has a substantial momentum. This momentum has already enabled an electrification
of several segments of the transport sector and does now not only include passenger cars, but
also lighter commercial vehicles such as light-duty trucks and buses, and to a certain extent,
even medium-duty trucks. As production systems gradually shift towards the manufacturing of
electric vehicles, the commercialization of fully electric heavy-duty trucks seems to become an
increasingly likely possibility in the long-term. The relation between positive battery
development and the provision of stationary charging facilities is deemed to be straightforward
as it is largely driven by market developments, and any progress made in terms of the
performance and cost of batteries is seen to benefit the case of stationary charging. If the
current momentum of battery technology is sustained, the provision of public stationary
charging facilities for heavy-duty transportation will eventually be pursued by the market.
The relation between positive battery development and ERS is however deemed to be more
complex. As ERS has become an increasingly political tool in a goal-oriented transition its
initial deployment is not only dependent on market developments but is also highly contingent
on decisive actions by policy makers. ERS is believed to be more expensive to implement than
stationary charging facilities and sustained positive battery developments could reduce the need
for a solution like ERS as it would make the achievable range and cost of batteries less
problematic. Given that an electrification of heavy-duty transportation is viewed by several
actors as the most cost-efficient solution in the long-term, the case made for the implementation
of ERS should, aside from the arguments already made, be complemented by the potential
benefits that ERS could have when compared to stationary charging facilities. ERS (i.e.
dynamic charging) can provide other functionalities than stationary charging facilities can.
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Dynamic charging could increase the lifetime of on-board battery systems of electric heavyduty trucks and may be more beneficial from a grid and energy perspective. Dynamic charging
could also minimize the downtime that trucking companies might face when re-orienting
towards electric truck fleets. Even in the event of sustained positive battery developments and
given its relatively higher cost than stationary charging facilities, ERS could therefore be an
attractive charging infrastructure alternative for society to purse. This is, given that its
implementation happens prior to a nation-wide system of stationary charging facilities is
established.
In conclusion, developments in battery technology affect the prospects for the provision of
stationary charging and ERS differently, with stationary charging being more dependent on
positive developments. It could however affect both alternatives positively in the long-term.
Sustained positive battery development will make fully electric heavy-duty transportation a
financially and technically attractive option for the market to pursue, and once a common belief
in the electrification of heavy-duty transportation has been established, the main issue
described by stakeholders regarding the provision of charging infrastructure, ensuring a longterm viable business case, could be achieved for both alternatives.

7.2 Future research
During the process of writing this thesis it has become evident that the provision of charging
infrastructure is not only complicated by uncertainties regarding battery development and the
business case, but it is also complicated by issues relating to the electricity grid. The large
power outtake of electric heavy-duty trucks is deemed to be problematic and it should be
analysed how stationary charging facilities for heavy-duty trucks should be designed in order
to minimize the strain on local electricity grids. It should also be analysed how frequent fastcharging of electric heavy-duty trucks might impact the performance and the lifetime of the
on-board battery systems. The potential positive impacts on the electricity grid that ERS (i.e.
dynamic charging) might entail was mentioned by several stakeholders. The value of these
impacts was not however defined, and this topic was only touched upon briefly within the
scope of this thesis. The technical and financial benefits of utilizing dynamic charging should
therefore be analysed from a grid-perspective, detailing how the dimensioning of electrical
infrastructure might be affected by an ERS implementation in comparison to a stationary
charging system. The benefits of dynamic charging on the cycling life of on-board battery
systems of electric trucks should also be analysed further.
As the electrification of the heavy-duty transportation sector is very much an international
concern, the lack of an international standard affects the prospects for both stationary charging
facilities and ERS to be established. It should therefore be analysed how the preconditions in
other European countries affects both of these charging infrastructure alternatives, detailing
any similarities or differences between these countries and Sweden. Lastly, future research
should analyse if there are certain battery chemistries, lithium-ion or others, that would be more
beneficial to use given the unique characteristics of stationary charging and dynamic charging
respectively.
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8. Appendix
1. Interview guide
•
•
•
•

•
•
•
•
•
•
•

How do you view the electrification of heavy-duty transportation?
Do you think a commercialization of electric heavy-duty trucks will be achieved?
o If so, when?
What other technological pathways than electrification exist for heavy-duty trucks?
How do you view the development of lithium-ion batteries?
o Which chemistry do you think will be preferred?
o Which form factor do you think will be preferred?
What are some issues with lithium-ion batteries?
What are some key metrics for lithium-ion batteries?
Where will stationary charging facilities for heavy-duty trucks be placed?
Who will operate the stationary charging facilities for heavy-duty trucks?
What are the strength and weaknesses of electric road systems?
What functionalities can electric road systems provide?
What is the purpose of electric road systems?
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